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Preface

Climate is a fundam ental part of the w orld  as we know  it. The landscape and 
everything on it are determ ined by climate acting over long periods of tim e (Pittock 
2005). Therefore, any change on climate will have effects sooner or later on the w orld 
around  us. These changes have happened  before in the past, and they will likely 
happen  again in the future. Climate variability can be both  natural or anthropogenic 
(Simard and A ustin 2010). In either case, the change in the current climate will have 
im pacts on the biogeophysical system  of the Earth. As all hum an activities are bu ilt on 
this system, our society will be im pacted as well. As a consequence, climate change is 
increasingly becom ing one of the m ost im portant issues, generating discussions in 
economy, science, politics, etc. There is no discrepancy am ong scientists that climate 
change is real and it has the potential to change our environm ent (Oreskes and 
Conw ay 2010), bu t uncertainty exists about the m agnitude and speed at w hich it will 
unfold  (Moss et al. 2010). The m ost discussed effect of global w arm ing is the increase 
of tem peratures, although this increase will not be hom ogeneous th rough the seasons, 
w ith  the w inters expected to w arm  u p  significantly m ore than the sum m ers. In 
addition, changes in precipitation are also expected, that could lead to increase or 
decrease of rainfall, snowfall and other w ater-related events. Finally, a change in the 
frequency and intensity of storm  events could be possible, although this is probably 
the m ost uncertain of the effects of global warm ing. These uncertainties highlight the 
need for m ore research on how  global events have effects at regional and local scales, 
bu t they also indicated the need for the society at large to assum e a risk-free approach 
to avoid the worse effects of climate change in our socio-economical and ecological 
systems (IPCC 2007).

H um ans have been dealing w ith risk-related activities for a long time. For example, 
w hen buying a car or hom e insurance, the discussion is not about w hether the adverse 
effects will happen  or not, bu t on how  to reduce its effects and recover and if they 
happen. In m any countries, having car insurance is com pulsory to drive a car, even if 
only a small percentage of drivers suffer car accidents com pared to the total num ber of 
cars. In addition, the m ost risky m anoeuvres (i.e. excessive speed, no t stopping on red 
light, etc.) are banned to reduce the risks of accidents. Similarly, developing policies 
and practices that reduce and m inim ize the risks and effects of climate change are
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needed, even if the worse situations will never happen. If not, w e will be in the 
equivalent of driving w ithout insurance and w ithout respecting the signals. All 
policies and practices for economic, industrial and natural resource m anagem ent need 
to be founded on sound scientific foundations. This volum e offers an interdisciplinary 
view  of the biophysical issues related to climate change, and provides glim pse of the 
state-of-the-art research carried out around the w orld  to inform  scientists, 
policym akers and other stakeholders.

A ny scientific discipline learns from  experience, and the science of climate change is 
no t different. C lim ate change is defined as a phenom enon by  w hich the long-term  
averages of w eather events (i.e. tem perature , precipitation, w ind  speed, etc.) that 
define the climate of a region are no t constant b u t change over time. C lim ate is also 
the resu lt of very com plex interactions betw een physical, chemical and  biological 
variables. As a result, at geological scales of time, climate is constantly  going 
th rough  periods of relatively stable conditions follow ed by  periods of change. There 
have been a series of past periods of climatic change, reg istered  in  historical or 
paleoecological records tha t can be stud ied  from  different geophysical variables. In 
the first section of th is book, a series of state-of-the-art research projects explore the 
biophysical causes for climate change and the techniques curren tly  being used  and 
developed for its detection in several regions of the w orld. In this section, D am eris 
and  Toyola describe the interactions betw een physical, dynam ical, and chemical 
processes in  Earth atm osphere. M anfredi et al. p rov ide a new  statistical 
m ethodology  to s tudy  changes in historical climatic data. W inguth  discusses the 
feedbacks betw een climate change and biogeochem ical cycles du ring  the Paleocene- 
Eocene Therm al M axim um . H istorical and curren t changes in  climatic and 
geophysical variables can be found  around  the globe. In N orth  America, A ssani et 
al. s tudy  the tem poral variability  of rain-induced  floods in  sou thern  Quebec 
(Canada), w hereas Ram írez-Beltrán et al. show case a s tudy  to detect the change in 
climatic conditions at global scale and in the Caribbean basin. In South America, 
H am za et al. stud ied  the changes in soil tem peratu re to detect variability  in climate 
for the last decades, w hile Penalba and  Bettolli analyze the changes in atm ospheric 
circulation and  daily  precip itation  caused by clim ate change in the A rgentinean 
Pam pas. In Asia, Yi studies the pollen records in  K orea to establish the changes in 
climate du ring  the Holocene, w hereas Kim and N am  analyzing the records of 
bery llium  deposits in  the m arine sedim ent, and  K young et al. discuss the effects of 
clim ate change in droughts in the K orean peninsula.

The know ledge of past changes in the environm ent will be of g reat value to try  to 
u n d erstan d  w hat will h appen  u n d er fu tu re climatic conditions d ifferent from  the 
curren t ones. H ow ever, the effects of climate change on ecosystem s around  the 
w orld  are no t som ething of the future. They are happen ing  now  all a round  the 
globe. Ecological changes in  the phenology and  d istribu tion  of p lants and  anim als 
are occurring in  all aquatic and  terrestrial ecosystem s. P redator-prey  and  plant-
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insect interactions have been d isrup ted  w hen in teracting species have responded  
differently  to w arm ing  (Parm esan 2006). The second section of the book explores the 
effects tha t have already been reported  on the flora and fauna. These changes affect 
all types of ecosystem s and creatures. In the Pacific Ocean, Salvadeo et al. report 
changes in  the m ovem ent of m arine m am m als along the N orth  A m erican coast, and 
Povilitis exam ines the w orry ing  situation  of b irds in  H aw aii, th reatened  by the 
changing climate. In Asia, the changes in M onsoon patterns could change the 
num ber of generations of m osquitoes, as O hta and Kaga report. In Europe, Itäm ies 
et al. describe how  the populations of m oths have shifted in  the last decades in 
F inland, w hile Rakonczai explores the ecological changes already  observed in  the 
Carpathians. In Africa, Guo et al. s tudy  the consequence of changes in  climatic 
patters on quiver trees g row th  and  distribution . To finish this section, S ternberg et 
al. discuss the use of climatic grad ien ts as sim iles of clim ate change and Drégelyi- 
Kiss and H ufnagel p rov ide a theoretical s tudy  on clim ate-induced changes in 
freshw ater ecosystems.

Being the ecosystems m ost potentially affected by  climate change, the arctic and alpine 
regions are already experiencing some of the m ost noticeable and fastest changes. 
Range-restricted species, particularly polar and m ountain top species, show  severe 
range contractions and have been the first groups in w hich entire species have gone 
extinct due to recent climate change (Parm esan 2006). The last section of the book 
provides some of the latest research in these ecosystems. M azepa et al. describe some 
of the changes detected in the stand structure of forests in arctic Russia. Bender et al. 
describe the research being done in the Alps related to climate change. Also in the 
Alps, Jomelli et al. s tudy  if avalanches are already being affected by  the change in 
climate, w hereas Bajracharya et al. report on the shrinking of H im alayan glaciers in 
Nepal. Yde et al. review  the different environm ental effects that climate change can 
cause in glacial ecosystems. A m ong these changes, the increasing m elt of glaciers 
could have im portant effects. Braithwaite explains the reasons for this trend, and 
Fettweis et al. estim ate the increase in sea level rise by  the m elting of G reenland ice 
sheet.

All things considered, these 25 chapters provide a good overview  of the different 
changes that have already been detected in all the regions of the w orld. They are an 
introduction to the research being done around the globe in connection to this topic. 
How ever, climate change is not just a theoretical issue only im portant for scientists or 
environm entalists. It also has direct implications in our socio-economical systems. The 
other two books of this series "Clim ate change -  Socioeconomic effects" and "Climate 
Change -  Research and Technology for A daptation and M itigation" explore these 
topics in detail, and we encourage the reader to consult them  as well.

The Editors w ant to finish this preface acknow ledging the collaboration and hard  
w ork of all the authors. W e are also thankful to the Publishing Team of InTech for



Preface

their continuous support and assistance during  the creation of this book. Special 
thanks are due to Ms Ana Pantar for inviting us to lead this exciting project, and to Ms 
Iva Lipovic for coordinating the different editorial tasks.

Dr. Juan Blanco
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Faculty of Forestry U niversity of British Columbia,
C anada

Dr. Houshang Kheradmand
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Chemistry-Climate Connections -  
Interaction of Physical, Dynamical, and 

Chemical Processes in Earth Atmosphere
Martin Dameris1 and Diego Loyola2 

d e u tsc h e s  Z e n tr u m ß r  Luft- und Raumfahrt, In stitu t ß r  Physik der Atmosphäre 
2Deutsches Zentrum  ß r  Luft- und Raumfahrt, Institu t ß r  M ethodik der Fernerkundung

Oberpfaffenhofen,
Germany

1. Introduction

The climate system  of the Earth atm osphere is affected by  a complex interplay of dynam ical, 
physical and  chemical processes acting in  the troposphere (atm ospheric layer reaching from  
the Earth surface up  to about 12 km  height) and  the M iddle A tm osphere, i.e. the 
stratosphere (from about 12 to 50 km) and the m esosphere (from 50 to 100 km). M oreover, 
m utual influences betw een these atm ospheric layers m ust be taken into account to get a 
com plete picture of the Earth climate system. An outstanding exam ple w hich can be used to 
describe some of the complex connections of atm ospheric processes is the evolution of the 
ozone layer in  the stratosphere and  its interrelation w ith  climate change.
The stratospheric ozone layer (located around  15 to 35 km) protects life on Earth because it 
filters out a large part of the ultraviolet (UV) radiation (wavelength range betw een 100 nm  
and  380 nm) w hich is em itted by  the sun. The alm ost com plete absorption of the energy- 
intensive solar UV-B radiation  (280-320 nm) is especially im portant. UV-B radiation 
particularly affects plants, anim als and  people. Increased UV-B radiation  can, for example, 
adversely im pact photosynthesis, cause skin cancer and  w eaken the im m une system. In 
addition, absorption of solar UV radiation  by  the stratospheric ozone layer causes the 
tem perature of the stratosphere to increase w ith  height, creating a stable layer that limits 
strong vertical air movement. This plays a key role for the Earth 's climate system. 
A pproxim ately 90% of the total ozone am ount is found in  the stratosphere. Only 10% is in 
the troposphere; ozone concentrations in  the troposphere are m uch lower than in  the 
stratosphere.
D ata derived from  observations (m easurem ents from  satellites and  ground-based 
instrum ents) and  respective results from  num erical sim ulations w ith  atm ospheric models 
are used to describe and explain recent alterations of the dynam ics and  chem istry of the 
atm osphere.
Since the beginning of the 1980ies in  each year the ozone hole develops over Antarctica 
during  spring season (i.e. September to Novem ber), show ing a decrease in  the total am ount 
of ozone of up  to 70% (see Figure 4). Especially in  the low er stratosphere (about 15-25 km  
altitude), ozone is alm ost com pletely destroyed during  this season. Relatively shortly after 
the discovery of the ozone hole, the extreme thinning of the ozone layer in  the south-polar
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stratosphere w as explained as a com bination of special meteorological conditions and 
changed chemical com position induced by industrially m anufactured  (anthropogenic) 
chlorofluorocarbons (CFCs) and  halons.

1.1 O zone chem istry
In the atm osphere, ozone (O3) is p roduced exclusively by photochem ical processes. Ozone 
form ation in  the stratosphere is initiated by  the photolysis of m olecular oxygen (O2). This 
produces tw o oxygen atom s (O) w hich recombine w ith  m olecular oxygen to form  ozone. 
Since ozone is created by photochem ical means, it is m ainly produced in the tropical and 
subtropical stratosphere, w here sunshine is m ost intensive th roughout the year. At the same 
time, the ozone molecules form ed in  this w ay are destroyed again by the photolysis of ozone 
and  by reaction w ith  an  oxygen atom. These reactions form  the basis of stratospheric ozone 
chem istry, the so-called C hapm an m echanism  (Chapm an, 1930). But if stratospheric ozone 
am ounts are determ ined via this sim ple reaction system  and the know n rate constants and 
photolysis rates, the results obtained are about twice as high as the m easured values. Since 
the early 1950ies, it has been know n that fast so-called catalytic cycles reduce the 
determ ined ozone am ounts to  the observed values. By the early 1970ies, the catalysts had 
been identified as the radical pairs O H /H O 2 and  N O /N O 2, w hich are form ed from  w ater 
vapour (H2O) and  nitrous oxide (N2O) respectively (Bates and  Nicolet, 1950; Crutzen, 1971; 
Johnston, 1971). In the mid-1970ies, the radical pairs C l/C IO  (from CFCs) and  B r/B rO  (from 
halons) w ere identified as further significant contributors (Molina and  Rowland, 1974; 
Wofsy et al., 1975). The im portant point is that a catalyst can take part in  the reaction cycle 
several thousand tim es and  therefore is very effective in  destroying ozone molecules. The 
increased occurrence of CFCs and  halons due to anthropogenic emissions has significantly 
accelerated stratospheric ozone depletion cycle over recent decades, triggering a negative 
stratospheric ozone trend  w hich is m ost obvious in  the Southern polar stratosphere during 
spring tim e w here the ozone hole is found. In the troposphere, CFCs and halons are mostly 
inert. Over tim e (several years), they are transported  into the stratosphere. Only there they 
are photolysed and  converted into active chlorine or brom ine com pounds.
In particular, ozone is depleted via the catalytic C l/ClO -cycle in  polar spring. H owever, the 
kinetics of these processes are very slow, because the am ount of UV radiation  is lim ited due 
to the prevailing tw ilight conditions. In the polar stratosphere, it is m ainly chemical 
reactions on the surface of stratospheric ice particles that are responsible for activating 
chlorine (and also bromine) and then driving ozone depletion im m ediately after the end of 
polar night (Solomon et al., 1986). In the very cold lower polar stratosphere, polar 
stratospheric clouds (PSCs) form  during  polar night (Figure 1). PSCs develop at 
tem peratures below  about 195 K (= -78 °C) w here nitric acid trihydride crystals form  (NAT, 
H N O 3  3 H 2O). U nder the given conditions in  the low er stratosphere ice particles develop at 
tem peratures below  approx. 188 K (= -85 °C). Due to different land-sea distributions on the 
N orthern  and Southern H em isphere, the lower stratosphere over the south pole cools 
significantly m ore in  w inter (June -  August) than the north  polar stratosphere (December -  
February) (see Section 1.2). The climatological m ean of polar w inter tem peratures of the 
low er Arctic stratosphere is around  10 K higher than  that of the low er Antarctic 
stratosphere. W hile the Antarctic stratosphere reaches tem peratures below  PSC-forming 
tem peratures for several w eeks every year, there is a pronounced year-on-year variability in 
the north  polar stratosphere: relatively w arm  w inters, w here hardly any PSCs develop are
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observed, as well as very cold w inters, w ith  conditions similar to that of Antarctica. This 
m eans that expansive PSC fields develop in  the Antarctic stratosphere every year, bu t are 
seldom  seen over the Arctic (see Section 2.1). A detailed description of chemical processes 
affecting ozone is given by Dam eris (2010).

Fig. 1. Polar stratospheric clouds over Finland. The picture w as taken on January 26, 2000 
from  the DLR research aircraft Fnlcon.

1.2 Im portance o f s tratospheric dynam ics
Since the 1990ies it becam e obvious that the ozone layer w as not just getting thinner over 
Antarctica, b u t over m any other regions, too, although to a lesser extent (see Figure 5). M any 
observations from  satellite instrum ents and  ground based techniques (incl. radiosondes) 
have show n a clear reduction of the am ount of stratospheric ozone, e.g. in  m iddle 
geographical la titudes (about 30°-60°) of bo th  hem ispheres. From  that tim e on observational 
evidences and  the actual state of understanding  have been review ed in  W M O /U N EP 
Scientific Assessments of Ozone D epletion (WMO, 1992; 1995; 1999; 2003; 2007; 2011). It 
tu rned  out that the thickness of the stratospheric ozone layer is not solely controlled by 
chemical processes in  the stratosphere. Physical and dynam ic processes play an  equally 
im portant role.
The polar stratosphere during  w inter is dom inated by strong w est w ind  jets, the polar 
vortices. Due to  the different sea-land distribution in  the N orthern  and  Southern 
H em isphere these w ind  vortices develop differently in  the tw o hem ispheres. Large-scale 
w aves w ith  several hundreds kilom etres w avelength are generated in  the troposphere, for 
exam ple during  the overflow of air m asses over m ountain  ridges. These w aves propagate 
upw ard  into the stratosphere and  affect the dynam ics there including the strength of the 
polar w ind  jets. The polar vortex in  the Southern H em isphere is less disturbed and  therefore 
the m ean zonal w ind  speed is stronger than  in  the N orthern  Hem isphere. In the Southern 
H em isphere this leads to  a stronger isolation of stratospheric polar air m asses in  w inter and 
a m ore pronounced cooling of the polar stratosphere during  polar night (see Section 1.1).
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Additionally, atm ospheric trace gas concentrations are affected by  air mass transports, 
w hich are determ ined by w ind  fields (wind force and direction). The extent to w hich such a 
transport of trace gases takes place depends on the lifetime of the chemical species in 
question. Only if the chemical lifetime of a molecule is longer than  respective dynam ical 
timescales, the transport contributes significantly to the distribution of the chemical 
substance. For example, in  the low er stratosphere the chemical lifetime of ozone is long 
enough that transport processes play a key role in  geographical ozone distribution there. At 
these heights, ozone can be transported  to latitudes w here, photochem ically, it is only 
produced to an insignificant extent. In this w ay, ozone generated at tropical (up to about 
15°), sub-tropical (about 15°-30°) and  m iddle latitudes is transported  particularly effectively 
in  the direction of the w inter pole (i.e. tow ards the north  polar region from  December to 
February and  tow ards the south polar region from  June to  August), due to large-scale 
m eridional (i.e. north-south) circulation. There, it is m ixed in  w ith  the local air. This leads to 
an  asym m etric global ozone distribution w ith  peaks at higher la titudes during  the 
corresponding spring m onths and not over the equator (see Figures 7 and 8 ). At higher 
stratospheric latitudes, it is thus particularly difficult to separate chemical influences on 
ozone distribution (ozone depletion rates) from  the changes caused by  dynam ic processes. 
W ith respect to climate change due to enhanced greenhouse gas concentrations (i.e. in 
particular carbon dioxide, CO 2, m ethane, CFD, and  nitrous oxide, N 2O) caused by hum an 
activities, it is expected that tem peratures in  the troposphere will further increase (IPCC, 
2007) and  that they will further decrease in the stratosphere due to  radiation effects (Chapter 
4 in  WMO, 2011). Since the reaction rates of m any chemical reactions are directly depending 
on atm ospheric tem perature, climate change will directly influence chemical processes and 
therefore the am ount and  distribution of chemical substances in  Earth atm osphere. 
M oreover, changes in  atm ospheric tem perature and tem perature gradients are m odifying 
dynam ic processes that drive the circulation system  of the atm osphere. This w ould  result in 
changing both, the intensity of air m ass transports and  the transportation  routes, w ith  
possible long-term  consequences for the atm ospheric distribution of radiatively active gases, 
including ozone. Changes in  d istribution of the climate-influencing trace gases in  tu rn  affect 
the Earth 's climate.

2. Measuring ozone with satellite instruments and numerical modelling

Since m any years ozone distribution in  the stratosphere is observed by ground-based and 
satellite instrum ents (see Section 2.1). In particular m easurem ents from  space help to get a 
global view of the state of the stratospheric ozone layer and  its tem poral evolution including 
short-term  fluctuations and  long-term  changes (i.e. trends). An outstanding task is to 
com bine m ulti-year observations derived from  different sensors flown on different satellites 
in  a w ay that at the end one gets consistent and  hom ogeneous data p roducts w hich enable 
solid scientific investigations of processes causing the basic state of the atm osphere and its 
variability. In addition  to a detailed analysis of existing m easurem ents, num erical m odels of 
the atm osphere are used  to reproduce as best as possible recent atm ospheric conditions and 
the m odulation  in  space and w ith  time. Sensitivity studies help to  identify those processes 
m ost relevant to describe climatological m ean atm ospheric conditions as well as spatial and 
tem poral changes. For example, changes in climate, the tem poral evolution of the ozone 
layer and  the connections betw een them  are sim ulated by atm ospheric m odels w hich 
consider all know n and  relevant dynam ical, physical as well as chemical processes (see
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Section 2.2). In such num erical studies, it is im portant to  consider natural processes and 
their variations, as well as hum an activities relevant to atm ospheric processes. A 
com prehensive evaluation of data derived from  num erical m odel sim ulations w ith  
respective observations helps to identify the strength and w eaknesses of the applied  m odel 
systems w hich to a great part reflect the current state of the know ledge about processes 
acting in  Earth atm osphere (see Section 3). A good understanding  of all crucial processes is 
necessary, for example, for reliably estim ating the fu ture developm ent of the ozone layer 
(Section 4). In this context, alterations in  atm ospheric processes due to  climate change m ust 
be considered.

2.1 O bservations from  satellite
Satellite rem ote sensing of ozone started in  1970 w ith  the Backscatter Ultraviolet 
Spectrom eter (BUV) onboard the NASA satellite Nimbus-4. The first Total Ozone M apping 
Spectrom eter (TOMS) w as launched in  1978 onboard the Nim bus-7 satellite and  w as 
followed by a series of Solar Backscatter UV Instrum ent (SBUV). TOMS m easured the total 
colum n of atm ospheric ozone content w hereas the SBUV m easured height resolved 
stratospheric ozone profiles. The last TOMS instrum ent operated until 2007, the Ozone 
M apper Profiler Suite (OMPS) to be launched in  2011 w ill continue this data record.
The European contribution to satellite base m easurem ents of atm ospheric com position 
started w ith  the Global Ozone M onitoring Experim ent (GOME) sensor onboard the ESA 
satellite ERS-2 launched in  1995. GOME m easured not only ozone (total column, profiles 
and  tropospheric column) b u t also a num ber of atm ospheric com position gases like nitrogen 
dioxide, su lphur dioxide, brom ine monoxide, w ater vapour, form aldehyde, chlorine 
dioxide, glyoxalin as well as clouds and  aerosols (see Burrows et al., 1999). The GOME data 
record is continued w ith  the SCIAMACHY sensor onboard the ESA satellite ENVISAT 
launched in  2002, w ith  the D utch sensor OMI onboard the NASA satellite AURA launched 
in  2004, and  w ith  the GOME-2 sensor onboard the EUMETSAT satellite M etOp-A launched 
in  2006. This 16 years data record will be continued w ith  the GOME-2 sensors on the 
EUMETSAT satellites MetOp-B (to be launched in  2012) and  M etOp-C (to be launched in 
2017). The ESA's Sentinel 5 precursor m ission (to be launched in  2015), Sentinel 4 and 
Sentinel 5 w ith  further extend this data record w ith  sim ilar sensor systems in  the next 
decades.
Remote Sensing in  the UV /VIS spectral range betw een 280 nm  and  450 nm  is based on 
m easurem ents of backscattered radiation from  the Earth-atm osphere system. The 
Differential Optical A bsorption Spectroscopy (DOAS) fitting technique is used to  derive 
trace gas slant colum n am ounts along the viewing path  of the GOME-type instrum ents. The 
spectral structure of ozone in  the H uggings bands (Figure 2) m easured by a satellite sensor 
is com pared to laboratory m easurem ents to quantify the ozone content on the atm osphere. 
The slant colum ns determ ined w ith  DOAS are finally converted to geom etry-independent 
vertical colum n am ounts th rough division by  appropriate air m ass factors (Van Roozendael 
et al., 2006) w hich result from  radiative transfer calculations (see Figure 3). Air m ass factors 
describe the enhanced absorption of a given trace gas due to slant paths of incident light in 
the atm osphere. The ozone retrieval m ust also take into account the influence of clouds and 
other atm ospheric effects (Loyola et al., 2011).
Satellite total ozone m easurem ents are systematically com pared w ith  ground-based 
m easurem ents and  the differences are typically low er than 1%. N evertheless satellite ozone 
data from  different instrum ents m ay show spatial and  tem poral differences due to sensor



8 Climate Change -  Geophysical Foundations and Ecological Effects

M easured Spectra in the Huggings Bands Absorption Cross-section [IO19 cm2 mol’1]

o.o
- 0.1
- 0.2
-0.3
-0.4
-0.5

—  Measurement Spectrum 2.0 \Sv A __ Reference Spectrum .
—  Broad-scale Feature^-y^ ^ v ^ (V  —  Broad-scale Features

1.5

1.0

i J  V 0.5
Differential Absorption 0 3  Huggins Bands

325 327 329 331 3:
Wavelength [nm]

Fitf

329 331
Wavelength [nm]

1 Fit
Differential Absorption [-]

Residual 0 3 Fitt 
Reference

0.05

-0.05

-0.15 shift & squeeze

T east-sauares
327 329 331 333

Wavelength [nm]

Fig. 2. Schematically representation of the DOAS principle used  for the retrieval of ozone 
content from  the H uggings bands betw een 325 nm  and  335 nm. The differential structure of 
satellite m easurem ents (top left) and laboratory m easurem ents (top right) are fitted together 
(low panel) to determ ine the current ozone am ount.
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Fig. 3. The satellite m easured ozone slant colum n (brown path) is converted to viewing 
geom etry independent vertical colum n of ozone (black path).



Chemistry-Climate Connections -  Interaction o f Physical,
Dynamical, and Chemical Processes in Earth Atmosphere 9

specific characteristics and drifts. Therefore some corrections are needed before m erging 
data from  different satellites to create long-term  hom ogenous climate data records that can 
be used for ozone trend  studies. In this chapter w e use the m erged satellite TOM S/OM I 
data record (Stolarski et al., 2006) starting in  1979 and the m erged 
GOM E/SCIAM ACHY/ GOME-2 data record (Loyola et al., 2009) starting in 1995.
An ozone hole is said to  exist w hen  the total ozone colum n sinks to  values below  220 DU, 
w hich is around  30% under the norm. D obson Units are colum n densities -  a m easure of the 
total am ount of ozone in  a colum n over a specific place. At standard  tem perature and 
pressure (1000 hPa, 0 °C), a 0.01-mm thick ozone layer corresponds to  1 DU. A 300-DU thick 
ozone layer at the Earth 's surface w ould  thus correspond to a pure ozone colum n of 3 mm. 
Figure 4 shows the evolution of ozone hole as m easured by the TOMS sensor onboard the 
N im bus 7 satellite betw een 1979 to 1992, TOMS data from  the M eteor satellite betw een 1993 
to 1994, GOME data from  the ERS-2 satellite betw een 1995 and 2002, SCIAMACHY data 
from  the ENVISAT satellite betw een 2003 and  2006, and  GOME-2 data  from  the M etOp-A 
satellite betw een 2007 and 2010. The average ozone from  October 1st to 3rd is plo tted  for all 
the years w ith  the exception of 1993 and 2002 w here data  from  September 23rd to 25th are 
used. In 1993 no TOMS data w ere available at the beginning of October and  in  2002 the data 
from  Septem ber are plo tted  to show the atypical split of the ozone hole due to  the unusual 
m eteorological conditions in  the stratosphere occurring only in  2 0 0 2 .
Corresponding results for N orthern  H em isphere spring tim e conditions are presented  in 
Figure 5. There, average total ozone colum n from  M arch 25th to 27th is plo tted  for all years 
betw een 1979 and 2011 except 1995 w here no satellite data is available. Obviously the ozone 
depletion is not as strong as in  the Southern H em isphere and  the trend  tow ards low er ozone 
am ount is m uch less visible. The in terannual variability is high w hich can be explained by 
the variability of stratospheric dynam ics (see Sections 1.1 and 1.2). Nevertheless, most 
clearly seen in years like 1997 and  2011, the dynam ic situation of the Arctic stratosphere can 
be very sim ilar to the Antarctic, i.e. show ing a w ell-pronounced and undisturbed  polar 
vortex in  w inter w ith  tem peratures low enough to form  PSCs in  large extent. O ther years 
w hich also show a significant reduction of total ozone in  northern  spring are 1990, 1993, 
1996, and  2007. On the other hand, in  years like 1998 and 2010 w hen  stratospheric 
tem peratures are enhanced due to disturbed stratospheric dynam ic conditions, total ozone 
values are m uch higher. It is also obvious that total ozone values at low latitudes (i.e. 
tropical and  sub-tropical regions) are naturally low.

2.2 Sim ulations w ith chem istry-clim ate m odels
Chemistry-climate m odels (CCMs) are num erical tools w hich are used to study connections 
betw een atm ospheric chem istry and climate (Figure 6 ). They are com posed of tw o basic 
m odules: An A tm ospheric General Circulation M odel (AGCM) and  a Chem istry Model.
An AGCM is a  three-dim ensional m odel describing large-scale (i.e. spatial resolution of a 
few hundred  km) physical, radiative, and  dynam ical processes in  the atm osphere over years 
and  decades. It is used to  study changes in  natural variability of the atm osphere and  for 
investigations of climate effects of radiatively active trace gases (greenhouse gases) and 
aerosols (i.e. natural and  anthropogenic particles in  the atm osphere), along w ith  their 
interactions and  feedbacks. Usually, AGCM calculations em ploy prescribed concentrations 
of radiatively active gases, e.g. CO 2, CH 4 , N 2O, CFCs, and O3 . Changes of w ater vapour 
(H2O) concentrations due to the hydrological cycle are directly sim ulated by an  AGCM. The
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Fig. 4. Evolution of the ozone hole derived from  satellite m easurem ents in  early October 
from  1979 until 2010. The purp le area over the South Polar Region indicates the area of the 
ozone hole (see text).
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Fig. 5. As Figure 4, b u t for the N orthern  H em isphere and  using a different colour scale. 
Evolution of the ozone derived from  satellite m easurem ents in  late M arch from  1979 until 
2011 (no data available for 1995, see text).
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tem poral developm ent of sea surface tem peratures (SSTs) and  sea ice coverage are 
prescribed in  these models. The chosen boundary  conditions for concentrations of 
radiatively active gases and  SSTs (incl. sea ice) represent a specific period of time, e.g. some 
years or decades.
In a CCM, i.e. an  AGCM interactively coupled to  a m odel describing in  detail atm ospheric 
chem istry, the sim ulated concentrations of the radiatively active gases are used in  the 
calculations of heating rates (e.g. due to the absorption of short-wave solar radiation) and 
cooling rates (e.g. due to  the em ission of long-wave infrared radiation). Changes in  the 
abundance of these gases due to  chem istry and advection influence heating and  cooling 
rates and, consequently, variables describing atm ospheric dynam ics such as tem perature 
and  w ind. This gives rise to a dynam ical-chemical coupling in  w hich the chemistry 
influences the dynam ics (via radiative heating and  cooling) and vice versa (via tem perature 
and  advection). As an  example, ozone represents the dom inant radiative-chem ical feedback 
in  the stratosphere. Simulations w ith  CCMs also consider gradual changes in  concentrations 
of radiatively active gases and  other boundary  conditions (e.g., emissions). The tem poral 
developm ent of source gas emissions are prescribed for a specific episode (years to decades).

Emission of
Sea Surface Natural and

Temperatures Anthropogenic
Gases

Dynamics
Temperature 

and Wind
Chemistry

Volcanic and 
non-Volcanic 

Aerosols
Radiation

Photolysis and 
Heating Rates
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of Radiatively 
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Fig. 6 . Schematic of a  Chem istry-Clim ate M odel (CCM). The core of a CCM (oval symbols) 
consists of an  atm ospheric general circulation m odel (AGCM; i.e. dynam ics and  radiation 
part) that includes calculation of the heating and  cooling rates and a detailed chem istry 
module. They are interactively coupled. Arrow s indicate the direction of effect. Rectangular 
boxes denote external forcing.
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As an  example, in  the following a brief description of the CCM  E39CA is presented 
providing some useful details to  better understand  how  such a m odel system  w orks and 
respective sim ulations are perform ed. E39CA consists of the dynam ic part E39 and the 
chem istry m odule CHEM. "E39" is an  AGCM, based on the circulation m odel ECHAM4 
(Roeckner et al., 1996). It has a  vertical resolution of 39 levels from  the Earth surface up  to 
the top layer centred at 10 hPa (Land et al., 2002). The horizontal m odel grid on w hich the 
tracer transport, m odel physics and chem istry are calculated, has a m esh size of 
approxim ately 3.75° • 3.75° (latitude, longitude). The chosen tim e step for m odel integration 
is 24 minutes. The chem istry m odule "C" (Steil et al., 1998) is based on a family concept 
w hich combines related chemical constituents w ith  short lifetimes (shorter than  that of the 
dynam ics or the m odel tim e-step used) into one family w ith  a life-time larger than  the time- 
step. "C" includes stratospheric hom ogeneous and  heterogeneous ozone chem istry and  the 
m ost relevant chemical processes for describing the tropospheric background chem istry 
w ith  107 photochem ical reactions, 37 chemical species and four heterogeneous reactions on 
PSCs and on sulphate aerosols. H eating and  cooling rates and photolysis rates are calculated 
on-line from  the m odelled distributions of the radiatively active gases O 3 , CH 4 , N 2O, H 2O 
and  CFCs, and  the actual cloud distribution.
In the following some boundary  conditions of an  E39CA m odel sim ulation are described 
covering the years from  1960 to 2050 (sim ulation "R2"). The m odel sim ulation considers 
various natural and  anthropogenic forcings like the 1 1 -year activity cycle of the sun w ith  
varying intensity of solar radiation (particularly in  the ultraviolet w hich affects ozone 
chemistry), the quasi-biennial oscillation (QBO) of tropical zonal w inds in  the lower 
stratosphere (i.e. the direction of the zonal w ind  is alternating betw een w est and east w ith  a 
m ean period of 28 m onths; see Baldwin et al., 2001), chemical and direct radiative effects of 
gases and  aerosols (i.e. particles) em itted during  major volcanic eruptions, and  the increase 
in  greenhouse gas concentrations. R2 is a sim ulation perform ed to assess the past and future 
evolution assum ing a consistent set of boundary  conditions w hich are partly  based on 
observations (for the past) and on particular assum ptions for fu ture developm ents. For 
example, the future concentrations of long-lived greenhouse gases (CO2, CH 4 , and  N 2O) are 
based on a 'business as usual' scenario (i.e. the A1B future scenario described in  IPCC, 2001); 
future concentrations of ozone depleting substances follow the AÍ scenario prescribed in 
WMO (2003), e.g. assum ing a phase out of the CFCs in  the troposphere and stratosphere 
over the com ing decades leading to a  continuous decrease of stratospheric chlorine content 
in  future. M oreover, the w ind phases of the QBO w hich w ere observed in the past are 
consistently continued. The solar activity signal observed betw een 1977 and 2007 is 
continually repeated until 2050. Furtherm ore, no major volcanic eruptions have been 
adopted  in  years u p  to  2050. Sea surface tem peratures (SSTs) and  sea ice coverage are 
prescribed using a continuous dataset derived from  the coupled atm osphere-ocean model 
H adG EM l, p rovided by  the UK Met Office H adley Centre (Johns et al., 2006). The results 
from  H adG EM l are taken from  a transient sim ulation w ith  prescribed anthropogenic 
forcing as observed in  the past, and following the SRES-A1B scenario in  the future.
M ore details about the CCM E39CA and  the respective assum ptions m ade in  the num erical 
sim ulation are provided in  Stenke et al. (2009) and Garny et al. (2009).

3. Confronting model results with observations -  a basement for predictions

In this section data derived from  m ulti-year space-borne m easurem ents are com pared w ith  
respective data  derived from  sim ulation R2 w ith  the CCM E39CA. It should provide some
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insight into current capabilities of num erical m odelling of atm ospheric processes and how  
m odel results are evaluated on the basem ent of observations. The evaluation of results 
derived from  num erical m odelling w ith  observations gives indications about the quality of 
the applied  m odel w hich partly  reflects our current understanding  of atm ospheric processes 
and  the cause and  effect relationships leading to changes in  atm ospheric behaviour. The 
following exam ples of E39CA are only exemplary; m ore detailed com parisons including 
evaluations w ith  other CCMs are provided in the SPARC CCMVal report (2010).
The evolution of the total ozone colum n in the atm osphere and  respective standard  
deviation (both in  D obson Units, DU) as a function of latitude and  tim e derived from  
GOM E/SCI AM ACHY/GOM E-2 satellite m easurem ents and  the E39CA R2 sim ulation are 
presented in  Figure 7. N ote that the colour bars of the total ozone (upper tw o figures) are 
different for satellite and  m odel data to  better com pare the latitude-tim e patterns (see 
discussion below  regarding Figure 8 ). It is obvious that the overall variations of total ozone 
w ith  latitude and tim e are w ell reproduced by E39CA.
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Fig. 7. Latitudinal evolution of total ozone (top) and  standard  deviation (bottom) from  June 
1995 to May 2008. GOM E/SCI AM ACHY/GOM E-2 satellite data are presented on the left 
side (a, c) and  E39CA m odel on the right side (b, d). Satellite m easurem ents from  April 2004 
are not available; the corresponding m odel data are therefore also neglected (Figure 8  in 
Loyola et al., 2009).
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The standard  deviation of a given quantity  (here total ozone in  the low er tw o figures) is a 
m easure for variability of the respective system, describing the range of variability in a 
specific region and  period of time. Again, the agreem ent betw een m odel results and 
observations is satisfactory, i.e. the spatial and tem poral structures are well reproduced. The 
latter result is im portant because it indicates that E39CA is able to reproduce adequately the 
internal variability of stratospheric dynam ics and chem istry w hich is different in  the 
N orthern  and  Southern H em isphere and the tropics (see Sections 1.1 and 1.2).
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Fig. 8 . Seasonal m ean values of total ozone (June 1995 to May 2008) from  
GOM E/SCI AM ACHY/GOM E-2 satellite instrum ents (top), the E39CA sim ulation (middle), 
and  the difference betw een satellite m easurem ents and m odel results (bottom) (Figure 6  in 
Loyola et al., 2009).
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Figure 8  provides a m ore detailed evaluation of the absolute accuracy of total colum n ozone 
values as derived from  E39CA simulations. Here, seasonal m ean values of total ozone 
derived from  satellite instrum ent m easurem ents and  E39CA are once again presented  for 
the tim e period from  June 1995 to May 2008. Please note that the colour bars here are also 
different for satellite and  m odel data since E39CA total ozone values have a positive bias: A 
general shift to higher total ozone values is found ranging from  about 5 DU in high northern  
latitudes during  w inter (DJF) to about 100 DU in high southern  latitudes during  w inter 
(JJA). This finding indicates that there are still some w eaknesses in  the applied  model 
system  leading to  an  overall overestim ation of total colum n ozone. N evertheless, it is 
obvious that the m eridional structure is well represented by  E39CA in all seasons. The 
seasonal changes are w ell reproduced by  the model. Particularly in  the N orthern 
Hem isphere, the latitudinal structure com pares in a  reasonable way. For example, the 
position of the polar vortex during  w inter and  spring, w hich is indicated by low er ozone 
values over Eurasia, is correctly sim ulated by E39CA. W hile the N orthern  H em isphere is 
dom inated by a clear zonal w ave num ber 1  pattern  (i.e. one m axim um  and one m inim um  
along a latitudinal circle), the d istribution of ozone in the Southern H em isphere has a m uch 
m ore zonally symm etric structure during  all seasons w hich is captured by the model.
In addition  to  Figure 7, Figure 9 shows seasonal m eans of the standard  deviation of total 
ozone, again for satellite data and m odel results. The overall seasonal change and the 
hem ispheric patterns of the standard  deviation in  the m odel follow quite w ell the respective 
values from  observations, bu t there are some differences in  details. For example, in  the 
d istribution of the standard  deviation in  northern  w inter (DJF) high latitudes show  some 
obvious differences: W hile in  E39CA, the variability is low in the centre of the polar vortex 
(approxim ately betw een northern  Europe and  the N orth  Pole) and  higher in  the 
surroundings, the satellite data show high variability in  the vortex centre and  a lower 
standard  deviation over N orth  America and eastern Asia. This finding can be explained by 
the fact that the polar vortex is too stable in  E39CA, i.e. the num ber of m inor and major 
w arm ings is lower than  observed (e.g. Stenke et al., 2009). In the sum m er hem isphere (DJF 
in  the Southern H em isphere) the standard  deviation is m uch higher in  the m odel, bu t the 
region of m axim um  variability agrees again well w ith  those derived from  observed values. 
A nother clear difference is found in  the Southern H em isphere spring m onths (SON) 
indicating a w eaker variability in  the South Polar Region (see also lower part of Figure 11). 
This m odel behaviour is explained by a too cold polar lower stratosphere in  E39CA ('cold 
pole problem ') reducing the dynam ical variability in  this region strongly (Stenke et al., 
2009).
The com parisons show n so far w ere based on climatological and  seasonal m ean values. 
They are m ainly used to rate the basic state of a num erical m odel system. Also im portant is 
the evaluation of the tem poral evolution of an  atm ospheric quantity. The adequate 
reproduction  of short-term  variability and long-term  changes, i.e. trends, is another 
prerequisite for robust assessm ent of fu ture developm ents. Some examples are presented in 
the following section.

4. Prognostic studies

As a result of international agreem ents on protecting the stratospheric ozone layer 
(M ontreal Protocol in  1987 and  its am endm ents), the rap id  increase in  concentrations of the 
m ain CFCs in  the troposphere has been stopped. Since the mid-1990ies, a decline in
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Fig. 9. Seasonal m ean values of total ozone standard  deviations 0une 1995 to  M ay 2008) 
from  GOM E/SCI AM ACHY/GOM E-2 satellite instrum ents (top) and  the E39CA sim ulation 
(bottom) (Figure 7 in  Loyola et al., 2009).

tropospheric CFC content has been observed (WMO, 2011). Consequently, a  slight decrease 
in  stratospheric chlorine concentrations has also been  detected for several years now. 
H ow ever, due to  the long lifetimes of CFCs in  the atm osphere, it w ill take un til the m iddle 
of this century for the stratosphere 's chlorine content to  go back to  values resem bling those 
observed in  the 1960ies. Therefore, it is expected that the strong chemical ozone depletion 
observed over the past three decades will decrease in  the near future. In  this context, a  solid 
assessm ent of the tim ing of the ozone layer recovery and  particular the closure of the ozone 
hole is not a  trivial task  since the future evolution of the ozone layer is affected by  several 
processes. In  particular ongoing climate change will have an  influence on atm ospheric 
dynam ics (including the transport of ozone) and ozone chem istry (via tem perature 
changes). CCMs are suitable tools to  perform  prognostic studies regarding the evolution of 
stratospheric ozone content, because they are considering the com plex interactions of
dynam ical, physical and  chemical processes.
Based on prognostic studies w ith  CCMs it is expected that the ozone layer w ill bu ild  up  
again  in  the next decades and  that the ozone hole over A ntarctica w ill be closed (see C hapter 
3 in  WMO, 2011; C hapter 9 in  SPARC CCMVal, 2010). Figure 10 shows an  exam ple of the 
tem poral evolution of total ozone deviations regarding a  m ean ozone value (1995-2009) for 
the near global m ean (i.e. global m ean values neglecting polar regions). Looking into the 
past it is obvious that E39CA is able to  reproduce seasonal an d  interannual fluctuations in  a
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sufficient m anner, although the am plitudes of ozone anom alies are slightly underestim ated. 
M odel data and data derived from  satellite observations clearly show the signal of the 11- 
year solar cycle. The absolute m inim um  ozone values observed in  years 1993-95, w hich are 
caused by the eruption  of the volcano Pinatubo, are not adequately reproduced by E39CA. 
The sim ulated increase in  stratospheric ozone am ount after year 2010 is a direct 
consequence of the prescribed decrease of stratospheric chlorine content.
The speed at w hich the ozone layer w ill rebuild  in  future depends on a range of other 
factors, however. Rising atm ospheric concentrations of radiatively active gases (such as CO 2, 
CH 4  and  N 2O) do not just cause the conditions in  the troposphere to change (i.e. the 
greenhouse effect w arm s the troposphere), bu t also in  the stratosphere w hich cools dow n 
w ith  increasing CO 2 concentrations. The regeneration of the ozone layer thus takes place 
under atm ospheric conditions different to  those prevailing during  the ozone depletion 
processes of recent decades. Due to climate change, it is highly unlikely that the ozone layer 
will return  to exactly the w ay it w as before the tim e of increased concentrations of ozone- 
depleting substances.
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Fig. 10. Average deviations of the total ozone colum n (in %) for the region betw een 60°N 
and  60°S. The m ean annual cycle for the period 1995-2009 w as subtracted in  each case. The 
orange and  red  curves represent data obtained from  satellite instrum ents (TOMS, GOME, 
SCIAMACHY and  GOME-2). The b lue curve shows results from  a num erical sim ulation 
(R2) using a  chemistry-climate m odel (E39CA).

Due to further increasing greenhouse gas concentrations, global atm ospheric tem peratures 
will continue to change over the com ing decades, i.e. it is expected that the troposphere will 
continue to w arm  u p  and that the stratosphere will cool dow n further due to radiation 
effects. In addition, it m ust also be taken into account that, due to the expected bu ild-up  of 
the ozone layer, stratospheric ozone heating rates (absorption of solar ultraviolet radiation 
by ozone) w ill increase again, to some extent counteracting the increased cooling due to
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rising greenhouse gas concentrations. H owever, as the ozone concentration depends largely 
on the background tem perature, there w ill be some feedback. Since climate change also 
involves a change in  the stratosphere's dynam ics, "dynam ic" heating of the stratosphere can 
also occur, depending on the tim e of year and place, w hich leads to  local stratospheric 
heating, rather than  cooling. That's w hy it is im portant to take the interactions betw een 
chemical, physical and  dynam ic processes into account, bo th  for the interpretation of 
observed changes in  the ozone layer and  for prognostic studies. It m ust be always 
considered that ozone and  climate connections are influencing each other in  bo th  directions. 
Therefore, estimates of fu ture stratospheric ozone concentration developm ents and  climate 
change are not trivial and bring uncertainties w ith  them.
Future prognostics w ith  CCMs also clearly indicate that ozone regeneration w ill be faster in 
some areas than  in  others, w here it's quite possible that the recovery of the ozone layer will 
be delayed (Chapter 3 in  WMO, 2011). The results of E39CA also show that the regeneration 
of the ozone layer will vary from  region to region and  does not represent a sim ple reversal 
of the depletion observed over recent years. Examples are presented in Figure 11, show ing 
the evolution of the stratospheric ozone layer in  the N orthern  and  Southern polar regions.
In contrast to Figure 10, only the data for respective spring m onths are show n w hen  ozone 
depletion maximises. First of all, E39CA reproduces nicely the different evolution of the 
ozone layer in  the N orthern  and  Southern H em isphere in  the past show ing a more 
pronounced thinning of the ozone layer in  the Southern H em isphere due to the form ation of 
the ozone hole. Interannual fluctuations are w ell captured by E39CA in the N orthern 
H em isphere w hile they are underestim ated in  the Southern Hem isphere. Here, for example, 
the m odel does not create dynam ical situations leading to  w eak polar vortices in  late w inter 
and  early spring and  therefore higher ozone values as particularly observed in  1988 and 
2002 (see also Figure 4). Obviously, the recreation speed of the ozone layer is different in  the 
N orthern  and  in  the Southern Hemisphere: In the N orthern  H em isphere ozone values found 
in  the 1960ies and 1970ies are reached again around  2030 and  further increase afterw ards. In 
the Southern H em isphere the 2050-values are still below  the values found in  the 1960ies (see 
also Figure 12). Looking again to  Figure 10, here the ozone values after 2030 are also higher 
than  before 1980.
W hat is the reason for this different behaviour in  different stratospheric regions? Due to the 
continued increase in  greenhouse gas concentrations in  the atm osphere, the stratosphere 
will further cool down, resulting in  faster ozone-layer regeneration especially in  the m iddle 
and  upper stratosphere. Here, low er tem peratures slow dow n ozone destroying 
(tem perature depending) chemical reactions. In the lower polar stratosphere, in  particular in 
the Southern H em isphere, the rebuilding of the ozone layer m ay slow dow n during  spring. 
There, lower tem peratures lead to an  increased form ation of polar stratospheric clouds 
(PSCs), w hich are the necessary prerequisite to start ozone depletion. O n the other hand, 
climate change will affect ozone transport to higher latitudes. E39CA predict enhanced 
transport of stratospheric air m asses from  tropical to extra-tropical regions. C aused by  the 
isolation of the Southern H em isphere polar stratosphere (originated by the high zonal w ind 
speed there; see Section 1.2) this change does not lead to  a faster closure of the ozone hole 
(see also Figure 12); contrastingly, in  the N orthern  H em isphere the transport of ozone rich 
air tow ards polar la titudes is intensified, leading to a quicker back form ation of the ozone 
layer. Overall, m odel sim ulations indicate that the ozone layer is expected to recreate faster 
in  the Arctic than in  the Antarctic stratosphere.
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Fig. 11. As Figure 10, b u t now  for the polar regions (top: N orthern  H em isphere for m onths 
February, M arch, and  April; bottom : Southern H em isphere for m onths September, October, 
an d  November). Deviations are given w ith  regard  to  the m ean value of the period 1995-2009 
(in %) for the region betw een 60° and  90°. Notice the different scales on the y-axis.

Figure 12 provides another view  of the tem poral evolution of the ozone hole as it is 
sim ulated by E39CA from  the 1960ies to  the 2040ies. Here, decadal m ean total ozone values 
for October are presented. Respective m ean values derived from  satellite instrum ents are 
show n for com parison (notice again that the satellite an d  the CCM  plots use different colour 
bars representing D obson Units.) These im ages of sim ulated total ozone colum ns also 
indicate that the closure of the ozone hole w ill be delayed regarding the prescribed tem poral 
decrease of the stratospheric chlorine content, i.e. w ill be not com pleted before 2050 (see also 
low er part of Figure 11).
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Fig. 12. Decadal evolution of the ozone hole in  October (monthly m ean value) derived from  
satellite m easurem ents (TOMS, GOME, SCIAMACHY, GOME-2) from  1970 to 2009 and  the 
sim ulation w ith  the CCM E39CA from  1960 until 2049.

5. Discussion of uncertainties and conclusion

Obviously, reliable estim ates of the fu ture evolution of atm ospheric behaviour are difficult 
because of strong interactions betw een physical, dynam ical and  chemical processes which, 
m oreover, are expected to be m odified in  a fu ture climate w ith  enhanced greenhouse gas 
concentrations.
Further uncertainties m ust be taken into account regarding the future developm ent of both  
the stratospheric ozone layer and the climate. The future developm ent of stratospheric w ater 
vapour concentrations is currently highly uncertain. Prognostic studies w ith  num erical 
m odels indicate that tropospheric w ater vapour concentrations w ould  increase w ith  
increasing tem peratures in the troposphere, w hich w ould  also enhance the am ount of w ater 
vapour being transported  from  the troposphere into the low er tropical stratosphere (e.g. 
WMO, 2007). H igher stratospheric w ater vapour concentrations could lead to an  increased 
PSC-forming potential in  the polar regions during  the w inter m onths and thus enhance the 
ozone depletion potential. As w ater vapour is also an im portant greenhouse gas, changes of
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a t m o s p h e r i c  c o n c e n t r a t i o n s  w o u l d  a f f e c t  a t m o s p h e r i c  r a d i a t i o n  b a l a n c e .  S t r a t o s p h e r i c  w a t e r  

v a p o u r  c o n c e n t r a t i o n s  w o u l d  a l s o  i n c r e a s e  w i t h  r i s i n g  m e t h a n e  ( C H 4 )  c o n c e n t r a t i o n  ( e .g .  

c a u s e d  b y  r i c e  c u l t i v a t i o n ,  i n t e n s i v e  l i v e s t o c k  f a r m i n g ,  t h a w i n g  o f  p e r m a f r o s t  s o i l s )  d u e  t o  

o x i d a t i o n  o f  C H 4 ,  w h i c h  w o u l d  i t s e l f  i n c r e a s e  o z o n e  p r o d u c t i o n  i n  t h e  l o w e r  s t r a t o s p h e r e .  

O n  t h e  o t h e r  h a n d ,  r i s i n g  C H 4  c o n c e n t r a t i o n s  w o u l d  b i n d  r e a c t i v e  c h l o r i n e  i n  t h e  

a t m o s p h e r e .  H o w e v e r ,  C H 4  i s  a l s o  a n  i m p o r t a n t  g r e e n h o u s e  g a s .  T h e r e f o r e ,  h i g h e r  

a t m o s p h e r i c  C H 4  c o n c e n t r a t i o n s  w o u l d  i n f l u e n c e  b o t h  t h e  c l i m a t e  a n d  a t m o s p h e r i c  

c h e m i s t r y .  A f u r t h e r  r i s e  i n  a t m o s p h e r i c  n i t r o u s  o x i d e  ( N 2 O )  c o n c e n t r a t i o n s  w o u l d  i n c r e a s e  

t h e  a m o u n t  o f  a t m o s p h e r i c  n i t r o g e n  o x i d e s ,  t h u s  d e c r e a s i n g  t h e  o z o n e  c o n t e n t  o f  t h e  m i d d l e  

a n d  u p p e r  s t r a t o s p h e r e .  N 2 O  ( a l t h o u g h  k n o w n  a s  l a u g h i n g  g a s )  s t e m s  f r o m  b o t h  n a t u r a l  ( f o r  

e x a m p l e  o c e a n s  a n d  t r o p i c a l  f o r e s t s )  a n d  a n t h r o p o g e n i c  s o u r c e s  ( f o r  e x a m p l e  e m i s s i o n s  

f r o m  c u l t i v a t e d  s o i l ,  i n d u s t r i a l  p r o c e s s e s ,  t h e  c o m b u s t i o n  o f  f o s s i l  f u e l s ,  b i o m a s s ,  a n d  

b i o f u e l s ) .  N 2 O  e m i s s i o n s  n e a r  t h e  E a r t h ' s  s u r f a c e  a r e  t h e  m o s t  i m p o r t a n t  s o u r c e  o f  n i t r o g e n  

o x i d e s  i n  t h e  s t r a t o s p h e r e .  N 2 O  i s  a l s o  a  k e y  g r e e n h o u s e  g a s .  T h i s  i s  a n o t h e r  e x a m p l e  w h i c h  

n i c e l y  i l l u s t r a t e s  t h e  c l o s e  r e l a t i o n s h i p  b e t w e e n  p r o b l e m s  a s s o c i a t e d  w i t h  c l i m a t e  c h a n g e  

a n d  t h o s e  r e l a t i n g  t o  c h a n g e s  i n  t h e  s t r a t o s p h e r i c  o z o n e  l a y e r .  R e g u l a t i n g  t h e  a t m o s p h e r i c  

N 2 O  c o n t e n t  i n  t h e  a t m o s p h e r e  i s  n o t  j u s t  i m p o r t a n t  f o r  p r o t e c t i n g  t h e  E a r t h ' s  c l i m a t e ,  b u t  

a l s o  f o r  t h e  f u t u r e  e v o l u t i o n  o f  t h e  s t r a t o s p h e r i c  o z o n e  l a y e r .  A r e d u c t i o n  i n  N 2 O  e m i s s i o n s  

w o u l d  b o t h  l o w e r  t h e  a n t h r o p o g e n i c  g r e e n h o u s e  e f f e c t  a n d  p o s i t i v e l y  i n f l u e n c e  t h e  r e c o v e r y  

o f  t h e  o z o n e  l a y e r .

T o  s u m m a r i s e :  C l e a r l y ,  n a t u r a l  e f f e c t s  s u c h  a s  t h e  v a r i a b i l i t y  o f  s o l a r  r a d i a t i o n  a n d  p a r t i c l e  

e m i s s i o n s  t h a t  a r e  d u e  t o  s t r o n g  v o l c a n i c  e r u p t i o n s  i n f l u e n c e  t h e  s t r a t o s p h e r i c  o z o n e  

c o n c e n t r a t i o n .  I n t e r n a l  f l u c t u a t i o n s  o f  s t r a t o s p h e r i c  c i r c u l a t i o n  a f f e c t  t h e  t h e r m a l  s t r u c t u r e  

o f  t h e  s t r a t o s p h e r e  a n d  a i r  m a s s  t r a n s p o r t .  C h e m i c a l  p r o d u c t i o n  a n d  d e p l e t i o n  o f  o z o n e  a r e  

d e t e r m i n e d  b y  p h o t o c h e m i c a l  p r o c e s s e s ,  h o m o g e n e o u s  g a s - p h a s e  r e a c t i o n s ,  a n d  

h e t e r o g e n e o u s  c h e m i s t r y  o n  t h e  s u r f a c e  o f  p a r t i c l e s  ( a e r o s o l s  a n d  P S C s ) .  U n d e r s t a n d i n g  

a t m o s p h e r i c  p r o c e s s e s  a n d  t h e  i n t e r c o n n e c t i o n s  b e t w e e n  t h e  v a r i o u s  p r o c e s s e s  i s  m a d e  e v e n  

m o r e  d i f f i c u l t  b y  t h e  f a c t  t h a t  a t m o s p h e r i c  c o n d i t i o n s  c h a n g e  o v e r  t h e  l o n g  t e r m  o w i n g  t o  

i n c r e a s e d  g r e e n h o u s e  g a s  c o n c e n t r a t i o n s .  C l i m a t e  c h a n g e  i n f l u e n c e s  t h e  o v e r a l l  

s t r a t o s p h e r i c  o z o n e  p r o d u c t i o n  ( i .e .  t h e  s u m  o f  o z o n e  d e p l e t i o n  a n d  p r o d u c t i o n )  b o t h  

d i r e c t l y  a n d  i n d i r e c t l y ,  a n d  t h u s  d e t e r m i n e s  t h e  r a t e  o f  o z o n e  r e g e n e r a t i o n ,  w h i c h  w i l l  v a r y  

w i t h  a l t i t u d e  a n d  l a t i t u d e .  F u r t h e r m o r e ,  c h a n g e s  i n  s t r a t o s p h e r i c  c i r c u l a t i o n  c a n  p o t e n t i a l l y  

m o d i f y  t h e  d e v e l o p m e n t  o f  t h e  o z o n e  l a y e r  i n  t h e  21st c e n t u r y .  F o r  e x a m p l e ,  a  s t r o n g e r  

m e r i d i o n a l  c i r c u l a t i o n  i n  a n  a t m o s p h e r e  w i t h  i n c r e a s e d  g r e e n h o u s e  g a s  c o n c e n t r a t i o n s  

c o u l d  c a u s e  t h e  s t r a t o s p h e r i c  w i n d  s y s t e m s  t o  c h a n g e  d u r i n g  t h e  w i n t e r  m o n t h s ,  t h u s  f o r  

e x a m p l e  r e s u l t i n g  i n  d e c r e a s e d  z o n a l  w i n d  s p e e d s .  T h i s  c o u l d  l e a d  t o  h i g h e r  m e a n  

s t r a t o s p h e r i c  t e m p e r a t u r e s  i n  t h e  p o l a r  r e g i o n s  a n d  t h u s  l e s s  P S C s .

The climate-chemistry connections presented in  this chapter clearly dem onstrate that in 
assessing atm ospheric changes it is not enough to  look at the processes independent of each 
other. Changes in  climate and  in  the chemical com position of the atm osphere are closely 
interrelated, sometim es in  very com plex ways. Therefore, surprising developm ents cannot 
be ru led  out in  the future, either.
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1. Introduction

O bservational tim e series of climatic variables exhibit substantial changeability on spatial 
and  tem poral scales over m any orders of m agnitude. In statistical term s, this im plies a 
continuous variance d istribution involving all resolvable tim e scales (frequencies), starting 
from  those com parable w ith  the age of the Earth.
A correct causal interpretation of such a variability is very difficult even in  the context of a 
cognitive approach (e.g., von Storch, 2001) to  the problem.
Cognitive m odels are m inim um  com plexity m odels aim ing at the scientific understanding  of 
the m ost relevant processes occurring at any given tem poral and  spatial scale. A lthough 
generally they cannot be useful for m anagem ent decisions straightforw ardly, their role is 
fundam ental especially for understanding  the internal climatic variability that cannot be 
passively related to external forcing factors. The concept of stochastic process is essential in 
this fram ew ork, since it synthesizes collective behaviours w hich contribute as a w hole to  the 
overall dynamics. As stochastic processes are the macroscopic result of m any degrees of 
freedom , the characterization of their correlation properties across different scales through 
the analysis of observational data is a problem  of statistical inference and  their m odelling is 
usually a mechanical-statistical problem.
Maybe, the m ost fam ous early effort aim ing to  sum m arize the climate variance distribution 
am ong different frequencies, w hich is com monly referred as climate spectrum , is the ideal 
sketch proposed by Mitchell (1976) (see Fig. 1).
All the features of this spectrum  that deviate from  the flat behaviour typical of w hite noise 
(pure random  process) deserve dynam ical interpretation in order to  understand  climate. 
W ithin the traditional picture of the climate dynam ics, the variance distribution am ong 
different tem poral scales is seen as the superposition of oscillations generated by 
astronom ical cycles (spectral spikes), quasi-periodic or aperiodic fluctuations w ith  a 
preferred scale (broad spectral peaks), and  internal stochastic processes w hose tem poral 
correlation decays according to characteristic tim e scales. These last are responsible for all 
the continuous broad-band deviations of the spectrum  from  flatness. W ithin this picture, the 
variance accum ulations that do not appear in  the form  of peaks and spikes, such as that we
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can observe in-between the red  vertical lines of Fig. 1 by  scanning the figure from  the short 
to the long periods, are due to the superposition of stochastic processes w ith  different scales. 
This "redness" (optical analogy: dom inance of low frequencies) w ou ld  reflect the therm al 
inertia of slow climatic subsystems, such as ocean and  cryosphere, and w ould  be the result 
of a progressive addition  of variance "shelves" (Mitchell, 1976) generated by ever slower 
scale-dependent processes. H asselm ann (1976) proposed an interesting interpretation of this 
redness by  assum ing that the heat-storage capacity of "slow " Earth 's sub-system s act to 
integrate random  "fast" disturbances in  a dynam ical context that is therefore characterized 
by separation betw een short and  long scales. As an  example, ocean w ould  act as a long term  
integrator of the meteorological atm ospheric forcing (white noise on climatic scales) thus 
providing "m em ory" to the atm osphere-ocean system  in the form  of non  zero correlation 
am ong different scales, that is redness. The resulting sim plest parad igm  for this integration 
is Brownian m otion (random  walk) that is a  non-stationary scale free process whose 
variance increases linearly w ith  scale (M andelbrot & van Ness, 1968). Such an  ideal m otion 
is able to produce random  trends of any length b u t w ith in  climate dynam ics the presence of 
dissipative phenom ena is expected to dum p such integration. Then, dissipation introduces a 
characteristic tim e scale that m arks the tem poral horizon for the decay of the fluctuations 
tow ard  the m ean value and also oceanic processes approach w hite noise asym ptotically 
(e.g., Von Storch et al, 2001).

Period in Vaars

Fig. 1. Idealized sketch of the p lanetary climate variance spectrum  (after Mitchell 1976).

To this day, the necessity of understanding  the actual origin of the climate variability in  the 
entire spectral range is still recognised as a "prim ary goal" of the climate research, especially
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if w e aim  to address the im pact of hum an activities on climate. Currently, the availability of 
historical records of atm ospheric tem perature, w hich is the key variable of any terrestrial 
process, and  the possibility of enlarging the observational tim e w indow  back to  about
400,000 years ago (proxy paleoclimatic data) give us the unique opportunity  to get realistic 
insights into the correlation structures that characterise climate regim es from  the 
m eteorological to the glacial-interglacial domain.
Contextually, the developm ent of new  m athem atical-statistical tools, devised for enhancing 
specific correlation features (e.g. fractal persistence), m ake it possible to  better discrim inate 
such correlations from  structures ascribable to m ore traditional superpositions of 
fluctuations and cycles. For m any years, the scientific com m unity has w orked to  rightly 
interpret the collection of observational data in order to  im prove the current understanding  
of the climate dynamics, evaluate the perform ances of models, and  detect signatures of 
climate change b lu rred  w ith in  regim e variability. In particular, m any w orks have focused 
on red  spectral patterns in  order to  explore the possibility that the scale free dynam ics 
typical of fractals, either non stationary (fractal Brownian motion) or stationary (fractional 
Brownian noise) (M andelbrot & van Ness, 1968), could provide a  description of climate 
better than  the traditional one. A w ide literature, based on bo th  classical and  new  
mathem atical-statistical tools, is now  available w hich reports analysis results and possible 
dynam ical scenarios able to  explain the sam ple tim e scale laws (e.g.,Konscielny-Bunde et al., 
1996, 1998; G ovindan et al., 2001;Eichner et al., 2003; Kurnaz, 2004; Varotsos et al., 2006; 
Vecchio & Carbone, 2010 ). These w orks suggest long range persistence (power law 
correlation) rather than  scale dependence (exponential correlation) as a good statistical 
parad igm  for explaining the climate spectrum  redness on scales up  to about IO2 years. Also 
some analyses of pre-historical records (Pelletier, 1998; H uybers & Curry, 2006) support 
scale-invariance, since a random  w alk  spectrum  appears in  the tim e scale range from  IO2 to 
IO4  years. In b o th  historical and pre-historical climate, scale separation seems to fail giving 
place to a continuum  of self-organized scales. In this case, w eather w ould  be the only 
dynam ical fram ew ork w here it w orks well.
In spite of the w ide consensus around  these studies, there are contradictory results about the 
universality of the scaling and  the dependence of the exponent on the distance to sea (e.g., 
V yushin et al., 2004a, 2004b; Blender and  Fraedrich, 2004). M ore in  general the in terpretation 
of such a scaling is rather controversial because of the m any draw backs of the 
m ethodologies adopted  (e.g., H u, 2001; K antelhardt, 2001; Metzler, 2003; M auran et al., 2004; 
Gao et al., 2006; Rust, 2006; Lanfredi et al, 2009, Simoniello et al, 2009).
This chapter discusses the state of the art of the studies of historical tim e series of 
atm ospheric tem perature, particularly focused on the interpretation of redness, and 
provides new  analysis results for enhancing the debate on paleoclimatic observations. The 
core of the chapter is the discussion of the correlation structures estim ated from  
observational data and  their reliability. This is a typical problem  of statistical inference that 
is crucial for identifying the right class of dynam ical m odels to  be used in  the climate 
modelling. It is show n that the most popular recent interpretations, supporting  pow er-law  
correlation, are not the only possible. The traditional sim pler explanations are also 
acceptable and m ay w ork better than  the complex ones. The discussion is inserted into the 
fram ew ork of the stochastic approach to the climate approxim ation, although our 
argum ents are useful for climate m odelling also w ith in  a non-stochastic approach to the 
problem.
The chapter is organised according to the following principal points:
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Section 2 sum m arises the m ain physical and statistical concepts and  tools used in  the 
chapter. A short overview  of the basic m odels and  operational im plications concerning scale 
separation and  scale invariance is provided; analysis tools and their potential w eak points 
are discussed. Section 3 discusses the analyses of historical and  pre-historical data. Detailed 
statistical estim ates and literature results are p rovided in  order to support the discussion. 
Then, the debate on the dynam ical nature of redness is extended to millennial tim e scales. 
Finally, section 4 concerns the conclusive part of the chapter.

2. Basic concepts and statistical tools

In this Section w e sum m arise the m ain physical and statistical concepts and  tools used in  the 
chapter. These substantially concern the m ain general form s of correlation, scale 
dependence (short-range correlation) and  scale invariance (long-range correlation), w hich 
are useful for the selection of the right class of stochastic m odels for climate. Of course, the 
discussion is not exhaustive b u t m erely aim s to provide the basic background that is 
necessary for the understanding  of the chapter's content.

2.1 Autoregressive processes, scale dependence, and th e ir role in the traditional 
stochastic clim ate
Stationary stochastic processes are often fruitfully m odelled by  m eans of autoregressive 
processes, w hich are filters w hose input is a G aussian independent process (white noise) Et 
(e.g., Jenkins & W atts, 1968). The outpu t of an autoregressive process AR(p) of order p is:

X ,  = i > X f_; + e f (1)
;=i

w here (a¡) are the autoregressive coefficients and  St is a G aussian random  process w ith  zero 
m ean and  variance a2. In particular, the paradigm atic m odel of the meteorological 
fluctuations is the first order autoregressive process AR(1):

X t = aXt_i + s f ; |f l |< l (2)

w here the index f indicates the daily step. The autocovariance function is:

I \n
< X tX t+n> = f ^ a 2 (3)

I - a

This last decays w ith  the characteristic length z=-l/ln(a). For continuous processes, the 
correlation function is:

P ( t )  =  e~t/x (4)

For very long tim e scales AR(1) is com pletely stationary w ith  variance:

t » r (5)
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AR(1) is the m ost sim ple exam ple of scale-dependent process: for t « T  it is strongly 
correlated w hereas it becomes a w hite noise for t» T .  W ithin the traditional approach to 
climate approxim ation, this w hite noise describes the variability of meteorological variables 
in  a scale range satisfying the condition:

xm «  At «  xc (6 )

w here xm is the meteorological characteristic scale ( a  few days) and  xc is the closest 
characteristic scale of climate (e.g. that of the oceans). M ore in  general, it describes 
elem entary stochastic processes w hose superposition can generate redness th rough the 
progressive addition  of variance. In fact, according to Eqs. 3 and  5, the fluctuations of an 
AR(1) produce low variance (high covariance) on scales shortest than its characteristic one; 
such a variance increases w ith  scale u p  to the value in  Eq. 5 on asym ptotic scales. Roughly 
speaking, if w e consider the superposition of different first order autoregressive processes 
AR¿ (1) (i= l,...,n )  and separated tim e scales r i « . . . « r „ ,  the total process behaves as ARi (1) 
for t « T 2 and  its variance increases of a step a f  /  ( l - a t2) any tim e w e exceed the scale 
thus producing a  red  accum ulation.

2.2 Fractional Brownian motion, fractional G aussian Noise and the concept o f scale  
invariance
Fractional Brownian m otion and  fractional G aussian noise, w hich w ere defined in 
(M andelbrot & Van Ness, 1968), generalize Brownian m otion and  w hite noise, respectively. 
The tim e trace B(t) of a  Brownian m otion (random  walk) is characterized by  independent 
increm ents B(t+z)-B(t) having a G aussian distribution. Such increm ents have m ean zero and 
variance | r | ;  the m ean separation betw een tw o points is proportional to  the square root of 
the tim e separation:

\B(t + x )-B( t )  |oc| T |1 / 2  (7)

M andelbrot & Van Ness (1968) in troduced the family of fractional Brownian m otions 
(fBm's) by generalizing the Eq. 7.
FBm's are random  variables w ith  G aussian increm ents satisfying the condition:

|BH(f + T )-B H(f)|oc|T|H (0<H<1) (8 )

w here the exponent H  is the H urst's  coefficient. Thus, ordinary random  w alk  coincides w ith  
an/B ra w ith  H=0.5. For discrete tim es it can be approxim ated by sum m ing up  a w hite noise 
w = {w k : k = 0 , 1 ,....} :

Bn = L > *  <fi=0,l,...) (9)

Equivalently, w e can define the increm ental process zH = |z ^  : k = 0 ,1 ,....j of an /B ra  such 

that:

(n=0,l,...) (10)
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thus obtaining a fractal generalization of w hite noise w hich is called fractional Gaussian 
noise (fGn). FGn has a standard  norm al distribution for every k; the corresponding 
autocorrelation function p(.) is:

p(Ak) = {[jAk -  1\2H -  2 Ak2H + |M  + 1 |2H] (1 1 )

If H  = 0.5, p(A/c) = 0 for Ak ^  0. This condition brings back to ordinary Brow nian motion, 
w hich has independent increments. In all the other cases fG n  is a stationary process w hose 
covariance is non zero for any finite Ak .
The H urst coefficient H  provides a  m easure of the persistence properties of the process 
according to the following scheme:

0<H<0.5 p(A/c) < 0 : all points of an  fG n  separated by a lag tim e Ak are negatively
correlated ; b o th  fG n  and the corresponding integral fB  m are anti-persistent.
H=0.5 p(Ak) = 0 : fG n  is independent and the corresponding m otion is the
classical random  walk.
0.5<H<1 p(A/c) > 0 : all points of fG n  separated by  a lag tim e Ak are positively
correlated; bo th  fG n  and  the corresponding fB m  are persistent.

The correlation oí fG n  expresses scale free interdependence and decays as a pow er law. For 
continuous tim es p(t) <x i f 7 (y=2-2H). The case y>0.5 characterizing persistent processes is 
particularly interesting since the theoretical correlation implies non zero probability that 
disturbances survive on tim es as long as infinity (long range memory).
Such ideal processes m ay be useful w ith in  em pirical studies aim ing to describe 
observational stationary tim e series w hich show interdependence betw een very distant 
sam ples w ithout approaching w hite noise. In these cases, the m ost classical m odels that are

characterized by exponential decorrelation p(t) = e ' (e.g., autoregressive processes) could 
fail to account for such a long-range dependence.

2.3 Draw backs o f tim e series analysis fo r the detection o f scale invariance; detrended  
fluctuation analysis
Generally, the investigation of tim e series aim s to identify a class of theoretical processes 
able to synthesize some given correlation features of observational data: the class of the 
processes is assum ed to be unknow n. As a consequence, in  order to propose a  given m odel 
as a realistic descriptor of the investigated dynam ics, w e have to dem onstrate bo th  the 
com patibility of the tested theoretical correlation structure w ith  that estim ated from  data 
(necessary condition) and  to  exclude any other alternative forms of correlation (sufficient 
condition).
Actually, the procedures that are used to identify the existence of pow er-law  correlation do 
not allow us to satisfy bo th  these conditions. It is well know n that the variance spectrum  is 
very sensitive to any form  of non stationary behaviour. It is suitable for investigating 
stationary or cyclo-stationary signals or, m ore in  general, signals w ith  w eak local features. 
As far as climatic tim e series, this condition cannot be guaranteed. Any external forcing such 
as volcanic eruptions and externally induced tem porary w arm in g / cooling trends can 
produce m isleading results.
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In order to avoid these drawbacks, some authors developed alternative tools, such as 
D etrended Fluctuation Analysis (DFA) (Peng et al, 1995), aim ing to minim ize externally- 
induced non-stationary effects describable in  the form  of low -order polynomials. We shortly 
recall how  this m ethodology works. The tim e series to be analysed is integrated and  divided 
into N  boxes of length n. In each box, a least square polynom ial yn(k), representing the trend 
in  that particular box, is fitted to the integrated data y(k). Then, the root-m ean-square 
fluctuation:

m  = Æ [ y ( k ) - y n( k ) f  / N  (12)
V k=l

is calculated. This com putation is repeated on m any time-scales (box sizes) in  order to 
characterize F(n) as a function of n. Power-law  (fractal) scaling implies a linear relationship 
in  a  log-log plot. U nder such conditions fluctuations can be characterized by  a scaling 
exponent a  (a =H for fGn). In this chapter the 2nd-order D etrending (DFA2) is adopted  in 
order to minim ize the effects of discontinuities and linear trends.
This m ethodology, that is generally considered the m ost pow erful for identifying fGn, m ay 
produce m any false positive results. This point is well stressed in  M auran et al., (2004). This 
is a  m ethod developed to discover fractals b lu rred  in  noise. In practice, it intrinsically 
postulates that a fractal is present and  try  to estim ate the scaling coefficient m inim izing 
external disturbances. It satisfies the necessary condition above (if a fractal is present it is 
generally able to find it) bu t is not able to satisfy the sufficient condition, since if there is not 
any fractal the estim ation of a linear best fit in  a log-log plot of sam ple statistics is not 
sufficient for supporting  the actual existence of a pow er law. In particular, log-log 
collinearity should be carefully verified.

3. Results from time series analysis of atmospheric temperature
In this Section w e discuss some exam ples of analyses of tem perature tim e series aim ing to 
detect long range persistence. We refer to  bibliography for in-depth  information.

3.1 Historical data
The rationale behind m ost of the investigations on historical data is the m ore or less explicit 
use of w hite noise as null hypothesis.
W ithin the classical stochastic approach to climate approxim ation the fastest processes we 
deal w ith  are the meteorological processes, w hose tim e scale is considered well-separated 
from  all the slower climatic tim e scales. Such a meteorological variability has been 
traditionally explained by  low -order autoregressive processes such as the paradigm atic first- 
order autoregressive process (AR1):

X t = aXt_t + sf ; (13)

w here X¿ is the meteorological variable, a is the first-order autocorrelation coefficient, and 
represents w hite noise. According to this m odel, the param eter a accounts for rap id  inter­
day correlation decay so that the asym ptotic behaviour, starting from  scales of a  few weeks, 
is uncorrelated and unpredictable: X¡
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M ore recently, in the w ake of the great success of em pirical fractal tools devised for 
enhancing pow er-law  correlation in  noised and biased observational data (e.g., Peng et al., 
1995; Konscielny-Bunde et al., 1998; Freem an et al., 2000; M atsoukas et al., 2000; H aggerty et 
al., 2002; Bunde et al., 2002; K andelhardt et al., 2003, 2006; Blender and  Fraedrich, 2003), 
m any researches have focused on historical atm ospheric tem perature tim e series for 
exploring the possibility that long range persistence characterizes climate after the 
m eteorological correlation is decayed (e.g., Konscielny-Bunde et al., 1996,1998; G ovindan et 
al., 2001; Eichner et al., 2003; Kurnaz, 2004; Varotsos et al., 2006).
Their analyses, based on the estim ation of the H urst coefficient prevalently by m eans of 
DFA, seem  to pu t into evidence slightly long range persistent features and their conclusion 
is that the asym ptotic noise s¡ is not w hite bu t is a pow er law  correlated noise (see Kiraly & 
Janosi, 2002 for a  fractal version of Eq. 13).
According to these w orks Fractional G aussian noise has been suggested as a realistic model 
for explaining the statistical dependence of atm ospheric tem perature anom alies (deviations 
from  the m ean annual trend) on climatic tim e scales.
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Fig. 2. Plot of the detrended fluctuation function for daily atm ospheric tem perature time 
series (Klein Tang, 2002) recorded in  Prague (filled squares), W ien (stars), St. Petersburg 
(empty squares), Potsdam  (triangles) (after Lanfredi et al, 2009).

Fig. 2 shows the results of DFA applied to four atm ospheric tem perature tim e series w idely 
analysed literature (Lanfredi et al, 2009 and  references therein).
The apparen t linear behaviour of the fluctuation function on decadal scales is rather evident 
and  the value of the H urst coefficient greater than  0.5 indicates a long range persistent 
behaviour. Nevertheless, just the well know n redness of the climatic spectrum  suggests that 
w hite noise is not the right null hypothesis against long range persistence. The actual 
problem  is to  establish w hether the pow er law is the best representation for the atm ospheric 
tem perature correlation or instead alternative tim e scale law s are acceptable. In practice 
there is a problem  of functional form  goodness for the linear fit. Fig.3 (Lanfredi et al., 2009) 
show s the residuals from  the pow er law  best fit of Fig. 2 w hich should be a stationary noise 
in  the tim e range w here the tim e series is fractal. O n the contrary, the residuals are arranged 
in  a non-linear w ay in  all the cases.
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Fig. 3. Plots of the ratio F(n)/na in  logarithm ic scale for the four tim e series of Fig. 2: (a) 
Prague; (b)Wien; (c) St. Petersburg; (d) Potsdam  (after Lanfredi et al., 2009).
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Fig. 4. Estim ates of a(n) for (a) Prague; (b)Wien; (c) St. Petersburg; (d) Potsdam  (after 
Lanfredi et al., 2009).

In addition, w ith in  the scaling regime, the scale invariant law F(kn)=kF(n) should hold  for 
any k. Thus, the function a(n)=logk[F(kn)/F(n)] should provide an  estim ation of the local 
scaling coefficient. Again, a(n) should be a  stationary noise w here a scaling regim es occurs. 
Fig. 4 shows the estim ates of a(n) for the four tim e series of Fig. 2. O n short tim e scales the 
h igh value of a(n) accounts for a strong correlation that progressively decays approaching a 
noised and irregular behaviour that does not allow us to  detect scaling regim es 
unquestionably. M ost likely, the apparent scaling is due to  the emergence of slower 
fluctuations that add  "shelves" (Mitchell,1976) to the tim e series variance.
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In order to assess how  short range dependent processes appear w hen  exam ined by m eans of 
fractal tools, w e can investigate tim e series sim ulated on the basis of observational data and 
m odelled according to scale separation (Lanfredi et al, 2009).
Fig. 5 and 6  show  the analysis results of a sim ple two-scales (weather-climate) process, 
m odelled on the basis of the autocorrelation function of the Prague's data. The analogies 
w ith  the real data (Figs 2,3 and 4) are very impressive. The two-scale m odel is able to 
account for the w hole results obtained from  the fractal investigation. The m echanism  that 
produces scaling is clear. Correctly, the total fluctuation function F(n) ends as a w hite noise 
(Fig. 5b) only in  the latest part of the plot. Nevertheless, since the variance produced by the 
slow climatic variable em erges only on the long tim e scales, if w e try to fit the function 
globally from  the short to  the long tim e scales (Fig. 5a), a  spurious scaling occurs for the 
presence of the variance shelf.
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Fig. 5. a) Results of DFA for real (filled squares) and sim ulated (em pty squares) anomalies. 
The continuous line shows the em pirical pow er law  reported  in  literature; b) effect of an 
h idden  long scale w ith in  an asym ptotic noise, the high scaling coefficient of the h idden  
process a=1.4 on short scales is an  indication of strong correlation and  is com patible w ith  
values estim ated for the ocean (after Lanfredi et al, 2009).
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Fig. 6 . Residuals from  the linear best fit, and estim ation of the local scaling exponent of a 
two-scales (weather-climate) autoregressive process (after Lanfredi et al, 2009).
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3.2 Paleoclim atic data
The tem perature tim e series obtained from  the Vostok ice core dataset (Petit et al, 1999) 
provides a unique source of inform ation about climate changes over glaciological scales. 
A lthough unevenly sam pled in  tim e and  affected by reconstruction errors, such as non­
tem perature effects, observational uncertainty, age-m odel uncertainty, etc., it includes 
structures generated by those tim e scale laws w e are searching for. Above all, they can 
inform  us about possible com m on correlation structures unifying climate dynam ics on 
historical and  paloclimatic eras.
Fig. 7 show s this paleorecord that describes tem perature variability for the past 420,000 
years. The tim e series appears to be rather noised even if some near systematic behaviours 
are detectable. Am ong them , the longest oscillations (M ilankovitch cycles) account for the 
alternation betw een glacial and interglacial eras. A lthough the astronom ical variability that 
drives them  are know n to be a  com bination of cyclical changes of the Earth-Sun geom etry 
(eccentricity, obliquity, precession), there is not yet a  shared in terpretation of the underlying 
dynam ics (e.g., M eyers et al 2008). These data include inform ation on the effects of the so- 
called "Pacem aker of the lee Ages " (Hayes, et al., 1976) on the terrestrial internal climatic 
variability. Just this variability under the action of the astronom ical forcing could provide 
useful insights on the m echanism s that govern the m utual interactions betw een the different 
climatic subsystems. Also in  this case, w e do not discuss this specific dynam ical problem  but 
illustrate the difficulty related to the inference of tim e scale laws from  this dataset.
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Fig. 7. Reconstructed tem perature data from  the Vostok lee Core dataset (Petit et al., 1999). 
Tem perature is the difference from  the m ean recent tim e value (red line).
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Maybe, the most famous w ork proposing scale invariance as the m ain tool for explaining 
climate variability over millennia is that by Huybers & Curry, (2006). It gathers both  historical 
and paleoclimatic data and discusses their pow er spectrum  w ithin an unified theory based on 
a fractal continuum  of time scales. The estim ated variance spectrum  is reported in Fig. 8 .
The low frequency scaling coefficient for the paleorecord corresponds to a value of the 
H urst's  coefficient H=0.32, w hich is signature of anti-persistent fractional Brownian motion. 
Q uite sim ilar results w ere also found by Pelletier, (1998) w ho estim ated a coefficient 
com patible w ith  random  walk.
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Fig. 8 . Sample estim ation of the p lanetary climate spectrum  (after H uybers & Curry,2006). 
The param eter ß is the estim ated scaling coefficient.

The visual inspection of this spectrum  in the low frequency range , so as it is, raises some 
questions. Differently from  the high frequency cycles (annual frequency and sub­
harmonics), w hich appear as spikes w ell separated from  the continuous spectrum  of the 
stochastic com ponent, the millennial cycles are difficult to be separated from  noise: it is 
necessary to know  them  a priori for interpreting the spectrum  correctly. As already specified 
above, the variance spectrum  is not the best tool for investigating com plex signals w here 
trends and  oscillations could introduce spurious scaling (Gao et al, 2006). H uybers & Curry 
(2006) estim ated the paleorecord scaling in  the frequency range betw een 1/100 and  1/15,000 
years to m inim ize the influence from  the M ilankovitch bands. Nevertheless, cyclic trends 
occur in  the analysed band  too (e. g., Kerr, 1996).
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In order to delve into this problem  w e can investigate tim e scale laws in  the tim e dom ain by 
estim ating the second order structure function (Kolmogorov, 1941):

Y(x)=<[X(f + x ) -X (f ) ] 2 > (14)

w hich is the best statistical tool for studying fractional Brownian motion, since it can be
applied  to non-stationary data and y(x) <x i 2H w hen  the tim e series X(t)  is an  fBm.  Second
order structure function coincides w ith  the variogram  used in  Geostatistics (Cressie,1993), 
w hich is a well know n tool for investigating tim e scale dependence also w hen  data  are 
unevenly sampled.
Fig. 9 illustrates the structure function of the Vostok tim e series norm alised to 2er2x.
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Fig. 9. Second order structure function of the Vostok lee Core dataset. A rrows indicates 
approxim ately the tim e scales w here cycles exhibit m inim um  or m axim um  values. The level 
y ( z )  = 1 corresponds to the variance of the total tim e series.

Differently from  the sam ple spectrum , the structure function reveals long tim e oscillations 
explicitly. They are clear in  spite of the strong noised character of the estim ations due to the 
uneven and lim ited sam pling etc.. In the tim e dom ain, m axim um  values are associated to 
odd  m ultiple of sem iperiods w hereas m inim um  values correspond to m ultiple periods. In a 
com position of cycles and noises, the m inim um  values reached in the periodic part of y(n) 
(red dashed line in  Fig. 8 ) m ark  the percentage contribution due to  pure noise. The scale 
w here this p lateau is intercepted for the first tim e (a few thousand of years) m arks the 
crossover betw een the scales w here the tru ly  stochastic noise is observable and  that w here 
the contribution of the cycles starts to  appear. Then the scaling w ould  occur in  a scale range 
w here the non  stationary character of the oscillations contam inates the variance of the noise. 
By looking at Fig. 10 in  the tem poral range w here scaling should appear (red line from  IO2 to 
1.5 X  IO4 years), a  direct estim ation provides the value H=0.53, w hich is in  a rather good
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agreem ent w ith  the estim ations of Pelletier (1998). Nevertheless, w e can observe that the 
scales shorter than  IO3 years are evidently not collinear w ith  the subsequent ones. The same 
is true above IO4 years, w here y(n) appears flatter. If w e estim ate H  by  progressively 
shortening the H uybers & C urry range from  the short scale side, its value increases. The 
same is true if w e shorten it by  starting from  the long tim e scales. The m axim um  value 
H=0.6 is obtained about in  the m iddle of the initial range bu t this does cover not even one 
decade, w hich is the m inim um  requirem ent for keeping confidence in  scale invariance. In 
addition, w e can note that the apparent linearity ends w ith  a  m axim um  value that 
corresponds to one half period of the ~20 k years oscillation. The central about linear 
behaviour seems to be an  inflection transient betw een the short tim e scales (concavity up) 
and  those belonging to cycles w here the function y(n) exhibits a  different curvature 
(concavity down).
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/  H = 0.53
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Fig. 10. As Fig. 9 bu t in  double logarithm ic scale. The peak at about 10 k years is the 
m axim um  anticorrelation associated to a  cycle of about 20 k years. The red  line is the best fit 
com puted on the tim e scales indicated by H uybers & C urry (2006): IO2 years- 1.5 x IO3  years. 
Arrow s indicate the concavity semi-planes.

4. Conclusion

In all the studies on the dynam ics of the natural w orld, observational tim e series play a 
fundam ental role since they are the m ain source of inform ation for inferring the underlying 
causal mechanisms. Especially in  a stochastic context, w hen  the num ber of degree of 
freedom  is high, observational tim e series can provide those tim e scale laws that rule 
tem poral correlation thus helping us to identify the right reference class of theoretical 
models. Nevertheless, the interpretation of tim e laws estim ated from  real data can be rather 
difficult because the analysis results can be rather am biguous in  m any cases. Dynamical
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inferences from  climate observations fall just in  this class. The analysis results illustrated in 
this chapter pu t into evidence that no conclusive interpretation of the sam ple variance 
spectrum  is available yet. It is clear that the analyses perform ed have to be carefully 
supervised, preferring those m athem atical and  statistical tools that are less sensitive to local 
(in time) disturbances, trends, and  cycles that can trick analysts. Spurious scaling can easily 
appear thus suggesting an  erroneous m odelling of the deep dynam ical characteristics of the 
climate. Future w ork should address the problem  of tem poral persistence not only by 
dem onstrating that climate redness is com patible w ith  scale invariance (necessary condition) 
b u t also by dem onstrating that it "is not" com patible w ith  a progressive com ing out of a  few 
ever slower scale-dependent processes (sufficient condition).
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1. Introduction

It is predicted that by  the year 2300, the atm ospheric CO 2 concentration will exceed ~2000 
ppm v (Caldeira & W ickett, 2003; Mikolajewicz et al., 2007), corresponding to a release of 
4000 X IO15  g carbon (PgC) by  fossil fuel emissions and land use changes since the beginning 
of the industrial revolution. The anthropogenic carbon w ill eventually sequester on tim e 
scales of 100,000 yrs as organic carbon into the ocean and land biosphere and  as CaCC>3 into 
the geosphere (Archer et al., 1998). This carbon transfer in  the atm osphere-ocean system  is 
com parable to that at the Paleocene-Eocene boundary  (55 Ma), w hen  a m assive release of 
carbon into the climate system  led to a  prom inent global w arm ing event referred to as the 
Paleocene-Eocene Thermal M axim um  (PETM). The PETM is characterized by a major 
(>3.0%o) negative carbon isotope excursion, docum ented in  m arine and  terrestrial fossils 
(e.g. Koch et al., 1992; Kelly et al., 1998; H andley et al., 2008), and  a w orldw ide seafloor 
carbonate dissolution horizon (e.g. Bralower et al., 1997; Lu et al., 1998; Schmitz et al., 1996; 
E. Thomas et al., 2000) as well as shoaling of the lysocline and  carbonate com pensation 
dep th  (Zachos et al., 2005). These changes are consistent w ith  the release of m ore than  2000 
PgC of isotopically depleted carbon into the ocean-atm osphere system  w ith in  less than
10,000 years (Panchuk et al., 2008; Zachos et al., 2007, 2008), pointing to a  greenhouse gas- 
driven w arm ing (see Fig. 1). Recent estim ates from  Cui et al. (2011) indicate a  slow emission 
rate of 0.3-1.7 PgC y r 1 as com pared to the present-day em ission of carbon dioxide of ~9.9 
PgC y r 1 from  fossil fuel emissions (Boden et al., 2010) and land-use changes (Houghton,
2008). Surface tem peratures increased by  5°C in the tropics (Tripati & Elderfield, 2005; 
Zachos et al., 2005) and  m id-latitudes (Wing et al., 2005), and by 6 -8 °C in the ice-free Arctic 
and  sub-Antarctic (Hollis et al., 2009; Kennett & Stott, 1991; M oran et al., 2006; Sluijs et al., 
2006, 2007, 2008a, 2011; E. Thomas et al., 2000; Weijers et al., 2007), and deep-sea 
tem peratures increased by 4-6°C (Tripati and  Elderfield, 2005; Zachos et al., 2008), relative to 
Paleocene tem peratures (see Fig. 1). At the same time, large-scale changes in  the climate 
system  occurred, for exam ple in  the patterns of atm ospheric circulation, vapor transport, 
precipitation (Robert & Kennett, 1994; Pagani et al., 2006a; Brinkhuis et al., 2006; Sluijs et al., 
2008a, 2011; W ing et al., 2005), interm ediate and  deep-sea circulation (Nunes & N orris 2006;
D.J. Thomas, 2004; D.J. Thomas et al., 2008) and a rise in  global sea level (Sluijs et al., 2008b; 
H andley et al., 2011). The sea level rise is caused by various factors, including therm al
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expansion, decrease in  ocean basin  volum e, decrease in  m ountain  glaciers, as well as local 
tectonic changes. Topography and  bathym etry during  the PETM differed significantly from  
today w ith  respect to the d istribution of landm asses, sizes of ocean basins and  w id th  and 
dep th  of seaways.
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Fig. 1. Evolution of atm ospheric pCCF concentration and  deep-sea tem perature 
reconstruction over the past 65 million years (from Zachos et al., 2008). a) A tm ospheric 
pCC>2 for the period 0 to 65 million years ago. The dashed horizontal line shows the 
m inim um  pCCh for the early Eocene (1,125 ppm v), as given by calculations of equilibrium  
w ith  N a-CC >3 m ineral phases (vertical bars, w here the length of the bars indicates the range 
of pCC>2 over w hich the m ineral phases are stable) that are found in  Neogene and  early 
Eocene lacustrine deposits. The vertical distance betw een  the upper and  low er colored lines 
show s the range of uncertainty for the alkenone and boron proxies, b) Deep-sea benthic 
foraminifera! oxygen-isotope curve based on records from  Deep Sea Drilling Project and 
Ocean D rilling Program  sites. [Reproduced by perm ission of AAAS; copyright 2008 AAAS.]
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2. Climate change and variability at the beginning of the PETM

The causes leading to the w arm ing event at the Paleocene-Eocene boundary  are still 
controversial (Fig. 2).

Increase in global se a  level 
and Arctic fresh water input

Massive volcanism associated 
with the opening of the Atlantic

Increase in greenhouse gases 
in the atmosphere

Warming of water m asses in 
the ocean, particularily at 
surface to intermediate depth

Shift to subtropical intermediate 
water m ass formation and 
reduction of deep-sea circulation

Warm greenhouse climate 
(rise in temperature, 
extreme floods and drouhgts)

Increased weathering and 
erosion of organic and inorganic 
material from land

Release of methane from 
clathrates in marine sediments 
(negative carbon excursion)

Release of carbon from the 
terrestrial biosphere 
(negative carbon excursion)

Fig. 2. Major feedbacks for the initial w arm ing  at the Paleocene-Eocene b oundary . N ote 
that the feedbacks and  their m agnitudes are still controversial (see e.g. Bowen and 
Zachos, 2010).

One possible sequence of events inferred from  paleoproxies begins w ith  a volcanically 
induced greenhouse gas (water vapor, CO 2, CH 4 , and other constituents) increase that 
w ou ld  have produced a global increase in  surface tem perature (Bralower et al., 1997; 
Kennett & Stott, 1999; Sluijs et al., 2007, 2011; E. Thomas et al., 2000). Various climate- 
m odeling studies have investigated the w arm ing event at the Paleocene-Eocene boundary  in 
response of the elevated greenhouse gas concentrations. These studies utilized atm ospheric 
general circulation m odels (Sloan & Barron, 1992; Sloan & Rea, 1995; H uber & Sloan, 1999; 
Shellito et al., 2003; Shellito & Sloan, 2006), ocean general circulation m odels (Bice et al., 
2000; Bice & M arotzke, 2002), or m ore recently coupled com prehensive climate models 
(H einem ann et al., 2009; H uber & Sloan, 2001; H uber & Caballero, 2003; H uber & Caballero, 
2011; Lunt et al., 2010; Shellito et al., 2009; W inguth et al., 2010) to sim ulate the m ean climate
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and  its variability during  the Eocene, bu t they have not been able to  reproduce the high 
tem peratures of the PETM in the high latitudes, and w ere controversial regarding the cause 
of this w arm ing (Pagani et al., 2006b; Zeebe et al., 2009).
Some of the m ore recent studies have investigated the climate feedbacks w ith  a  sequence of 
different greenhouse gas concentrations (e.g. H einem ann et al., 2009; Lunt et al., 2010; 
W inguth et al., 2010). In the following, w e sum m arize key findings of the paper of W inguth 
et al. (2010), using a com plex earth  system  m odel, the com prehensive Com m unity Climate 
System M odel version 3 (CCSM-3; Collins et al., 2006), in order to investigate PETM climate 
feedbacks in  response to  rises in  the greenhouse gas concentrations. H uber & Caballero 
(2011) used the same m odel, bu t w ith  a different dust concentration in  the atm osphere. The 
sim ulated increase by  2.5°C from  TxCCh to 8 xCCh in CCSM-3 could be explained by CCF 
emissions due to enhanced volcanic activity at the beginning of the PETM (Fig. 3).

v '.\

—  16xCO.

8xCO.

—  4xCO.

Present-D ay

-40

90S  60S  30S 0 30N 60N 90N

Latitude

Fig. 3. Zonally averaged (50-yr mean) surface air tem perature (in °C) for present-day (solid), 
4 xCC>2 PETM (long-dashed), 8 xCOt PETM (short-dashed), and 16x002 PETM (dashed- 
dotted)(from  W inguth et al., 2010).

Surface tem peratures in  the tropics rise by  only ~2°C from  4 x0 0 2  to 8 xCC>2, in  agreem ent 
w ith  tem perature reconstructions (Pearson et al., 2007) and w ith  future climate predictions 
(IPCC, 2007) of a  m ore extreme w arm ing at high latitudes vs. low latitudes in  a  w arm er 
world. Tem perature increase over land exceeds that over the ocean (Fig. 4) due to reduced 
latent heat fluxes and  low er heat capacity. Over the continents, the 30°C isotherm  in the 
8 xC0 2  sim ulation reaches u p  to 30° latitude, about 5° m ore polew ard than  for the present- 
day simulation. M axim um  sim ulated tem peratures, com parable to  extreme tem peratures in 
the present-day Sahara, are sim ulated over subtropical Africa and South America (~50°C for 
8 XCO2), resulting in  w arm  sea-surface tem peratures in  the adjacent oceans through 
advection. Simulated m inim um  surface tem peratures (for 8 XCO2) are betw een 3°C and 7°C 
over the Arctic and  about -10°C over northeast Asia.
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PETM 8xCO, - 4xCO.

i i i i i n

b) PETM 16xC02 - 8xC02

1 2 3 5 6

Fig. 4. Surface air tem perature (SAT) in  °C for a) the difference betw een the 8 x and the 
4 xCC>2 PETM experim ent corresponding to opening of the Atlantic by  m assive volcanism 
and  b) differences betw een the 16x and  the 8 xCOt PETM experim ent by the release of 
carbon from  the m arine and terrestrial carbon stocks (1 0 0 -year mean).
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Fig. 5. Differences betw een reconstructed surface tem peratures (in °C) and 50-year annual 
m ean tem perature from  the CCSM-3 climate sim ulation w ith  an atm ospheric CCF 
concentration of 4x (blue), 8 x (purple), and 16x (red) the preindustrial level (see W inguth et 
al., 2010). For reference, paleolatitude is listed for each location.

W hile data-inferred paleotem peratures are relatively well represented in  the tropical 
regions, a significant bias betw een m odel results and  data rem ains for the Arctic Ocean 
(Sluijs et al., 2006) and  for the area around  N ew  Zealand (Fig. 5, W aipara River; Hollis et al.,
2009). The bias in  the northern  polar region (IODP core 302 A; Sluijs et al., 2006) is of 
com plex nature and  could for example be associated w ith  the concentration of cloud
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condensation nuclei used in  CCSM-3 (Huber & Caballero, 2011; K um p & Pollard, 2008), the 
uncertainties in  paleolocations (N-S position, or distance form  shore), or w ith  skewing of 
data tow ards sum m er tem peratures (Sluijs et al., 2006). The causes for m odel-data 
discrepancies at high southern latitudes rem ain controversial.
A positive climate-carbon cycle feedback loop leading to further PETM w arm ing due to 
destabilization of m ethane hydrates is shown in Fig. 2. There is sufficient evidence from  
various sites around the globe, including the New Jersey shelf (Sluijs et al., 2007), the N orth 
Sea (Bujak & Brinkhuis, 1998; Sluijs et al., 2007), the Southern Ocean (Kennett and Stott, 1991), 
and New Zealand (Hollis et al., 2009) that 13C-depleted carbon in the form  of isotopically light 
CO 2 a n d /o r  CH 4  w as released from  the sea floor (Dickens et al., 1995,1997; Higgins & Schräg, 
2006; Pagani et al., 2006a) or from  w etlands (Pancost et al., 2007) into the atmosphere-ocean- 
biosphere system (Sluijs et al., 2007; Bowen and Zachos, 2010). As show n in Figs. 3 and 4, such 
a change in the radiative forcing from  8 xCOt to lóxCCF leads to a sim ulated additional 
w arm ing of ~2°C globally, w ith  4°C at the poles, 5°C over South America and South Africa, 
and 2°C at the equator. For the Southern Ocean, cool w ater masses m oderate the climate over 
the polar southern hem isphere, so that south of 60°, the tem perature increase in response to 
the increase of CCF-radiative forcing is smaller than in  the northern hem isphere (Fig. 4b). In 
mid-latitudes, the bias betw een the IóxCOt sim ulation and reconstructed PETM surface 
tem peratures is reduced com pared to simulations w ith  a lower atmospheric CO 2 level w ith 
high dust concentration; the values are comparable to the 8 XCO2 scenario w ith  lower dust 
concentration in  H uber & Caballero (2011). For the tropics, evidence from  fossil remains of a 
giant boid snake in northeastern Colombia (Head et al., 2009) and m odeling studies (W inguth 
et al., 2010; H uber & Caballero, 2011) support w arm  average tem peratures of 30-34°C.
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Fig. 6 . Zonally averaged (50-yr mean) precipitation (in m m / day) (a) and  evaporation m inus 
precipitation (in m m / day) (b) for present-day (solid), 4 xCC>2 PETM (long-dashed), 8 xCC>2 

PETM (short-dashed), and  16xCC>2 PETM (dashed-dotted) (from W inguth et al., 2010). The 
increase in  global w arm ing during the PETM leads to extrem es in  the hydrological cycle 
(droughts in  the subtropics and higher precipitation and  flooding in  the tropics and high 
latitudes).
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Rapid w arm ing at the beginning of the Eocene has been inferred from  the w idespread 
distribution of dinoflagellate cysts (or dynocysts). The abundance of one dynocyst species, 
A pectodinium , dram atically increased at different locations w orldw ide (Bujak & Brinkhuis, 
1998; Crouch et al., 2001; Heilm ann-Clausen & Egger, 2000; Sluijs et al., 2007), im plying a 
change in  environm ental conditions such as w arm er sea surface tem peratures and increased 
food availability in  form  of phytoplankton (Burkholder et al., 1992) due to increased nutrient 
delivery by w eathering (Ravizza et al., 2001; Zachos & Dickens, 2000) and  erosion (Fig. 2). 
The climate-carbon cycle feedback associated w ith  an  increase in  greenhouse gases (Fig. 2) 
m ight also have been enhanced by an  increase in  the atm ospheric w ater vapor fluxes (Figs. 6  

and  7); for instance, latent heat flux by evaporation and  precipitation rises w ith  the w arm ing 
of the surface (Fig. 6 ). H igher precipitation and lower sea surface salinity values are derived 
for the Arctic from  isotopic m easurem ents as w ell as from  dinocyst assemblages (Pagani et 
al., 2006a; Sluijs et al., 2008a). The enhanced precipitation at high latitudes is consistent to 
patterns sim ulated for future climate scenarios (e.g. Cubasch et al., 2001; M eehl et al., 2006; 
Mikolajewicz et al., 2007). For the southern  high latitudes, a sim ulated increase in 
precipitation is confirm ed by clay-mineral indicators from  the Antarctic continent, pointing 
tow ards hum id conditions at the PETM (Robert & Kennett, 1994). C om pared to present-day, 
differences in  the geography and  m ountain  height cause rem arkable changes. For instance, a 
higher than  present-day ratio of tropical land-to-ocean area at the PETM reduces the tropical 
ocean surface and  hence the oceanic source of atm ospheric m oisture (Barron et al., 1989). 
This change in  tropical surface area not only reduces significantly tropical precipitation, bu t 
also polew ard m oisture transport from  the tropics. H owever, increase in precipitation by 
higher than  present-day greenhouse gases counteracted this effect du ring  the PETM.

PETM 16xC02- 8xC 02PETM 8xC02 - 4xC02

i i i i i i i i i
- 2.8 - 2.4 —2 - 1.8 - 1.2- 0.8- 0.4 0 0.4 0.8 1,2 1.6 2 2,4 2,8

Fig. 7. Evaporation m inus precipitation (in m m / day) for a) the difference betw een the 8 x 
and  the TxCCh PETM experim ent, and b) the difference betw een the 16x and the 8 xCOt 
PETM simulation. The increase in  global w arm ing during  the PETM leads to extremes in  the 
hydrological cycle (increases in  aridity  in  the subtropics are shaded red, and in  hum idity  in 
the tropics are shaded blue).

An initial increase in  CCF in the atm osphere by volcanic outgassing w ould  have increased 
the strength of the hydrological cycle. M odel sim ulations suggest that the subtropics at ~30° 
becam e drier and  that precipitation at 60° increased significantly (Fig. 6 ), w hich is consistent 
to fu ture climate projections (IPCC, 2007). Over N orth  America during  sum m er, the
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sim ulated total am ount of rainfall decreases from  low er to  m id-latitudes in  response to a 
northw ard-directed m onsoonal m oisture transport over the M ississippi w atershed from  the 
Gulf (Sewall & Sloan, 2006; W inguth et al., 2010). Sedim entary records from  the m id­
latitudes of the N orth  Am erican continent have produced conflicting evidence for 
hydrological changes in  this region. For example, a ~25% increase in  relative hum idity  for 
the northern  continental m id-latitudes (Bighorn Basin, W yom ing, paleolatitude ~49 °N) has 
been inferred from  an  am plification in  the carbon isotope excursion in soil organic m atter 
(Bowen et al., 2004), bu t vegetation analysis inferred a decrease of ~40% in precipitation at 
the beginning of the PETM (Wing et al., 2005). Drier PETM conditions occurred probably in 
U tah (USA, paleolatitude ~45 °N; Bowen & Bowen, 2008); these findings are, however, 
controversial, since other studies (Retallack, 2005) suggest enhanced rainfall for this region 
(Bowen & Bowen, 2009; Retallack, 2009). D roughts by  reduced soil m oisture and  biom ass 
burn ing  th rough  w ildfires in  the subtropics during  the PETM could have provided a 
significant carbon release to the atm osphere (Fig. 7).
In w estern  Europe, sedim entary records from  the Spanish Pyrenees (Schmitz & Pujalte, 
2007) indicate seasonally increased precipitation during  the PETM, leading to  enhanced 
runoff into the Tethys Ocean and  thus enhanced productivity  by a rise in  nutrient 
availability in  the near-shore areas (Schmitz et al., 1996; Speijer & W agner, 2002; Gavrilov et 
al., 2003). Increased precipitation over England (—N m m /d a y  change from  4xCO t to 
lóxCOi) w ould  also have generated a feedback on the carbon cycle, for exam ple enhanced 
carbon em ission from  w etlands (Pancost et al., 2007).

3. Feedbacks associated with the PETM ocean circulation

In this section, tw o feedback loops involving the carbon cycle and  climate are discussed. The 
first is associated w ith  the rise of greenhouse gas concentrations (water vapor, COt, CH 4, 
and  other gases) in  the atm osphere due to tectonic changes such as volcanism  (Bralower et 
al., 1997; Kennett & Stott, 1991; Lyle et al., 2008; Sluijs et al., 2007; Storey et al., 2007; Svensen 
et al., 2004) and  the second w ith  the response of the climate system  to regional or global sea 
level change by tectonic uplift and  climatic changes (Fig. 2). Evidence of m arine 
transgression during  the PETM (Handley et al., 2011; M aclennan & Jones, 2006; Schmitz & 
Pujalte, 2003; Sluijs et al., 2008b) related to  changes in spreading rate, volcanism, and 
regional perturbations as well as climatic changes (melting of glaciers, therm al expansion, 
and  changes in  ocean circulation) suggests that sea levels rose by  approxim ately 20-30 m. 
The increase in  surface tem peratures and  freshening of the sea surface by enhanced 
polew ard m oisture transport in  response to a rise of greenhouse gases changes the regional 
buoyancy and  m om entum  fluxes, leading to  changes in  vertical density gradients and 
stratification of the deep sea. W arm er and  m ore saline subtropical w ater m asses are 
m odeled associated w ith  the initial PETM w arm ing (~0.2 psu  higher in  salinity for the 
8 xCC>2 than  for the 4xCOt experiment), originating near the Gulf of Mexico and mixed via 
the eastern N orth  Atlantic into interm ediate layers. For interm ediate w ater m asses in  the 
N orth  Atlantic Ocean, sim ulated tem perature rises by ~4°C (from ~11°C to ~15°C) (Fig. 8 a). 
In the Pacific, the increase of the atm ospheric CO 2 to 8 XCO2 results in  an  increase in  the 
vertical density gradient, since surface w aters becom e significantly lighter w ith  the 
w arm ing. Deep-sea tem peratures increase by ~2.5°C due to the global w arm ing (Fig. 8 b). 
The sim ulated Pacific circulation in  the 4 xC0 2  scenario is nearly sym m etric about the 
equator, w ith  deep-sea ventilation occurring in  the polar regions of the northern  and
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southern  hem isphere (Fig. 9a), in  agreem ent w ith  analyses of N d  isotope data that indicated 
a b im odal ventilation (D.J. Thomas et al., 2008). The northw ard-directed Atlantic deep-sea 
circulation of ~4 Sv (1 Sv = IO6 m 3 s_1) in  the TxCCF scenario w ith  a source of deep-water 
form ation in  the South Atlantic is com parable in  strength w ith  the m odern  b u t reversed. 
W ith an  increase of the CCWradiative forcing to 8 xCOt, the ventilation of the deep sea is 
reduced and the age of w ater masses in  interm ediate dep th  is increased (Fig. 9b), 
particularly in  the southern  high latitudes. The Atlantic deep-sea circulation in  the 8 xCOt 
scenario rem ains reversed, in  agreem ent w ith  Zeebe & Zachos (2007), w ho used inferred 
[CO32-] gradients in  the deep sea, b u t in  contrast w ith  the reconstruction of an  abrupt shift in 
the deep-sea circulation during  the PETM to a N orth  Atlantic deep-w ater source, based on 
benthic carbon isotope records (Nunes & Norris, 2006).

a) PETM 8xC 0 2- 4xC0 2 Pacific Ocean b) PETM 8xC 0 2- 4xC0 2 Atlantic Ocean
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Fig. 8 . Vertical sections of the potential tem perature (50-year mean) differences of the 8 xCOt 
and  4 xCC>2 PETM experim ents for the Pacific Ocean (a) and the Atlantic Ocean (b) for the 
beginning of the w arm ing, and differences of the lóxCCF and  the 8 xCOt PETM experim ents 
for the Pacific Ocean (c) and  the Atlantic Ocean (d) (from W inguth et al., 2010).

The w arm ing of interm ediate and deep-w ater m asses could have had  a positive feedback on 
the ocean circulation (Fig. 2), as proposed in  Bice & M arotzke (2002). The w arm ing of the 
ocean by changes in  the buoyancy forcing (heat and  freshw ater fluxes) and  circulation 
lowers the dep th  of m ethane hydrate stability, w hich depends on pressure, tem perature, 
salinity, and  gas com position, from  ~900 m  to ~1500 m  (Fig. 10; Dickens et al., 1995). This 
change m ight have triggered a m assive m ethane hydrate release into the atm osphere-ocean
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system, w hich in tu rn  accelerated the global w arm ing (Archer & Buffett, 2005). The potential 
consequences of such an am plification are displayed in  Figs. 8 c and d, for the assum ption 
that the carbon release corresponded to ~4400 PgC (16xCC>2 experim ent) relative to the 
8 xCOn experim ent. A tem perature increase of >3.5 C is sim ulated for high-latitude 
in term ediate w ater masses in the Pacific due to an  increase in  vertical density gradients. The 
increase in the ideal age of w ater masses is show n in Fig. 9c.

PETM 4xC 0 2 b) PETM

PETM 1 6xC 0 2

750 1000 1250 1500 1750

Fig. 9. Change of residence time of w ater masses in  ~1800 m  depth  (idealized age in yrs) for a) 
4xCOn PETM simulation, b) 8 xCOt PETM simulation, and c) 16xCCh PETM sim ulation (100-yr 
mean). Increase of idealized age corresponds to an increase in  stratification. Locations of deep- 
sea ventilation are in the N orthern and Southern Pacific. The deep-sea ventilation decreases 
particularly in the southern ocean w ith higher atmospheric CCF radiative forcing.

The feedback loop associated w ith  the sea level changes at the PETM w ould  have affected 
the oceans by an  enhanced freshing from  Arctic Ocean. An increased flow via the Turgay 
Strait, the passage betw een the Arctic and Tethys Ocean, has been inferred from  the 
abundance of dinoflagellate cysts (e.g. Iakokleva et al., 2001). H igher sea levels m ight also 
have allowed a throughflow  via the Fram  and  Bering Straits, as supported  by Nd-Sr isotopes 
in  fish fossils (Gleason et al., 2009; Roberts et al., 2009), paleogeographic reconstructions 
(Scotese, 2011) and climate sim ulations (Cope & W inguth, 2011; H einem ann et al., 2009).
A freshw ater input from  the Arctic Ocean into the N orth  Pacific Ocean (Marincovich & 
G ladenkov, 1999) w ould  have produced an  increase in  the vertical density gradients and led 
to a w eakening of the N orth Pacific interm ediate w ater m asses by 2.5 Sv at 30°N, and a 
com parable increase in the Pacific deep-sea circulation. The opening of the Bering Strait 
w ould  have shifted form ation of interm ediate w ater m asses in the N orth Pacific m ore 
equatorw ard tow ards the arid  subtropics, by  that increasing tem perature and  salinity of 
interm ediate w ater m asses (Fig. 11). Such a tem perature change in interm ediate w aters at
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the beginning of the PETM w arm ing could have contributed to the release of m ethane 
hydrates (e.g. Kennett & Stott, 1991; Sluijs et al., 2007). Most of the m ethane released from 
the hydrates w ould  have ultim ately reached the atm osphere or oxidized as CCT and thus 
increased the greenhouse gas radiative forcing during  the PETM (Fig. 2).

1

10 S

I
CL

100
-10 -5 0 5 10 15 20 25 30

Temperature (°C)

Fig. 10. M ethane-hydrate tem perature-depth  (pressure) diagram  from  Dickens et al. (1995), 
adapted  after Dickens & Q uinby-H unt (1994). The triple point (Qi) is the point w here all 
three phases (methane and sea ice, m ethane and sea w ater, m ethane hydrates) meet. Above 
the triple point to the left are conditions w here m ethane and  sea ice and  to the right w here 
m ethane and seawater exist. The area below the curve denotes the conditions under w hich 
m ethane hydrates are stable (at present-day w ith  bottom  w ater tem peratures of -1.5 °C and 
depths below 250 m). For the pre-PETM, the critical dep th  below w hich m ethane hydrates 
w ere stable w as around 900 m. A 4°C w ater tem perature increase at the PETM w ould have 
low ered the critical dep th  by ~600 m  to ~1500 m. [Reproduced by perm ission of A merican 
Geophysical Union; copyright 1995 A m erican G eophysical Union.]

4. Feedbacks associated with the atmospheric chemistry during the PETM
M any potentially im portant feedback processes are associated w ith  atm ospheric chem istry 
(Beerling et al., 2007).
Possible changes associated w ith  clouds at the beginning of the PETM are for example cloud 
albedo, cloud optical depth, or heat transport by tropical cyclones. Clouds interfere w ith  the 
transfer of radiation  because they reflect a certain am ount of radiation  back to space and 
they act as a blanket for therm al radiation. The reflectivity of clouds is influenced by cloud 
condensation nuclei (CCN). W hile today 's major source for CCN over land is due to 
pollution, CCN concentrations over rem ote ocean areas are linked to m arine productivity  
v ia dim ethyl sulfide (DMS) em ission from the ocean. DMS em itted from  certain 
phytoplankton groups is mixed into the troposphere and is oxidized to sulfate particles,

i i i  i  i  i  i i i  i  i  i  i  i  i i < i  i  i i i » » i  i ■■ i ■

M ethane + lee M t lll l

Hydráte.
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w hich then act as CCN for m arine clouds. The CCN concentration affects cloud droplet size 
and  distribution, w hich influences cloud reflectivity and  hence the climate. Climate change 
on the large scale, in  turn , affects the ocean circulation, nu trient cycles and consequently the 
phytoplankton concentration in the oceans and  thereby closes via DMS em ission the 
feedback loop, as first hypothesized by Charlson et al. (1987). If global productivity  had 
declined during  the PETM by ocean stagnation and  reduced equatorial upw elling, the 
concentration of CC N  w ould  also have been reduced.

PETM 8xC0 2 Bering Strait minus Turgay Strait
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Fig. 11. Vertical section of the potential tem perature (50-year mean) difference of the 8 xCCh 
PETM sim ulation w ith  a passage betw een the Arctic Ocean and the Pacific (Bering Strait) 
m inus the sim ulation w ith  a passage betw een the Arctic Ocean and the Indian Ocean. The 
changes in  throughflow  m ight have been caused by  sea level rise due to tectonic and 
climatic changes (Fig. 2). A change of freshw ater input from  the Arctic m ight ultim ately 
have caused w arm ing of w ater m asses and thus triggered a positive feedback loop betw een 
the climate and the carbon cycle.

This w ould  have affected the cloud optical dep th  (Kum p and Pollard, 2008), leading to  high- 
latitude w arm ing and  a further increase in  ocean stratification and stagnation of the deep- 
sea circulation, probably similar to the one m odeled in  the lóxCCV experim ent by  W inguth 
et al. (2010). Polar stratospheric clouds (Sloan & Pollard, 1998; Kirk-Davidoff et al., 2002) or 
intensified tropical cyclone activity (Korty et al., 2008) could have further exaggerated 
w arm ing at the PETM.
A nother feedback betw een the carbon cycle and the climate that m ay have played an 
im portant role during  the PETM are volatile organic com pounds (VOCs; Beerling et al., 
2007). VOCs are em itted by  plants, for exam ple isoprene w ith  present-day em ission rates 
com parable to that of m ethane (Guenther et al., 2006; Prather & Erhalt, 2001). Isoprene is a 
major player in  the oxidative chem istry of the troposphere and influences the form ation of 
tropospheric ozone (Fehsenfeld et al., 1992), decreases the hydroxyl radical concentration, 
increases the residence tim e of CH 4 , and is involved in  form ing organic aerosols influencing 
the climate by acting as CCN (Beerling et al., 2007).
H igh CH 4  emissions during  the PETM could have increased the atm ospheric m ethane 
concentration and  enhanced radiative forcing (with a ~ 2 1  tim es higher global w arm ing 
potential than  CO 2 over a tim e span of 100 years; IPCC, 1990). M ethane in  the atm osphere is 
typically either reduced by oxidation to CO 2 or interacts w ith  other chemical components.
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Emission scenarios for the PETM considering atm ospheric chem istry involving NOx and 
ozone reactions indicate that the life-time of m ethane in  the atm osphere increases w ith  
increasing em ission of m ethane, thus leading to an  increased radiative forcing influencing 
the climate and  m ethane hydrate destabilization w ith in  a positive feedback loop (Schmidt & 
Shindell, 2003).

5. Feedbacks associated with weathering during the PETM

W hile the feedbacks listed in  the previous sections illustrate the com plexity of the PETM 
w arm ing, the rap id  recovery phase after the CIE rem ains controversial as well. Rapidly 
regrow ing organic carbon stocks on land and  in  the ocean on climatic tim e scales <1 0 4  years 
m ay have contributed to a  d raw -dow n of the atm ospheric CO 2 concentration (Bowen & 
Zachos, 2010), thus creating a positive feedback betw een a cooler climate and a m ore 
vigorous ocean circulation w ith  reduced vertical density gradients and enhanced ventilation 
from  high latitudes (Fig. 12). Intensification of w ind-driven upw elling and  enhanced high- 
latitude m ixing stim ulate global productivity  th rough  higher nutrient availability in  the 
euphotic zone. Such an  increase in the productivity  (Bains et al., 1999; Stoll et al., 2007; Sluijs 
et al., 2006) could eventually have accelerated the draw -dow n of the atm ospheric CO 2.
O n longer geologic timescales (>104  yrs), carbon sequestration by  w eathering of continental 
rocks becomes an  im portant process. A tm ospheric CO 2 and H 2O reacts w ith  rocks and  is 
converted into aqueous bicarbonate that is transferred to  the oceans via riverine discharge 
and  eventually deposited on the seafloor as biogenic carbonates (Walker et al., 1981; Berner,
2004).
The hothouse climate during  the PETM w ith  an  increase in  precipitation and plant grow th 
likely accelerated w eathering. The associated large input of dissolved bicarbonates into the 
ocean w ould  have neutralized the oceans' acidity and  led to  post-CIE deepening of the 
lysocline (Zachos et al., 2005), and preservation of calcareous m arine sedim ents (Fig. 12; 
Kelly et al., 2010). This negative w eathering feedback w ould  ultim ately have led to a d raw ­
dow n of atm ospheric CO 2, climatic cooling and  reduced w eathering.

6. Conclusive remarks

The PETM, represented by the largest perturbation in  climate and  carbon cyle during  the 
last 60 million years (Fig. 1; Pearson & Palmer, 2000; Royer et al., 2007) can be considered as 
an  analog for future climate change. The analysis of ice bubbles trapped  in  the Antarctic 
suggests a variability of the atm ospheric CO 2 concentration over the last 800,000 yrs ranging 
from  172 ppm v to 300 ppm v for the preindustrial period. As a result of hum an activities, 
CO 2 in  the atm osphere rose over the last couple of hundred  years w ith  a pace not seen in 
recent geological history. In the year 2011, the atm ospheric CO 2 concentration exceeded 390 
ppm v (Tans & Keeling, 2011), and a doubling of the pre-industrial atm ospheric CO 2 level is 
expected by the end of this century. The climate sensitivity for this doubling in  CO 2 is 
estim ated to  be 1.9-6.2 K due to the positive forcings, i.e. the rise in  greenhouse gases, and 
including the negative forcing arising from  the cooling effects of aerosols (IPCC, 2007; 
Andreae, 2007). A release of ~2000 PgC into the atm osphere in the next couple of hundred  
years could eventually trigger the release of an  additional 2000-4000 PgC from  m arine 
sedim ents (Archer & Buffett, 2005), a  flux com parable to that observed at the PETM (Zachos 
et al., 2008) and m ore than  10 tim es higher than observed during  the last m illion years. The 
additional carbon release w ould  act as a  positive feedback, accelerating the w arm ing.
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Fig. 12. Schematic changes in the carbonate-silicate geochemical cycle associated w ith  the 
PETM (from Kelly et al., 2010). a) A rapid  release of m assive am ounts of carbon into the 
ocean-atm osphere-biosphere system raises atm ospheric pCCT levels, increases the carbon 
flux into the oceanic reservoir, thus raises the calcium carbonate com pensation depth  (CCD), 
and  reduces the biogenic calcification. Preservation of carbonates is restricted to shallow 
areas on the seafloor. b) In the recovery phase of the atm osphere-ocean-biosphere system, 
silicate w eathering is accelerated, reducing the atm ospheric partial pressure of CO2 and 
increasing the flux of dissolved bicarbonate ions and  silicic acid to the ocean, thus 
neutralizing ocean acidification, and leading to a deepening of the CCD and  preservation of 
carbonates in deeper areas on the seafloor. [Reproduced by perm ission of Elsevier; 
copyright 2010 Elsevier.]

The climatic and biogeochemical response to rem arkable carbon em issions w ould  likely be 
severe, for exam ple a m ore frequent occurrence of climate extrem es (heat waves, droughts 
and  floods), particularly over the continents and  at high latitudes, as w ell as ocean w arm ing 
and  stagnation. A nother likely effect is ocean acidification and  a rise of the calcite 
dissolution depth  (Zachos et al., 2005), affecting m arine organism s w ith  calcareous shells (E. 
Thomas, 1998, 2003, 2007). Tire increased vertical gradients in the ocean together w ith  
w arm er tem peratures m ight produce near-anoxic conditions in the oxygen m inim um  zone
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(comparable w ith  dead zones in  the Black Sea or the Gulf of Mexico). Geochemical evidence
for the PETM supports a dow nw ard  expansion of the oxygen-m inim um  zone below  1500 m
(Chun et al., 2010; Nicolo et al., 2011) in  agreem ent w ith  foraminiferal evidence.

7. Acknowledgments

All m odel sim ulations w ere done on NCAR com puters, supported  by NSF. The w ork  is
supported  by NSF Grant EAR-0628336.

8. References

Andreae, M.O., 2007: A tm ospheric aerosols versus greenhouse gases in  the twenty-first 
century. Phil. Trans. R. Soc. London, A , 365,1915-1923. doi:10.1098/rsta.2007.2051.

Archer, D., & Buffett, B., 2005: T im e-dependent response of the global ocean clathrate 
reservoir to  climatic and anthropogenic forcing. Geochemistry, Geophysics, 
Gesosystems, 6 , Q03002, doi:10.1029/2004GC000854.

Archer, D., Kheshgi, H., & Maier-Reimer, E., 1998: Dynamics of fossil fuel CO 2 

neutralization by m arine CaC03. Global Biogeochem. Cycles, 12, 259-276.
Bains, S.R., Corfield, R., & Norris, R.D., 1999: M echanisms of climate w arm ing at the end of 

the Paleocene. Science, 285, 724-727, doi: 10.1126/science.285.5428.724.
Barron, E.J., Hay, W.W. & Thom pson, S.,1989: The hydrologie cycle: a major variable during 

Earth history. Palaeogeogr., Palaeoclimatol, Palaeoecol, 75,157-174.
Beerling, D.J., H ew itt, C.N., Pyle, J.A., & Raven, J.A., 2007: Critical issues in  trace gas 

biogeochem istry and global change. Phil. Trans. R. Soc. London, A , 365,1629-1642.
Berner, R.A. (Ed.), 2004: The Phanerozoic Carbon Cycle: CO 2 and  O 2, Oxford University 

Press, 150 pp.
Bice, K.L., & M arotzke, J., 2002: Could changing ocean circulation have destabilized 

m ethane hydrate at the Paleocene/Eocene boundary? Paleoceanography, 17, 
doi:10.1029/2001PA000678.

Bice, K.L., Scotese, C.R., Seidov, D., & Barron, E.J., 2000: Q uantifying the role of geographic 
change in Cenozoic ocean heat transport using uncoupled atm osphere and ocean 
models. Palaeogeogr,. Palaeoclimatol, Palaeoecol, 161, 295-310.

Boden, T.A., M arland, G., & Andres, R.J., 2010: Global, Regional, and  National Fossil-Fuel 
CO 2 Emissions. C arbon Dioxide Inform ation Analysis Center, O ak Ridge N ational 
Laboratory, U.S. D epartm ent of Energy, O ak Ridge, Tenn., U.S.A. doi: 
10.3334/CDIAC/00001_V2010.

Bowen, G.J., & Bowen, B. B., 2008: M echanisms of PETM global change constrained by  a new  
record from  central Utah. Geology, 36, 379-382.

Bowen, G.J., & Bowen, B. B., 2009: M echanisms of PETM global change constrained by  a new 
record from  central Utah: Reply. Geology, 37, e l 85.

Bowen, G.J., & Zachos, J.C., 2010: Rapid carbon sequestration at term ination of the 
Palaeocene-Eocene Therm al M aximum. Nature Geoscience, 3, 866-869,
doi:10.1038/NGE01014.

Bowen, G.J., Beerling, D.J., Koch, P.L., Zachos, J.C., & Q uattlebaum , T., 2004: A hum id 
climate state during the Paleocene/Eocene therm al maximum. Nature, 432, 495- 
499.



58 Climate Change -  Geophysical Foundations and Ecological Effects

Bralower, T.J., Thomas, D.J. Zachos, J.C., H irschm ann, M.M., Röhl, U., Sigurdsson, H., 
Thomas, E., & W hitney, D.L., 1997: H igh-resolution records of the late Paleocene 
therm al m axim um  and  circum -Caribbean volcanism: Is there a causal link? Geology, 
25, 963-967.

Brinkhuis, H., et al., 2006: Episodic fresh surface w aters in  the Eocene Arctic Ocean. Nature, 
441, 606-609.

Bujak, J.P., & Brinkhuis, H., 1998: Global w arm ing and dinocyst changes across the 
Paleocene/Eocene epoch boundary. In: Late Paleocene-early Eocene biotic and climatic 
events in the marine and terrestrial records, Aubry, M.-P., Lucas, S., & Berggren, W.A. 
(Eds.), p. 277-295, Colum bia U niversity Press.

Burkholder, J.M., Noga, E.J., Hobbs, C.H., & Glascow, H.B., 1992: N ew  phantom  
dinofagellate is the causative agent of major estuarine fish kills. Nature, 358, 407- 
410.

Caldeira, K., & Wickett, M.E., 2003: A nthropogenic CO 2 and  ocean pH. Nature, 425, 365.
Charlson, R.J., Lovelock, J.E., Andreae, M.O. & W arren, S.G. 1987: Oceanic phytoplankton, 

atm ospheric sulphur, cloud albedo and  climate. Nature, 326, 661-665,
doi:10.1038/326655a0.

Chun, C.O.J., Delaney, M.L., & Zachos, J.C., 2010: Paleoredox changes across the Paleocene- 
Eocene therm al m axim um , W alvis Ridge (ODP Sites 1262, 1263, and 1266): 
Evidence from  M n and  U  enrichm ent factors. Paleoceanography, 25, 
doi:10.1029/2009PA001861.

Collins, W.D., et al., 2006: The Com m unity Climate System M odel Version 3 (CCSM3). /. 
Climate, 19, 2122-2143.

Cope, J.T., and  W inguth, A., 2011: O n the sensitivity of the Eocene ocean circulation to 
Arctic freshw ater pulses. Palaeogeogr., Palaeoclimatol, Palaeoecol, 306, 82-94.

Crouch, E.M., Heilmartn-Clausen, C., Brinkhuis, H., H ugh  E.G., M organs, H.E.G., Rogers, 
K.M., H ans Egger, H., & Schmitz, B., 2001: Global dinoflagellate event associated 
w ith  the late Paleocene therm al maximum. Geology, 29, 315-318, doi: 10.1130/0091- 
7613.

Cubasch, U., et al., 2001: Projections of fu ture climate change. In: Climate Change 2001: The 
Scientific Basis. Contribution o f Working Group I to the Third Assessment report of the 
Intergovernmental Panel on Climate Change, H oughton, J.T., Ding, Y., Griggs, D.J., 
N oguer, M., van der Linden, P.J., Dai, X., Maskell, K., & Voss, C. A. (Eds.), p. 525- 
582. Cam bridge U niversity Press, Cam bridge, U nited Kingdom.

Cui, Y., Kump, L.R., Ridgwell, A.R., Charles, A.J., Junium , C.K., Diefendorf, A.F., Freeman, 
K.H., U rban, N.M. & H arding, I.C., 2011: Slow release of fossil carbon during  the 
Palaeocene-Eocene Therm al M aximum, Nature Geoscience, 4, 481-485, doi: 
10.1038/ngeoll79.

Dickens, G.R., & Q uinby-H unt, M.S., 1994: M ethane hydrate stability in  seawater. Geophys. 
Res. Lett., 21, 2115-2118.

Dickens, G.R., O'Neil, J.R., Rea, D.K., & Owen, R.M., 1995: Dissociation of Oceanic M ethane 
H ydrate as a Cause of the C arbon Isotope Excursion at the End of the Paleocene. 
Paleoceanography, 10, 965-971.

Dickens, G.R., Castillo, M.M., & Walker, J.C.G., 1997: A blast of gas in  the latest Paleocene: 
Sim ulating first-order effects of m assive dissociation of m ethane hydrate. Geology, 
25, 259-262.



The Paleocene-Eocene Thermal Maximum:
Feedbacks Between Climate Change and Biogeochemical Cycles 59

Fehsenfeid, F., et al., 1992: Emissions of volatile organic com pounds from  vegetation and 
their im plications for atm ospheric chemistry. Global Biogeochem. Cycles, 6 , 389-430.

Gavrilov, Y., Shcherbinina, E. A., & Oberhänsli, H. 2003: Paleocene/Eocene boundary  events 
in  the northeastern  Peri-Tethys. In: Causes and Consequences o f Globally Warm 
Climates in the Early Paleogene, W ing, S.L., Gingerich, P.D., Schmitz, B., & Thomas, E. 
(Eds.), Geological Society of America, Special Paper, v. 369, p. 147-168.

Gleason, J.D., Thomas, D.J., M oore Jr., T.C., Blum, J.D., Owen, R.M., & Haley, B.A., 2009: 
Early to M iddle Eocene H istory of the Arctic Ocean from  Nd-Sr Isotopes in  Fossil 
Fish Debris, Lom onosov Ridge. Paleoceanography, 24, PA2215,
doi:10.1029/2008PA001685.

G uenther, A., Karl, T., Harley, P., W iedinm yer, C., Palmer, P.I., & Geron, C. 2006: Estimates 
of global terrestrial isoprene emissions using MEGAN (model of emissions of gases 
and aerosols from  nature). Atmos. Chem. Phys. Discuss., 6,107-173.

H andley, L., Pearson, P.N., McMillan, I.K., and  Pancost, R.D., 2008: Large terrestrial and 
m arine carbon and hydrogen isotope excursions in  a new  Paleocene/Eocene 
boundary  section from  Tanzania. Earth Planet. Sei. Lett., 275,17-25.

H andley, L., C rouch E.M., and  Pancost R.D., 2011: A N ew  Zealand record of sea level rise 
and environm ental change during  the Paleocene-Eocene Thermal Maximum. 
Palaeogeogr., Palaeoclimatol, Palaeoecol, 305,185-200.

H ead, J.J., Bloch, A.J., H astings, I.K., Bourque, J.R., Cadena, E. A., H errera, F. A., Polly, P.D. & 
Jaramillo, C.A., 2009: G iant boid  snake from  the Palaeocene neotropics reveals 
hotter past equatorial tem peratures. Nature, 457, 715-717.

Heilm ann-Clausen, C., & Egger, H., 2000: The A nthering outcrop (Austria): a key-section for 
correlation betw een Tethys and northw estern  Europe near the Paleocene/Eocene 
boundary. GEE, 122, 69.

H einem ann, M., Jungclaus, J.H., & M arotzke, J., 2009: W arm  Paleocene/Eocene Climate as 
sim ulated in  ECHAM 5/M PI-OM . Climate o f the Past Discussions, 5,1297-1336.

Higgins, J.A., & Schräg, D.P., 2006: Beyond methane: Tow ards a theory for Paleocene- 
Eocene Thermal M aximum. Earth Planet. Sei. Lett., 245, 523-537.

Hollis, J.H., H andley, L., Crouch, E.M., M organs, H.E.G., Baker, J.A., Creech, J., Collins, K.S., 
Gibbs, S.J., H uber, M., Schouten, S., Zachos, J.C., & Pancost, R.D., 2009: Tropical sea 
tem peratures in the high-latitude South Pacific during  the Eocene. Geology, 37, 99- 
102.

H oughton, R.A., 2008: C arbon Flux to the A tm osphere from  Land-Use Changes: 1850-2005.
In: TRENDS: A  Compendium of Data on Global Change. C arbon Dioxide Inform ation 
Analysis Center, Oak Ridge N ational Laboratory, U.S. D epartm ent of Energy, Oak 
Ridge, Term., U.S.A.

H uber, M., & Sloan, L.C., 1999: W arm  climate transitions: A general circulation m odeling 
study of the Late Paleocene Thermal Maximum. }. Geophys. Res., 104,16633-16655.

H uber, M., & Sloan, L.C., 2001: H eat transport, deep w aters, and therm al gradients: Coupled 
sim ulation of an  Eocene greenhouse climate. Geophys. Res. Lett., 28, 3481-3484.

H uber, M., & Caballero, R., 2003: Eocene El Niño: Evidence for robust tropical dynam ics in 
the "hothouse". Science, 299, 877-881.

H uber, M., & Caballero, R., 2011: The early Eocene equable climate problem  revisited. Clim. 
Past, 7, 603-633doi:10.5194/cp-7-603-2011.



60 Climate Change -  Geophysical Foundations and Ecological Effects

Iakokleva, A.I., Brinkhuis, H., & Cavagnetto, C., 2001: Late Paleocene-Early Eocene 
dinoflagellae cysts from  the Turgay Strait, Kazakhstan; correlations across ancient 
seaways. Paleogeogr., PaleoclimatoL, Paleoecol., 172, 243-268.

IPCC, 1990: Report prepared for Intergovernmental Panel on Climate Change by Working Group I.
H oughton, J.T., Jenkins G.J. & Ephraum s J.J. (Eds.), Cam bridge U niversity Press, 
Cam bridge, Great Britain, N ew  York, NY, USA and  M elbourne, Australia, 410 pp.

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution o f Working Group I to 
the Fourth Assessment Report o f the Intergovernmental Panel on Climate Change. 
Solomon, S., Qin, D., M anning, M., Chen, Z., M arquis, M., Averyt, K.B., Tignor, M., 
& H.L. Miller (Eds.), Cam bridge University Press, Cam bridge, U nited Kingdom  
and N ew  York, NY, USA, 996 pp.

Kelly, D.C., Bralower, T.J. & Zachos, J.C. 1998: Evolutionary consequences of the latest 
Paleocene Thermal M axim um  for tropical planktonic foraminifera. Paleogeogr., 
PaleoclimatoL, Paleoecol., 141,139-161.

Kelly, D.C., N ielsen, T.M.J., M cCarren, H.K., Zachos, J.C., & Röhl, U., 2010: Spatiotem poral 
patterns of carbonate sedim entation in  the South Atlantic: Im plications for carbon 
cycling during  the Paleocene-Eocene therm al maximum. Paleogeogr., PaleoclimatoL, 
Paleoecol., 293, 30-40.

Kennett, J.P., & Stott, L.D., 1991: A brupt deep-sea w arm ing, paleoceanographic changes and 
benthic extinctions at the end of the Paleocene. Nature, 353, 225-229.

Kirk-Davidoff, B.D., Schräg, D.P., & Anderson, J.G., 2002: O n the feedback of stratospheric 
clouds on polar climate. Geophys. Res. Lett., 29,1556, doi:10.1029/2002GL014659.

Koch, P.L., Zachos, J.C., & Gingerich, P.D., 1992: Correlation betw een isotope records in 
m arine and  continental carbon reservoirs near the Palaeocene/Eocene boundary. 
Nature, 358, 319-322.

Korty, R.L., Emanuel, K.A., & Scott, J.R., 2008: Tropical cyclone-induced upper ocean m ixing 
and climate: application to equable climates. J. Climate, 21, 638-654.

K um p, L.R., & Pollard, D., 2008: Amplification of Cretaceous w arm th  by biological cloud 
feedbacks. Science, 320,195.

Lu, G., Keller, G. & Pardo, A., 1998: Stability and change in  Tethyan planktic foram inifera 
across the Paleocene-Eocene transition. Mar. MicropaleontoL, 35, 203-233.

Lunt, D.J., Valdes, P.J., Jones, T.D., Ridgwell, A., H ayw ood, A.M., Schmidt, D.N., M arsh, R., 
& M aslin, M., 2010: CC>2-driven ocean circulation changes as an  am plifier of 
Paleocene-Eocene therm al m axim um  hydrate destabilization. Geology, 38, 875-878, 
doi: 10.1130/G31184.1.

Lyle, M., Barron, J., Bralower, T.J., H uber, M., O livarez Lyle, A., Ravelo, A.C., Rea, D .K , & 
Wilson, P.A., 2008: Pacific Ocean and Cenozoic evolution of climate. Rev. Geophys., 
46,1-47.

M aclennan, J., & Jones, S.M., 2006: Regional uplift, gas hydrate dissociation and the origins 
of the Paleocene-Eocene Therm al M aximum. Earth Planet. Sei. Lett., 245, 65-80.

M arincovich, L., Jr., & Gladenkov, A.Y., 1999: Evidence for an  early opening of the Bering 
Strait. Nature, 397,149-151.

Meehl, G.A., W ashington, W.M., Santer, B.D., Collins, W.D., Arblaster, J.M., H u, A., 
Lawrence, D.M., Teng, H. Buja, L.E. & Strand, W.G., 2006: Climate change 
projections for the twenty-first century and climate change com m itm ent in  the 
CCSM3. J. Climate, 19, 2597-2616.



The Paleocene-Eocene Thermal Maximum:
Feedbacks Between Climate Change and Biogeochemical Cycles 61

Mikolajewicz, U., Gröger, M., Maier-Reimer, E., Schurgers, G., Vizcaíno, M., & W inguth, A., 
2007: Long-term  effects of anthropogenic CO 2 emissions sim ulated w ith  a complex 
earth  system  model. Clini. Dyn., 28, 599-633.

M oran, K., et al., 2006: The Cenozoic palaeoenvironm ent of the Arctic Ocean. Nature, 441, 
601-605.

Nicolo, M.J., Dickens, G.R., & Hollis, C.J., 2011: South Pacific interm ediate w ater oxygen 
depletion at the onset of the Paleocene-Eocene Therm al M axim um  as depicted in 
N ew  Zealand m argin sections. Paleoceanography, in  press.

N unes, F., & Norris, R.D. 2006: A brupt reversal in ocean overturning during  the 
Paleocene/Eocene w arm  period. Nature, 439, 60-63.

Pagani, M., Pedentchouk, N. H uber, M., Sluijs, A., Schouten, S., Brinkhuis, H., Sirtninghe, 
J.S., Damsté, Dickens, G.R., & the Expedition 302 Scientists, 2006a: Arctic hydrology 
during  global w arm ing at the Paleocene/Eocene therm al maximum. Nature, 442, 
671-675.

Pagani, M., Caldeira, K., Archer, D., & Zachos, J.C., 2006b: A n ancient carbon mystery. 
Science, 314,1556-1557.

Panchuk, K., Ridgwell, A. & K um p, L.R., 2008: The sedim entary response to Paleocene- 
Eocene Thermal M axim um  carbon release: A m odel-data com parison. Geology, 36, 
315-318.

Pancost, R.D., Steart, D.S., H andley, L., Collinson, M.E., Hooker, J.J., Scott, A.C., Grassineau, 
N.V., & Glasspool, I.J., 2007: Increased terrestrial m ethane cycling at the 
Palaeocene-Eocene therm al maximum. Nature, 449, 332-335.

Pearson, P.N., & Palmer, M.R. 2000: A tm ospheric carbon dioxide concentrations over the 
past 60 million years. Nature, 406, 695-699.

Pearson, P.N., van Dongen, B.E., Nicholas, C.J., Pancost, R.D., Schouten, S., Singano, J.M., & 
W ade, B.S., 2007: Stable w arm  tropical climate th rough  the Eocene Epoch. Geology, 
35, 211-214.

Prather, M., & Ehhalt, D., 2001: A tm ospheric chem istry and  greenhouse gases. In: Climate 
change 2001. The scientific basis, H oughton, J.T., Ding, Y., Griggs, D.J., N oguer, M., 
van der Linden, P.J., Dai, X., Maskell, K., & Johnson, C.A. (Eds.), p. 239-287. 
Cam bridge, UK: Cam bridge U niversity Press.

Ravizza, G., Norris, R.N., Blusztajn, J., & Aubry, M.-P., 2001: A n osm ium  isotope excursion 
associated w ith  the late Paleocene therm al maximum: Evidence of intensified 
chemical w eathering. Paleoceanography, 16,155-163.

Retallack, G.J., 2005: Pedogenic carbonate proxies for am ount and  seasonality of 
precipitation in  paleosols. Geology, 33, 333-336.

Retallack, G.J., 2009: M echanisms of PETM global change constrained by a new  record from  
central Utah: Comment. Geology, 37, el84-el85.

Robert, C., & Kennett, J.P., 1994: Antarctic subtropical hum id episode at the Paleocene- 
Eocene boundary: Clay-mineral evidence. Geology, 22, 211-214.

Roberts, C.D., LeGrande, A.N., & Tripati, A.K., 2009. Climate sensitivity to Arctic seaway 
restriction during  the Early Paleogene. Earth and Planetary Science Letters, 286, 576- 
585.

Royer, D.L., Berner, R.A., & Park, J., 2007: Climate sensitivity constrained by CO 2 

concentrations over the past 420 million years. Nature, 446, 530-532.



62 Climate Change -  Geophysical Foundations and Ecological Effects

Schmidt, G.A., & Shindell, D.T., 2003: A tm ospheric com position, radiative forcing, and 
climate change as a consequence of a m assive m ethane release from  gas hydrates. 
Paleoceanography, 18,1004, doi:10.1029/2002PA000757.

Schmitz, B., & Pujalte, V., 2007: A brupt increase in  seasonal extrem e precipitation at the 
Paleocene-Eocene boundary. Geology, 35, 215-218.

Schmitz, B., Speijer, R.P., & Aubry, M.P., 1996: Latest Paleocene benthic extinction event on 
the southern  Tethyan shelf (Egypt): Foraminiferal stable isotopic (8 13C, 8180 ) 
records. Geology, 24, 347-350.

Scotese, C.R., 2011: PALEOMAP, date of access: 07/05/2011, available from:
<h ttp ://w w w .sco tese .com >.

Sewall, J. O., & Sloan, L.C. 2006: Come a little bit closer: A high-resolution climate study of 
the early Paleogene Laram ide foreland. Geology, 34, 81-84.

Shellito C.J., & Sloan, L.C., 2006: Reconstructing a lost Eocene paradise: Part I. Sim ulating 
the change in  global floral distribution at the initial Eocene therm al maximum. 
Global Planet Ch., 50,1-17.

Shellito, C.J., Sloan, L.C., & H uber, M., 2003: Climate m odel sensitivity to atm ospheric CO 2 

levels in  the Early-M iddle Paleogene. Paleogeogr., Paleoclimatol, Paleoecol., 193, 113- 
123.

Shellito, C.J., Lam arque, J.-F. & Sloan, L.C., 2009: Early Eocene Arctic climate sensitivity to 
pCC>2 and  basin geography. Geophys. Res. Lett, 36, L09707, doi:10.1029/ 
2009GL037248.

Sloan, L.C. & Barron, E.J., 1992: Eocene climate m odel results: Q uantitative com parison to 
paleo-climatic evidence. Palaeogeogr., Palaeoclim., Palaeoecol, 93,183-202.

Sloan, L.C., & Pollard, D., 1998: Polar stratospheric clouds: A high latitude w arm ing 
m echanism  in an  ancient greenhouse w orld. Geophys. Res. Lett., 25, 3517-3520.

Sloan, L.C., & Rea, D.K., 1995: A tm ospheric carbon dioxide and  early Eocene climate: A 
general circulation m odeling sensitivity study. Palaeogeogr., Palaeoclim., Palaeoecol., 
119, 275-292.

Sluijs, A., 14 others, & the Expedition 302 Scientists, 2006: Subtropical Arctic Ocean 
tem peratures during  the Paleocene/Eocene therm al m axim um . Nature, 441, 610- 
613.

Sluijs, A., Brinkhuis, H., Schouten, S., Bohaty, S.M., John, C.M., Zachos, J.C., Reichart, G.-J., 
Sinninghe Damsté, J.S., Crouch, E.M., & Dickens, G.R., 2007: Environm ental 
precursors to rap id  light carbon injection at the Palaeocene/Eocene boundary. 
Nature, 450,1218-1221.

Sluijs, A., Röhl, U., Schouten, S., Brumsack, H.-J., Sangiorgi, F., Sinninghe Damsté, J.S., & 
Brinkhuis, H., 2008a: Arctic Late Paleocene -  Early Eocene paleoenvironm ents w ith  
special em phasis on the Paleocene -  Eocene therm al m axim um  (Lomonosov Ridge, 
IODP Expedition 302). Paleoceanography, 23, PA1S11, doi:10.1029/2007PA001495.

Sluijs, A., et al., 2008b: Eustatic variations during  the Paleocene-Eocene greenhouse world. 
Paleoceanography, 23, PA4216, doi:10.1029/2008PA001615.

Sluijs, A. Bijl, P.K., Schouten, S., Roehl, U., Reichart, G.-J., and Brinkhuis, H., 2011: Southern 
ocean w arm ing, sea level and hydrological change during  the Paleocene-Eocene 
therm al maximum. Climate of the Past, 7,47-61.

Speijer, R.P., & W agner, T., 2002: Sea-level changes and  black shales associated w ith  the late 
Paleocene Therm al M axim um  (LPTM): Organic geochemical and

http://www.scotese.com


The Paleocene-Eocene Thermal Maximum:
Feedbacks Between Climate Change and Biogeochemical Cycles 63

micropaleontologic evidence from  the southern Tethyan m argin (Egypt-Israel). In: 
Catastrophic events and mass extinctions: Im pacts and  beyond, Koeberl, C., and 
MacLeod, K.G. (Eds.), Geological Society of America Special Paper, 356, p. 533-549.

Stoll, H.M., Shimizu, N., Ziveri, P., & Archer, D., 2007: Coccolithophore productivity  
response to  greenhouse event of the Paleocene-Eocene Thermal M aximum. Earth 
and Planetary Science Letters, 258,192-206.

Storey, M., Duncan, R.A., & Swisher III, C.C., 2007: Paleocene-Eocene Thermal M axim um  
and the opening of the N ortheast Atlantic. Science, 316, 587-589.

Svensen, H., Planke, S., M althe-Sorenssen, A., Jamtveit, B., M yklebust, R., Eidern, T.R., & 
Rey, S.S., 2004: Release of m ethane from  a volcanic basin as a m echanism  for initial 
Eocene global w arm ing. Nature, 429, 542-545.

Tans, P., & Keeling, R., 2011: Trends in  atm ospheric carbon dioxide., NOAA/ESRL and 
Scripps Institution o f Oceanography, date of access: 07/05/2011, available from: 
<http: /  /  w w w .esrl.noaa.gov/ g m d /c c g g / t r e n d s />

Thomas, D.J., 2004: Evidence for deep-w ater production  in  the N orth  Pacific Ocean during 
the early Cenozoic w arm  interval. Nature, 430, 65-68.

Thomas, D.J., Lyle, M., Moore, T.C., Jr., & Rea, D.K., 2008: Paleogene deep-w ater mass 
com position of the tropical Pacific and  im plications for therm ohaline circulation in 
a G reenhouse World. Geochemistry, Geophysics, Geosystems, 9, 1-13, doi:10.1029/ 
2007GC001748.

Thomas, E., 1998: The biogeography of the late Paleocene benthic foram iniferal extinction, 
In: Late Paleocene-early Eocene biotic and climatic events in the marine and terrestrial 
records, Aubry, M.-P., Lucas, S., & Berggren, W.A. (Eds.), , p. 214-243, Colum bia 
University Press.

Thomas, E., 2003: Extinction and food at the seafloor: A high-resolution benthic 
foraminiferal record across the initial Eocene Thermal M aximum, Southern Ocean 
Site 690. GSA Spec. Paper, 369, 319-332.

Thomas, E., 2007: Cenozoic m ass extinctions in  the deep sea; w hat disturbs the largest 
habitat on Earth? In: Large Ecosystem Perturbations: Causes and Consequences: 
Monechi, S., Coccioni, R., & Rampino, M. (Eds.), GSA Special Paper, 424,1-24.

Thomas, E., Zachos, J.C., & Bralower, T. ]., 2000: Deep-Sea Environm ents on a W arm  Earth: 
latest Paleocene - early Eocene. In: Warm Climates in Earth History, H uber, B., 
MacLeod, K., and  Wing, S. (Eds.), pp. 132-160, Cam bridge U niversity Press, 
Cam bridge, U nited Kingdom.

Tripati, A., & Elderfield, H. 2005: Deep-sea tem perature and  circulation changes at the 
Paleocene-Eocene Thermal M aximum. Science, 308,1894-1898.

Walker, J.C.G., Hays, P.B., & Kasting, J.F., 1981: A negative feedback m echanism  for thelong- 
term  stabilization of earth 's surface tem perature. Journal o f Geophysical Research, 8 6  

(CIO), 9776-9782.
Weijers, J. W.H., Schouten, S., Sluijs, A., Brinkhuis, H., & Sinninghe Damsté, J.S., 2007: W arm  

arctic continents during  the Paleocene-Eocene therm al maximum. Earth Planet. Sei. 
Lett., 261, 230-238.

Wing, S.L., H arrington, G.J., Smith, F.A., Bloch, J.I., Boyer, D.M., & Freeman, K.H., 2005: 
Transient floral change and rap id  global w arm ing at the Paleocene-Eocene 
boundary. Science, 310, 993-996.

http://www.esrl.noaa.gov/


64 Climate Change -  Geophysical Foundations and Ecological Effects

W inguth, A.M.E., Shellito, C., Shields, C., & W inguth, C., 2010: Climate response at the 
Paleocene-Eocene Therm al M axim um  to greenhouse gas forcing -  A m odel study 
w ith  CCSM3. }. Climate, 23, 2562-2584, doi:10.1175/2009JCLI3113.1.

Zachos, J.C., & Dickens, G.R., 2000: An assessm ent of the biogeochemical feedback response 
to the climatic and  chemical perturbations of the LPTM. Gff, 122,188-189.

Zachos, J.C., et al., 2005: Rapid acidification of the ocean during  the Paeocene-Eocene 
therm al maximum. Science, 308,1611-1615.

Zachos, J.C., Bohaty, S.M., John, C.M., M cCarren, H., Kelly, D.C., & Nielsen, T., 2007: The 
Paleocene-Eocene carbon isotope excursion: constraints from  individual shell 
planktonic foram inifer records. Phil. Trans. R. Soc. London, A , 365,1829-1842.

Zachos, J.C., Dickens, G.R., & Zeebe, R.E., 2008: An early Cenozoic perspective on 
greenhouse w arm ing and  carbon cycle dynamics. Nature, 451, 279-283.

Zeebe, R.E., & Zachos, J.C., 2007: Reversed Deep-Sea Carbonate Ion Basin G radient D uring 
Paleocene-Eocene Thermal M aximum. Paleoceanography, 22, PA3201, doi:1029/ 
2006PA001395.

Zeebe, R.E., Zachos, J.C., & Dickens, G.R., 2009: C arbon dioxide forcing alone insufficient to 
explain Palaeocene-Eocene Thermal M axim um  warm ing. Nature Geoscience, 2, 576- 
580.



4

Temporal Variability of Rain-Induced 
Floods in Southern Quebec

Assani Ali Arkamose, Landry Raphaëlle, 
Quessy Jean-François and Clément Francis

U niversité du Québec à Trois-Rivières, Québec
Canada

1. Introduction

A lthough the im pact of climate w arm ing on stream flow  in general and  on floods in 
particular is a m uch-debated topic (e.g. Koutsoyiannis et al., 2008; K undzewicz et al., 2008; 
Räisanen, 2007; Sun et al., 2007), there is general agreem ent about the geographical 
variability of these changes. In Quebec, a region characterized by  a tem perate, continental- 
and  m aritim e-type climate, a consensus is form ing in  light of results of climate and 
hydrological m odeling regarding the effects of climate w arm ing on flood m agnitude. These 
effects will depend on the season and  the underly ing cause of floods. Thus, w hereas climate 
and  hydrological m odels predict a  decrease in  the m agnitude of spring floods resulting from  
snow m elt (freshets) due to a decrease in  the am ount of snow falling in  w inter, they also 
predict an  increase in  the m agnitude of rain-induced floods as a  result of increasing rainfall 
intensity during  sum m er and  fall. Thus, Roy et al. (2001) predicted a  significant increase in 
the intensity of heavy precipitation ( 2 0  and  1 0 0 -year recurrence intervals) w hich will result 
in  a  m uch greater increase in  the m agnitude of sum m er floods. In the Châteauguay River, 
for instance, peak flow for a  flood induced by  a 2 0 -year rainfall event will double or triple, 
depending on initial soil m oisture conditions, by  the end of the century. However, 
according to Z hang et al. (2000), no significant increase in  rainfall intensity has been 
observed in  Quebec or C anada over the past century, w hich w ould  explain the absence of 
any significant change in  the interannual variability of the m agnitude of rain-induced floods 
observed in  m any regions of C anada (Cunderlik & O uarda, 2009).
W hile Assani et al. (2011) have show n that the am ount of rainfall from  A ugust to N ovem ber 
has significantly increased in  southeastern Quebec, south of parallel 46°N on the South 
Shore of the St. Lawrence River, no study has looked at the im pact of this increase in  rainfall 
on the in terannual variability of rain-induced floods. Analysis of the interannual variability 
of snow m elt-induced spring floods (spring freshets) has revealed no generalized significant 
decrease in  their m agnitude (Assani et al., 2010), despite a recorded increase in  tem perature 
since the 1970's in  Quebec. O n the contrary, a significant increase in the m agnitude of spring 
floods on the N orth  Shore of the St. Lawrence is recorded from  1934 to 2000, w hich is 
thought to  result from  the continental nature of climate in  this region rather than from  
increasing tem perature. Assani et al. (2010) have also show n that the interannual variability 
of snow m elt-induced spring floods is significantly correlated w ith  the AMO climate index 
on the N orth  Shore, and  w ith  the SOI and AO climate indices on the South Shore, north  and 
south of parallel 47°N, respectively.
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In Quebec, rain-induced floods can sometim es be m ore devastating than  snow m elt-related 
floods. For instance, in  July 1996, the Saguenay-Lac-Saint-Jean area of central Quebec, north 
of the St. Lawrence River, w as the scene of a series of floods w hich caused m ore than 
1 billion dollars in  dam age and 10 fatalities. M ore recently, in  the Rivière-au-Renard area of 
eastern Quebec, south of the St. Lawrence, floods caused several million dollars in  dam age 
and  tw o deaths in  A ugust 2007. These events led to speculation about the likely increase in 
the m agnitude of rain-induced flood due to climate w arm ing, as predicted by  climate and 
hydrological models. To see w hether or not these speculations are supported  by 
observational data, the following tw o m ain goals w ere set for this study:
1. Analyze the in terannual variability of the m agnitude of rain-induced floods in  different 
regions of Quebec, to see w hether this m agnitude increased significantly over time, 
particularly in  the southeastern part of the province, south of parallel 46°N on the South 
Shore of the St. Lawrence River, w here the am ount of rainfall has increased over time.
2. Determ ine w hich climate factors (climate indices) affect the in terannual variability of the 
m agnitude of rain-induced floods, in  order to  see if snow m elt-induced (spring) floods and 
rain-induced floods are affected by  the same climate indices.

2. Methods

2.1 Stream flow  data sources and selection o f c lim atic indices
The stream flow  data come from  Environm ent C anada 's H ydat CD-ROM (2004). Eighteen 
rivers for w hich the daily stream flows are m easured continuously over a relatively long 
period w herever possible w ere selected (table 1 and  fig.l). To be able to analyze a  greater 
num ber of stations, w e delim ited the study period betw een 1934 and 2004. Streamflow in 
these rivers is not affected by the presence of dams. To constitute the seasonal m axim um  
flow series for each year, w e selected the highest daily average flow m easured in  the period 
from  July to October, as this is the period w ith  the highest frequency of rain-induced floods 
in  Quebec.
Several authors have already analyzed the relationship betw een the climatic indices and 
stream flows in  Québec, Canada and  N orth  America. For instance, in  Québec, Anctil and 
Coulibaly (2004) observed a positive correlation betw een the annual average flows and  the 
PNA (Pacific-North America) and  AO indices in  the St. Lawrence w atershed during  the 
1938-2000 period. A part from  these tw o indices, Déry and  W ood (2004, 2005) also observed 
a correlation betw een stream flows and  the PDO (Pacific D ecadal Oscillation), the N IN 03.4 
and  SOI (Southern Oscillation index) indices in  the other tw o major Québec w atersheds 
(H udson Bay and  U ngava Bay) during  the 1964-2000 period. O n the scale of Eastern Canada, 
a correlation w as observed betw een NAO (N orth Atlantic Oscillation) and  the river flows 
(see K ingston et al., 2006). O n the scale of the N orth  American continent, AMO and  PDO are 
correlated to  the annual average flows in  m any regions of the U nited States (Enfield et al., 
2001; McCabe et al., 2004). Curtis (2008) observed a correlation betw een AMO and heavy 
sum m er rains in  the U nited States and  Mexico. At the daily scale, Assani et al. (2010) noted  a 
significant correlation betw een m axim um  spring flows and AMO on the N orth  Shore, and 
AO and  ENSO on the South Shore. In this study, w e correlated the annual m axim um  flows 
to  all the climatic indices already correlated to  streamflows: AMO, AO, NAO, N IN 03.4, 
PDO and  SOI. The data for the AMO, SOI, N IN 03.4  and  PDO indices are taken from  the 
following websites: h ttp ://w w w .cdc .noaa.gov /C lim atelnd ices/L ist. (2007-10-08), and NAO 
is taken from  h ttp ://w w w .cg d .u car.ed u /cas/jh u rre ll/in d ices .d a ta .h tm l (2006-10-08), and

http://www.cdc.noaa.gov/Climatelndices/List
http://www.cgd.ucar.edu/cas/jhurrell/indices.data.html
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AO is taken from h ttp ://jisa o .w a sh in g to n .e d u /d a ta /a o / (2006-10-08). For each climatic 
index and  for each year, w e first derived the seasonal m ean of the m onthly indices over four 
m onths (April-July, M ay-August, June-September, July-October, and August-November), 
then over three m onths (April-June, May-July, June-August, July-September, August- 
October, and  September-November).
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Fig. 1. Location of stations grouped in four m odes derived from principal com ponent analysis.

2.2 Statistical data analysis
2.2.1 Interannual variab ility m odes o f seasonal daily maximum flow s
The first step w as to apply  principal com ponents analysis (PC A) to the seasonally m axim um  
flow (August to November) data  m easured at different stations (e.g. H annachi et al., 2007). 
We chose this m ethod for com parison w ith  the results of previous w ork  (e.g.Anctil & 
Coulibaly, 2004; Assani et al., 2010). Moreover, it is w idely used in  hydroclim atology to 
analyze the influence of climate factors on the tem poral variability of precipitations and 
stream flows (e.g., McCabe et al., 2004; Vicente-Serrano, 2005). To determ ine the num ber of 
m ode patterns (tem poral variability m odes of annual m axim um  flow), principal com ponent 
analysis (m ode S) w as applied  to the correlation matrix (and not to the covariance matrix), 
based on the correlations calculated betw een the seasonal flows m easured at the different 
(individual) stations in  order to elim inate the influence of extrem e values (Bigot et al. 1997), 
and  the effect provoked by a site 's local variability (Siew-Yan-Yu et al. 1998). Thus, we 
analyzed a m atrix consisting of 71 lines (num ber of years of stream flow  m easurem ent, from 
1934 to 2004) and  18 colum ns (num ber of rivers analyzed). We applied  the Varimax rotation 
m ethod to maximize the saturation values of the stations on the principal com ponents and 
obtain m ore stable and  physically m ore robust m ode patterns.

http://jisao.washington.edu/data/ao/
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No River A rea (km2) Latitude (N) Longitude
(W)

MAF 
(m3 /s )

1 Richelieu 2 2 0 0 0 45°18' 73°15' 327
2 Chateaugay 2500 45°17' 73°48' 26.0
3 Eaton 642 45°28' 71°39' 8 . 6

4 Etchemin 1130 46°38' 71°02' 28.5
5 Nicolet de sud-ouest 544 45°47' 71°58' 8.4
6 Beaurivage 709 46°39' 71°17' 10.5
7 Du Sud 826 46°49' 70°45' 14.7
8 Ouelle 802 47°25' 69°56' 15.6
9 Du Loup 1050 47°49' 69°31' 15.4
1 0 Trois-Pistoles 932 48°05' 69°11' 13.4
1 1 Rimouski 1610 48°24' 68°33' 26.5
1 2 M atane 826 48°46' 67°32' 33.4
13 Blanche 208 48°46' 67°39' 4.8
14 De La Petite N ation 1330 45°47' 75°05' 19.1
15 Du N ord 1170 45°47' 74°00' 21.5
16 L 'A ssom ption 1340 46°00' 73°25' 23.5
17 M ataw in 1390 46°41' 73°54' 22.4
18 Vermillon 2670 47°39' 72°57' 37.2

MAF = Mean annual flow 

Table 1. Rivers analyzed

The rationale for this m axim ization is the fact that the criterion used for grouping rivers into 
m odes or hom ogeneous hydrological regions is based on the values of loadings of rivers on 
the significant principal com ponents using the "m axim um  loading" rule. According to  this 
rule, a  station is associated w ith  a significant principal com ponent if its loading value on this 
com ponent is larger than  on other com ponents (Vicente-Serrano, 2005). Thus, all stations for 
w hich the loadings values are largest on a given principal com ponent define a variability 
m ode or hom ogeneous hydrological region. However, this loading value m ust be 
statistically significant, and  since it is not possible rigorously to test a loading value using a 
statistical test, the correlation betw een stream flow  in each river and  the scores of each 
significant principal com ponent w as calculated. This correlation, w hose value corresponds 
to the loading value of the river on a  significant com ponent, w as thus tested using S tudent's 
t test (Assani et al., 2010). A river is therefore correlated to a principal com ponent if its 
loading value, w hose significance has been indirectly tested using the corresponding 
correlation coefficient, is statistically significant at the 5% level. The Kaiser (1960) criterion 
based on the eigenvalues of principal com ponents w as used to  determ ine the num ber of 
significant com ponents, since any principal com ponent w ith  eigenvalue equal to or larger 
than  1 is considered significant. The grouping of the stations in  tem poral variability m odes 
w as based on "the m axim um  loading rule". According to this rule, a station is associated 
w ith  a principal com ponent w hen  the value of its loading is higher on this com ponent than 
on the others (Vicente-Serrano, 2005).
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2.2.2 Analysis o f the interannual variab ility o f the m agnitude o f rain-induced seasonal 
daily m axim um  flows
To test the stationarity of the tem poral m odes, w e first applied  the regression m ethod (a 
param etric test) to the scores of the significant principal com ponents (Kundzewicz et al.,
2005). H owever, because it is not possible, using this m ethod, to determ ine the exact date of 
a shift in  the m ean of a hydrologie series, nor w hether this shift is abrupt or progressive, the 
Lom bard (1987) m ethod w as used  to derive these tw o param eters (date and type of shift). 
Suppose w e have a series of observations, noted  X 1,...,X n, w here X¿ is the observation taken 
at tim e T = i. these observations are supposed to be independent. One question of interest is 
to see w hether the m ean of this series has changed. If /r; refers to the theoretical m ean of 
X;,th e n  a possible pattern  for the m ean is given by Lom bard's sm ooth-change model, 

w here

A; =
81 , ( t -T i )  { 0 2 - Ox) 
81 T 2 - T 1

i f  1  < í < Ti;

ifT i < i < t 2; (1 )
e2 i f j 2< i< n.

In other w ords, the m ean changes gradually from  &1 to  &2 betw een tim es T) and  T2 . As a 
special case, one has the usual abrupt-change m odel w hen  T2 =T2 +1.

In order to test formally w hether the m ean in  a series is stable, or rather follows m odel (1), 
one can use the statistical procedure introduced by Lom bard (1987). To this end, define Rt 
as the rank  of X i am ong Xi,... X„. Introduce the W ilcoxon score function f ( u )  = 2 u - 1  and 
define the rank score of X¿ by

w here

- - - Í  </> [— - r l  and = ~ À  (3)
m =i \ n  + l )  m =i l  n + 1  I

L om bard 's test statistic is

\  n - 1 n

Sn = J r Y  X (4)

w here

5 Z, Z, nTlT2,
n t 1=1 t 2=Ti+i

LTi,t2 = X X Z; (5)
j= T  l+ l i= l

At the 5% level of significance, one concludes that the m ean of the series changes 
significantly according to a pattern  of type (1) w henever Sn > 0.0403. N ote that the test is 
suitable for the detection of all k inds of patterns in  equation (1), including abrupt changes. A
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com plete investigation of the pow er and  robustness of Sn and of five other test statistics 
proposed by Lom bard is given in Q uessy et al. (2011).

2.2.3 Com parison o f the m agnitude o f rain-induced floods w ith the m agnitude o f tw o- 
and five-year floods
To determ ine the extent of a potential change in  the m agnitude of rain-induced floods, this 
m agnitude w as com pared w ith  that of annual floods w ith  a  2 -year recurrence interval in 
each w atershed. Two-year flood flows w ere estim ated from  annual series of m easured daily 
m axim um  flows for each w atershed using the regional approach developed by Anctil et al. 
(1998). This m ethod is based on the regionalized law  of general extrem e values (GEV). This 
estim ate w as produced follows:
- First, w e calculated the quantiles ( Q r )  corresponding to the two-year recurrence by m eans 
of the form ulas developed by Anctil et al. (1998) in  the natural hom ogeneous hydrologie 
regions. These have been defined in Québec by  m eans of the H osking and Wallis method. 
The following equations w ere used:

(aB)
Qr = Ç+^~L (6)

B = l - <  - In ( T - 1) 
T

(7)

w here T is the re tu rn  period; k ,  a  and  E, respectively are the shape, location and  scale 
param eters of the standardized param eters of the regional GEV distribution. These 
param eters are estim ated by m eans of the L-m om ents m ethod, for w hich the values w ere 
calculated by Anctil et al. (1998) in  the natural hom ogeneous hydrologie regions defined in 
Québec.
- Finally, w e estim ated the tw o-year recurrence quantile (Q2) dow nstream  from  the dam s by 
m eans of the following equation:

Q 2  -  Q r Q u (8)

Qm is the m ean of daily m axim um  flows for a given river, derived from  an annual series 
com piled from  daily flow data m easured from  October (yr-1) to September of each 
hydrological year. U sing equation 9, it is possible to com pare the intensity of the m agnitude 
of rain-induced floods w ith  that of snow m elt-induced floods.

2.2.4 Analysis o f the relationship between the annual m axim um  flow  and the clim atic  
indices
The relationship betw een the seasonal m axim um  daily flows and  the climatic indices w as 
calculated by  m eans of canonical correlation analysis (CANCOR). C om pared to  other 
m ethods of m ultivariate analysis, CANCOR takes into account bo th  intra-group 
relationships and the cross correlations betw een variables of tw o groups. Indeed, it creates 
factors (linear transform ations of variables, com m only called canonical variables) in  the first 
group (dependent variables) sim ultaneously to factors in  the second group (independent 
variables). It requires those factors to be orthogonal to each other w ith in  the same group, so
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they are interpreted  as independent dim ensions of the phenom enon expressed by  a group of 
variables. Thus, the canonical analysis helps to  maxim ize the correlation betw een the first 
factor of the first group and  the first factor of the second group than  betw een the second 
factors of the tw o groups, each one considered orthogonal to the tw o factors of the first pair, 
than  betw een the th ird  factors and  so on. Each pair of factors expresses a type of 
relationship betw een variables in  bo th  groups. The intensity of the relationship of a 
determ ined type is m easured by  a canonical correlation coefficient, w hich is the correlation 
coefficient betw een the factors of the same pair. This m ethod allows sim ultaneous 
correlation of several dependent variables (streamflows) and several independent variables 
(climatic indices). It is w idely used in  climatology (e.g., C hen & Chen, 2003; D ukenloh & 
Jacobett, 2003; Repelli & Nobre, 2004). The tw o correlation m ethods w ere calculated 
betw een the annual climatic indices and  the principal com ponents scores (McCabe et al., 
2004).

3. Results

3.1 Modes and long-term  trend o f the variability o f rain-induced m axim um  seasonal 
flow s in Q uebec
U sing principal com ponent analysis, it w as possible to group the 18 rivers into four 
variability m odes each defined by a statistically significant principal com ponent (Fig. 1 and 
Table 3). The first principal com ponent (East-Central Mode) is correlated w ith  rivers located 
betw een 45°30'N and  48°N on the South Shore. The second principal com ponent (Southwest 
Mode) is correlated w ith  all rivers located on the N orth  Shore. A nd the last tw o principal 
com ponents (East and Southeast Modes) are correlated w ith  rivers on the South Shore 
located respectively north  of 48°N and south of 45°30'N. The total variance explained by the 
four com ponents exceeds 70%.
The in terannual variability  of the principal com ponent (PC) scores is show n in  F igure 2, 
an d  linear regression and  L om bard m ethod results are sum m arized  in  Tables 3 and  4. 
Recall that the in te rannual variability  of PC scores reflects the in te rannual variability  of 
stream flow  in  rivers w ith  w hich  the principal com ponents are significantly correlated. A 
statistically significant increase in  stream flow  is only observed in  the Southeast M ode, 
sou th  of 45°30'N  on the South Shore (Figs. 2-3 and  Tables 3 an d  4). H ow ever, analysis of 
regression results reveals a significant decrease in  the in terannual variability  of the scores 
of the first principal com ponent, w hich is correlated w ith  rivers located betw een  45°30'N 
an d  48°N (East-Central M ode), an d  a significant increase in  the in te rannual variability  of 
the scores of the second principal com ponent (Southwest Mode). H ow ever, the Lom bard 
m ethod  could not confirm  these changes in  principal com ponents I an d  II (PC I and  II). 
Hence, the above results do not po in t to any generalized, province-w ide increase in  the 
in te rannual variability  of the m agnitude of rain-induced  daily m axim um  flows. To 
determ ine the extent of the increase observed in  the Southeast M ode, the num ber of tim es 
the tw o-year flood flow calculated from  an  annual daily m axim um  flow series w as 
reached or exceeded w as determ ined  for the four m odes (Table 5). The tw o-year flood 
flow  w as reached or exceeded in  50% of the w atersheds, an d  analysis of its geographical 
d istribu tion  reveals that the tw o-year flood m agnitude is a ttained  m ore frequently  on 
the South Shore sou th  of 48°N (reached or exceeded in  7 out of 8  w atersheds) than  
elsewhere.
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N° Rivers PCI PCII PCIII PCIV
Southeast Mode

1 Richelieu 0.040 0.145 0.055 0.848
2 Chateaugay 0.074 0 . 2 0 2 0.116 0.848
3 Eaton 0.420 0 . 2 0 2 0.070 0.533

East-Central Mode
4 Etchemin 0.876 0.170 0.108 -0.089
5 Nicolet de sud-ouest 0.766 0.162 -0.156 0.386
6 Beaurivage 0.721 0.175 0 . 2 1 0 0.067
7 Du Sud 0.652 0.081 0.235 0.127
8 Ouelle 0.689 0.098 0.389 -0 . 0 0 1

9 Du Loup 0.710 0 . 1 1 2 0.509 0.015
East Mode

1 0 Trois-Pistoles 0.377 0.068 0.818 -0.073
1 1 Rimouski 0.310 0.240 0.814 0.025
1 2 M atane 0.132 0.218 0.727 0.157
13 Blanche 0.031 0.092 0.753 0.108

Southwest Mode
14 De La Petite N ation 0.023 0.829 0.140 0.317
15 Du N ord 0.320 0.816 0.053 0.133
16 L 'A ssom ption 0.262 0.804 0.172 0.152
17 M ataw in 0.082 0.890 0.166 0.180
18 Vermillon 0.092 0.772 0.145 -0.041
Explained variance (%) 2 2 . 2 20.7 17.2 1 1 . 8

The higher values of Rivers loadings on PCs show in the bold. 

Table 2. Principal com ponents Loadings of Rivers

PC (Mode) a b R2 Fc

PC I (East-Central Mode) -0.013 25.28 0.070 5.194

PC II (Southwest Mode) 0 . 0 1 1 22.19 0.0541 3.946
PC III
(East Mode) 0.007 13.29 0.0194 1.365

PCIV
(Southeast Mode) 0.019 36.63 0.148 11.986

a = slope of the curve; b = y-intercept; R2 = coefficient of determination; Fc = value of the Fisher- 
Snedecor test statistic. Fc values which are statistically significant at the 95% level are shown in bold.

Table 3. Regression param eters for curves fitted to  the factorial scores of the principal 
com ponents
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Fig. 2. Interannual variability of the Principal com ponents scores (1934-2004). PCI = East- 
Central M ode (blue curve); PCII = Southw est M ode (red curve); PCIII = East M ode (red 
curve); PCIV = Southeast Mode (black curve);

Principal Com ponents (Mode) Sn Year of change

PC I (East-Central) 0.0257 -
PC II (Southwest) 0.0281 -
PC III (East) 0.0132 -
PC IV (Southeast) 0.1152 1958

T he v a lu e  of Sn  > 0.043, sh o w n  in  b o ld , is sta tis tica lly  sign ifican t a t th e  95% level.

Table 4. Analysis of the interannual variability of PC scores (1934-2004). Lombard test results.

3.2 Relationship between clim ate indices and stream flow  (PC scores)
Results of the canonical analysis of correlations are show n in Table 6 . Each of the principal 
com ponents, w hich represent the variability of stream flow  in the four modes, is correlated 
w ith  a canonical variable. This reflects the fact that the principal com ponents are 
independent from  one another, the first one being correlated w ith  V3, the second, w ith  V2, 
the third, w ith  V4 and  the last, w ith  VI. As for climate indices, only quarterly  indices 
derived from the m eans of the Septem ber to N ovem ber indices show  a significant 
correlation w ith  principal com ponents. The AMO index is correlated w ith  the canonical 
variable W l. Since the VI and  W1 canonical variables are correlated, AMO is correlated w ith  
the last principal com ponent, w hich represents stream flow  variability (PC scores) in  the 
Southeast Mode. This correlation is negative. AO is positively correlated w ith  the second 
principal com ponent (PC II), w hich encom passes rivers on  the N orth Shore (Southwest 
Mode). The SOI climate index is correlated w ith  the th ird  principal com ponent (PC III) 
linked to rivers located north  of 48°N. Finally, the first principal com ponent is not 
significantly correlated w ith  any climate index. As for explained variance, it is larger for
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canonical variables correlated w ith  principal com ponents than  for those correlated w ith  
climate indices.

No River Qmax Q2-year (m3 /s ) Fr

Southeast Mode

1 Richelieu 896 865 0

2 C hâteauguay 418 403 3

3 Eaton 183 177 2

Center-east Mode

4 Etchemin 253 244 2

5 Nicolet 142 137 2

6 Beaurivage 179 173 0

7 D u Sud 246 237 1

8 Ouelle 119 1 1 2 3

9 D u Loup 170 160 0

East Mode

1 0 Trois-Pistoles 2 1 2 2 0 0 0

1 1 Rimouski 268 252 0

1 2 M atane 377 355 1

13 Blanche 41 38 4

Southwest Mode

14 De La Petite N ation 82 79 0

15 D u N ord 191 184 0

16 L 'A ssom ption 155 150 2

17 M ataw in 142 137 0

18 Vermillon 224 216 0

Q m ax = m e a n  of a n n u a l d a ily  m a x im u m  flo w s (O ctober (yr-1) to  S ep tem ber) ca lcu la ted  fo r th e  1934- 
2004 in te rv a l; Q 2 = tw o -y ear f lo o d  flo w  es tim a ted  f ro m  th e  a n n u a l se ries u s in g  th e  reg io n a l m e th o d ; Fr= 
n u m b e r  of tim es Q 2 w a s reach ed  or exceed ed  fro m  A u g u s t to  O ctober d u rin g  th e  1934-2004 in terval.

Table 5. N um ber of tim es (Fr) the tw o-year annual flood flow (estimated using the regional 
m ethod) w as reached or exceeded in  the various w atersheds, from  1934 to 2004.
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Fig. 3. Interannual variability of the fall daily m axim um  flow of a  few river, a = Nicolet Sw 
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curve) Rivers in  Southw est Mode
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Variables VI V2 V3 V4 W1 W2 W3 W4
P C I -0.127 0.440 0.862 0.286
PC II 0.528 0.840 -0.314 -0.054
PC III -0.371 0.142 -0.410 0.821
PC IV 0.873 -0.408 0.160 0.291

AMOfall -0.864 0.388 0.435 -0.236
AOfall 0.316 0.832 -0.363 0.369
NAOfall -0.249 0.197 0.032 0.187
PDOfall 0.477 0.035 0.429 -0.599
SOIfall -0.028 -0.195 0.328 0.884
EV (%) 29.9 27.0 25.9 20.4 22.7 18.4 12.3 26.0

EV = ex p la in ed  variance. T he h ig h e r  v a lu es of coeffic ient o f co rre la tio n  sh o w  in  bo ld .

Table 6 . Correlation betw een the principal com ponents and canonical variables (V), and 
correlation betw een climatic indices and canonical variables (W).

4. Discussion and conclusion

In light of the interannual variability of snow m elt-induced floods (Assani et al., 2010), 
analysis of the interannual variability of rain-induced floods in  Quebec during  the period 
from  1934 to 2004 led to four significant results:
(i) The 18 rivers analyzed w ere grouped into four modes: one on the N orth  Shore and  three 
on the South Shore, the latter being located south of 45°30'N, betw een 45°30'N and  48°N, 
and  north  of 48°N, respectively. For spring snow m elt-induced floods, the same rivers 
defined three modes: one on the N orth  Shore and the other tw o on the South Shore, on 
either side of parallel 47°N. The effect of local factors on the origin of floods could account 
for the presence of an  extra m ode for rain-induced floods. Thus, rain-induced floods m ay be 
caused by three factors: sum m er storm s resulting from  convective m otion (convective 
rainfall), polar front-induced rainfall (frontal rainfall), and  rainfall caused by other tropical 
cyclones in  the Atlantic basin. Local factors have a stronger effect on convective rainfall than 
on the other tw o types of rainfall. H owever, because the necessary data w ere not available, 
the effect of each of the above three factors on flood genesis in  Quebec could not be 
quantified. In springtim e, floods are alm ost exclusively caused by  snowmelt. As such, the 
effect of local factors on snow m elt-induced flood is limited.
(ii) Analysis of the interannual variability of streamflow only revealed a significant increase 
in  the southeast, south  of 45°30'N on the South Shore (Southeast Mode). Two factors m ay 
account for this increase:

An increase in  agricultural surface area, as this is a region of Quebec in  w hich 
agricultural lands m ake u p  m ore than  20% of all w atersheds. This high proportion  of 
farm land could lead to significant runoff which, in  turn, w ould  result in  an increase in 
flood m agnitude over time. How ever, since M um a et al. (2011) show ed that in  increase 
in  agricultural surface area in  a w atershed has no im pact on the m agnitude of rain- 
induced flood flows in  Quebec, this factor cannot account for the increase in  m agnitude 
of flows observed over tim e in  the region.
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An increase in precipitation. Analysis of the in terannual variability of seasonal 
precipitation from A ugust to N ovem ber revealed a significant increase in  the am ount of 
rainfall south  of parallel 46°N from 1950 to 2000 on the South Shore, as show n in Figure 
3 for a num ber of stations in  the Richelieu and  Châteauguay w atersheds. This increase 
is thought to be the m ain cause of the increase in  rain-induced flows observed in  that 
part of the province, and could also account for the higher frequency of attainm ent 
a n d /o r  exceedance of the two-year annual flood m agnitude in  the Southeast M ode than 
in  the other three modes.

Fig. 5. Interannual variability of A ugust to N ovem ber precipitation over the period from 
1950 to 2000 at two stations in  the Châteauguay and Richelieu rivers w atersheds, south  of 
45°30'N. Les Cèdres station: blue curve; M agog station : red  curve

(iii) Analysis of the relationship between rain-induced flood flows and climate indices revealed 
a correlation betw een the interannual variability of flood flows and climate indices in three 
modes. In the Southeast Mode, located south of 45°30'N and characterized by a significant 
increase in streamflow and precipitation, flood flows show a negative correlation w ith  the 
AMO index; in  the Southwest Mode, flows are positively correlated w ith  the AO index; and in 
the East-Central Mode, flows are negatively correlated w ith  AO. For snowm elt-induced spring 
flows, AMO is negatively correlated w ith  streamflow in N orth Shore rivers (Southwest Mode), 
this m ode being characterized by a significant increase in spring flood flows over the 1930- 
2000 interval. AO is negatively correlated w ith  streamflow in South Shore rivers located south 
of 47°N (Southeast and East-Central Modes) and SOI is positively correlated w ith streamflow 
in rivers located north of 47°N (Assani et al., 2010). This com parison leads to the conclusion 
that rain- and snowm elt-induced floods are not correlated w ith  the same climate indices in  the 
Southeast and Southwest Modes. However, it also shows that AMO is correlated w ith rain- 
induced (Southeast Mode) and snowm elt-induced (Southeast Mode) floods characterized by a 
significant increase in  flow over time in  Quebec.
The effect of these three indices (AMO, AO, and  SOI), w hich show  a significant correlation 
w ith  stream flow  in the three modes, on the interannual variability of stream flow  in Quebec
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has been described by Assani et al. (2010). AMO is correlated negatively to precipitation and 
stream flow  in m any regions of N orth  America (e.g. Curtis, 2008; Enfield et al., 2001; McCabe 
et al., 2004). In fact, positive values of the index (positive phase) coincide w ith  a decrease in 
precipitation and stream flow  in m any regions of N orth  America in  general, and  in  Quebec 
in  particular, w hereas negative values (negative phase) of the index are associated w ith  an 
increase in  precipitation and  streamflow. D uring a positive AMO phase, m ore frequent 
changes in  the circulation and  shear of the w esterly and a w eakening of cyclonic activities 
and  transfer of w ater vapour from  the Atlantic Ocean to the continent are observed. These 
factors trigger a decrease in  precipitation and stream flow  in Quebec. As for AO, it is 
positively correlated w ith  rain-induced flood flows in  Quebec. According to  the scheme 
proposed by Kingston et al. (2006), w hen  AO is in  positive phase (high values), an  increase 
in  SSTs (surface ocean tem peratures) is observed (more northerly  Gulf Stream  position), 
along w ith  a reduced influence of the East Coast trough. As a result, the frequency of 
southerly airflow increases, and  storm  tracks coincide w ith  the coast m ore often. Thus, 
stream flow  increase in  Québec. Finally, the influence of ENSO w ould  lead to an  increase in 
atm ospheric hum idity  and cyclonic activities in  the region during  El N iño episodes. These 
tw o factors are responsible for an  increase in  sum m er and w inter precipitation in  Québec. 
This study shows that, in the region characterized by a significant increase in  rainfall, the 
m agnitude of flood flows has significant increased. M oreover, the frequency of flows larger 
than  the tw o-year annual flood flow has also increased in  the w atersheds. These findings 
confirm  climate m odel predictions about the im pact of climate w arm ing on the intensity of 
rain-induced floods in  Quebec. H owever, this increase is not a  generalized, province-w ide 
phenom enon.
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1. Introduction

W eather is defined as w hat is happening to the atm osphere at any given tim e w hile climate 
is w hat w ou ld  be expected to occur at any given tim e of the year based on m any years of 
m eteorological observations. Change in  climate constitutes shifts in  meteorological 
conditions lasting a few years or longer. The climate change can occur in  a single 
m eteorological variable or in  a group of variables affecting a region or the entire Earth 
(Burroughs, 2001). It is expected that a climate change can be expressed by the behaviour of 
tim e series of meteorological variables and  in this study, a meteorological variable that 
expresses a climate change is called a climate indicator. Over the years, the climate of the 
Earth has changed due to natural or anthropogenic factors, and the research com m unity is 
concentrating on the identification of the evidences of these changes. H owever, there are 
some uncertainties about the occurrence of a significant climate change and especially the 
tim e w hen  the changes have becom e evident. The m ain purpose of this chapter is to 
introduce a statistical test to  determ ine w hen  a significant climate change has occurred 
assum ing that a  climate indicator is available. A climate indicator is a meteorological 
variable that reveals the climate of a region or a given part of the Earth. The suggested 
statistical test will be applied  to detect climate changes at the global and  Caribbean scale 
using several climatic indicators.
D uring the last 140 years the Earth has been experim ented several climate changes, w hich 
have been docum ented by several researchers (H untingford et al., 2006; H ansen 2005; 
Easterling et al., 2000; Battisti el al., 1997; She and Krueger 2004; and Barnett et al., 1999). For 
example, Easterling et al., (1997) reported  that the global m ean surface air tem perature has 
risen about 0.5° C during  the 20th century. A large part of the w orld  ocean has show n 
coherent changes of heat content during  the last 50 years (Leuliette et al., 2004). Frich et al., 
(2002) claim  that du ring  the second half of the 20th century the w orld  has becom e both  
w arm er and w etter for global land areas and currently w et periods produce significantly 
larger rainfall than  a few decades ago. These observed extrem e events are in  line w ith  the 
expected changes due to the new  greenhouse conditions. Global w arm ing is affecting 
hum an lives, and in  particular is severely im pacting the agriculture forestry and  in  general 
the econom y (Salinger 2005). For instance, Easterling et al., (2000) pointed out that in  the 
U nited States since 1987 m ore than  360 w eather events have produced losses in  excess of $5 
m illion each event w ith  several catastrophic consequences. The tem perature in globe has 
increased during  the last 140 years, because that the num ber of heat w aves has increased 
(Schar et al., 2004; Changnon et al., 2000). Global w arm ing is a real process that is leading to
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catastrophic consequences. It has been docum ented that the global w arm ing is m ainly due 
to anthropogenic factors (H untingford et al., 2006; H ansen 2005; Easterling et al., 2000). The 
International Project of Climate Change (IPCC) has established that m ost of the observed 
increm ent in  global tem peratures since the mid-20th century is very likely due to the 
observed increase in  anthropogenic greenhouse gas concentrations. The anthropogenic 
activities that affect the global w arm ing are the em ission of greenhouse gases and  changes 
in  land use, such as urbanization and agriculture. Recent sim ulation results have show n that 
the global w arm ing during  the last 20th century cannot only be explained by  external forces, 
b u t also by natural variability that play an  im portant role (H untingford 2006, IPCC 2001, 
IPCC 2007). Battist et al. (1997) pointed out that the global w arm ing m ay be attributed  to 
natural variability, w hich can be observed in  the energy transported  by the atm osphere and 
ocean circulation. Kruger (2004) and  Barnett et al., (1999) have established that the natural 
variability is due to volcanic eruption  (Robock A., 2000), and the solar flux variability. 
A tm ospheric dynam ics sim ulations at global and regional scales have been conducted over 
different scenarios to predict the most likely future climate im pacts (IPCC 2001; Angeles 
2005; H untingford  et al., 2006; H ansen 2005). Stott and K etteborough (2002) claim  that 
predicting Earth surface tem perature is alm ost impossible since the anthropogenic and the 
natural variability include a large am ount of uncertainties that m ay be difficult to  predict. 
H owever, Angeles et al., (2007) uses global outputs and  a regional atm ospheric m odel to 
project that during  the next five decades there will be large concentrations of rainfall 
episodes in  smaller areas across the Caribbean basin.
Climate change detection and attribution  techniques usually apply  global or regional 
circulation m odels a n d /o r  statistical techniques to detect climate changes (Easterling et al., 
1997, 2000; Barnett et al., 1999; Schar et al., 2004; Smith et al., 2002; Santer et al., 2005; Meehl 
et al., 2004; M enne et al., 2005; Tomé and  M iranda 2004; Feldstein 2002; IPCC 2001; Smith et 
al., 2002). A climate change m ay be expressed as a change in  the m ean or in  the 
autocorrelation function of the underlying climate indicator. A statistical algorithm  for 
climate change detection is introduced here w ith  the in tention of p roviding a tool to 
determ ine w hen  a significant climate change has occurred. The algorithm  is based on 
determ ining w hen the m ean of the underly ing climate indicator exhibits a significant 
deviation from  a selected reference. The algorithm  will divide the climate indicator in  two 
parts the reference data and  the testing data. The reference data will be used to identify the 
determ inistic and  stochastic com ponents of the reference data, and  the testing part is used to 
m easure the deviation from  the reference. Thus if a significant deviation from  the reference 
data is found a climate change is detected at the identified point in  time. The algorithm  can 
detect climate changes that occur in  the trend, in the seasonal or in  the stochastic 
com ponent. A sim ulation technique w as used to  design a climate indicator w ith  three 
com ponents and  a postulated change w as used to validate the perform ance of the proposed 
test. Real climate indicators w ere also used to detect climate change. Regression techniques 
w ere used to  m odel the trend  and seasonal com ponents, and  a tim e series m odel w as used 
to represent the stochastic com ponent of real tim e series data. Climate changes at global and 
Caribbean scale w ere studied.
The second section of this chapter will present the basis of the proposed algorithm  for 
detecting changes in  a  climate indicator. The th ird  section presents a sim ulation exercise to 
illustrate the perform ance of the detection test. The fourth  section will describe the data and 
sources of inform ation, as w ell as some applications of the test at the Global and Caribbean 
climate scale, and the last section will present some conclusions.
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2. Methodology

The determ inistic com ponents of a climate indicator, such as trend, and  periodicity will be 
identified and  rem oved from  the data to  estim ate the stochastic com ponent, w hich will be 
m odelled by using a tim e series model. The identified tim e series m odel is also rem oved 
from  the data to obtain a w hite noise process. Finally, a sequential statistical test will be 
im plem ented to detect w hether or not a significant deviation from  the w hite noise process 
has occurred. The algorithm  is based on the fact that if a climate indicator does not contain 
any climate change then the entire tim e series will behave as a w hite noise process. O n the 
other hand, if a climate indicator involves a climate change the stochastic behaviour of the 
testing part will show that the underlying climate change caused a significant deviation 
from  the w hite noise process. The algorithm  includes six major steps: (1) collect the largest 
tim e series of a climate indicator; (2) divide the data sets in  tw o parts: the first par will be 
called the reference data and the second part as the testing data; (3) identify periodicity and 
trend  com ponents based on the reference data, and rem ove periodicity and  trend 
com ponents from  the entire tim e series and  call the resulting tim e series the estim ated of the 
stochastic com ponent; (4) identify an  autoregressive m oving average (ARMA) m odel to the 
first part of the estim ated stochastic com ponent; (5) com pute the ARMA fingerprint; and (6) 
use a sequential hypothesis testing procedure to determ ine w hether or not a significant 
change has occurred on the m ean or in  the autocorrelation function of the process. This 
study will focus on detecting changes on the m ean of the process, w here the m ean of the 
process m ay be a constant or a tim e dependent function.

2.1 Step one: se lect a clim ate indicator
It is assum ed that climate properties of a  given part of the w orld  are expressed by a 
sequence of a meteorological variable, w hich w e referred as a  climate indicator. Thus, a 
climate indicator can be a tim e series of air tem perature, sea level, rainfall, etc. It is required 
that the selected tim e series has no m issing values and  observations have been obtained at 
equal tim e intervals. The climate change can occur at different tim e scales and  to be able to 
detect a climate change it is required to select a  climate indicator that contains observations 
before and  after the climate change. It is desirable that the tim e series will be large enough to 
identify the determ inistic and  stochastic com ponents of the underlying meteorological 
process and  leaving a significant part of data for testing. The length of the data w ill be 
established in  step two.

2.2 Step two: d ividing the tim e series
The tim e series will be divided into tw o parts. The first part w ill be called the reference data 
and  the second part will be the testing data. The reference data  will be used as a reference 
level to m easure the deviation (if any) of the testing data w ith  respect to the reference data. 
If the underly ing tim e series is a periodic series, the length of the reference data m ust 
contain at least three tim es the length of the period. O n the other hand, if the tim e series is 
not a periodic series, it is recom m ended that reference data w ould  contain at least 50 
observations. The reference data will be located on the left (older values of the series) and 
the testing part on the right hand  side (more recent values) of the series. Typically, the 
reference data  is located at the beginning of the tim e series; how ever, it could be placed in 
alm ost any part of the series as long as enough observations are available. The testing part 
w ill be at least 50 observations and  w ill be used to m easure w hether or not there exists a
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significant change w ith  respect to the reference data. It should be noted that the change 
detection test will depend on the m eteorological properties of the selected reference and 
testing data, w hich can be expressed as follows:
Reference data:

{xt, t  =  1,2, . . . ,  m } (1)

Testing data:

{xt, t  =  m +  1, m +  2,..., n, m >  50, and n >  2m } (2)

w here xt represents the underly ing climate indicator at tim e t; m is sam ple size of the 
reference data, and n is the total num ber of observations considered for climate change 
detection, and n >  2m.

2.3 Step three: identifying the determ inistic com ponents
A climate indicator m ay be stationary or a nonstationary process and consequently it m ay 
have determ inistic and stochastic com ponents. The determ inistic com ponent m ay be a trend 
a n d /o r  a periodic com ponent. Thus, the reference data of the climate indicator m ay be 
expressed as follows:

xt =  Tt + Pt + s t , t  =  1,..., m (3)

w here Tt and Pt are the determ inistic trend  and  periodic com ponents, respectively at tim e t, 
and  s t is the stochastic com ponents at tim e t. The trend com ponent can be m odeled by a 
polynom ial in  tim e and  the periodic com ponent by  a sinusoidal function of time. The 
autocorrelation function and the periodogram  of xt can be used  to  identify the trend  and  the 
periodic com ponents; i. e., if the autocorrelation function dies out very fast, the underlying 
process is stationary and the process do not exhibit trend; otherwise, a trend  should be 
identified. Regression techniques can be used  to estim ate the param eters of the trend  and 
the sinusoidal function. The Fourier-based m ethod or a m ore accurate m ethod based on 
w avelet techniques (Nicolay, et al., 2010) can be used to estim ate the size of the required
periods. The trend  and periodic com ponents are rem oved from  the original tim e series to
estim ate the stochastic com ponent, s t .

s t = xt -  Tt -  Pt, t = l ,  ...,n  (4)

w here Tt and Pt are the estim ates of the trend  and  periodic com ponents, respectively.
In tim e series analysis is custom ary to rem ove the trend  and  periodic com ponents by using 
the appropriate difference operators. For example:

Vd xt =  (1 -  B)dxt (5)

w here Vd is the difference-of-order d operator and  Bk is the backshift operator, w hich is
defined as follows: Bkxt =  xt_k. The operator to rem ove periodicity can be w ritten  as
follows:

V° xt =  (1 -  Bp)Dxt (6)

w here D is the order of seasonal difference and p  is the period of the tim e series.
U nfortunately, these operators cannot be applied  in this case since the application of these 
operators will rem ove not only the trend  and periodic com ponents b u t also will rem ove the
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climate change signal; and consequently, these operators are not suitable for the purposes of 
detecting a climate change.

2.4 Step four: identifying the stochastic com ponent
The first m  values of the stochastic com ponent, s t, are used to identify the autocorrelation 
structure of the tim e series. Most of the stochastic com ponents of climate indicators are a 
sequence that can be represented by autoregressive m oving average (ARMA) m odels (Box 
and  Jenkins 1976). The reference data will be tested first to determ ine w hether or not the 
reference data is an  autocorrelated or a w hite noise process. If the underly ing process is a 
w hite noise there is no need of rem oving the autocorrelation structure. O n the other hand, if 
the autocorrelated structure of the reference data is significant, this dependent structure can 
be identified by  using an  ARMA m odel, w hich can be expressed as follows:

l - e - j B - e ^ 2 SqBi . - i oSf = ------------- :-------2— ar, t  =  l,2 , ...,m  (8)
1 1—(|)1B—(J)2B2-------4>rBr t’ v '

w here st, B and  m w ere defined previously; 0 's  and  (J>'s are the param eters of the m oving 
average and  the autoregressive com ponents of the m odel, respectively; a t is a  sequence of 
independent random  variables w ith  m ean equal to zero and  a constant variance. It should 
be noted that the transform ed reference data should be a stationary process since the trend 
and  periodicity com ponents have been rem oved from  the original tim e series. Stationary in 
the sense that the m ean and the autocorrelation function will not change over time.
The identification of an ARMA m odel consists of determ ining the values of r and  q. The 
identification is accom plished by using the autocorrelation and partial autocorrelation 
functions of the stochastic com ponent and  a num erical param eters estim ation algorithm , as 
described in  several tim e series textbooks (Box and Jenkins 1976; Brockwell and  Davis 2002; 
Wei, 1990; Pandit and  W u 1983). N onlinear regression techniques are used to estim ate the 
param eters of the ARMA m odel and  several statistical program s are available to perform  
this estim ation task, for instance: Statgraphics, M initab, Matlab, etc. It should be noted  that 
the m ain purpose of identifying an ARMA m odel is to rem ove the autocorrelation structure, 
as show n in the next step.

2.5 Step five: com puting the A R M A  fingerprint
The ARMA fingerprint is the sequence created by the difference at each point in  time 
betw een the estim ated of stochastic com ponent, s t, and the estim ated stochastic com ponent 
from  the ARMA m odel, s t . The ARMA fingerprint can be com puted as follows:

ft =  s t — s t, t  =  1 ,2 ,... ,  n  (8)

l -g jB -S jB 2 SgBl „ „ „
s t = —^ — J — ---- J —-a,, t  =  1 ,2 , ...,m  (9)

1 1—(IhB—<t>2B2--(J)rB f  • • • \  >

w here st is an estim ated of the stochastic com ponent and  is com puted by using eq. (4); 
whereas, st is an estim ated of st and  is com puted by evaluating eq. (9), and ft is the ARMA 
fingerprint; at are the residuals for the stochastic com ponent; 0's and  cj/s are param eter 
estim ated that m ust be com puted w ith  the m  values of the stochastic com ponent, s t . It 
should be noted  that the m odel fitting is com puted w ith  t= l,...,m ; however, the finger prin t 
is com puted for the entire tim e series.
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Thus, if no change has occurred in  the underly ing process then the fingerprint will behave 
as a w hite noise sequence; w here a w hite noise process is a sequence form ed by 
independent random  variables w ith  zero m ean and  constant variance. H owever, if the 
process exhibits a significant deviation from  the w hite noise, the ARMA m odel will show a 
unique characteristic w hich will be exhibited either in  the m ean or in  the autocorrelation 
function of the given sequence and  this special sequence will be called here the ARMA 
fingerprint. Thus, if a significant change occurs in  the m ean of the process, the ARMA 
fingerprint will also exhibit a significant deviation from  the mean. O n the other hand, if a 
change occurs in  the second m om ent of the process, the fingerprint m ay also exhibits a 
significant deviation in  the autocorrelation function.

2.6 Step six: sequential hypothesis testing
If external forces affected the climate indicator, its ARMA fingerprint w ill present an 
autocorrelation function w ith  a  significant deviation from  the autocorrelation of the w hite 
noise process. The suggested procedure will detect changes on the mean, and changes in  the 
autocorrelation function. The exponentially w eighted m oving average (EWMA) test is 
adopted  to detect the change on the m ean of the process at every point in  time. EWMA test 
w as proposed by Roberts (1959) and  adopted  here because it is an efficient test to  detect a 
small shift in  the m ean and  also because it is a robust test in  the senses that it is not affected 
by m oderate deviations from  the G aussian process as well as because it is not affected by 
w eak autocorrelated tim e series. Thus, if a climate change induced a strong autocorrelation 
function it will be detected by EWMA test. The exponentially w eighted average, zt, of the 
fingerprint is defined as:

zt =  Aft +  (1  — A)zt_1, t  =  1, . . . ,n  (10)

A significant increm ent in  the m ean occurs at tim e t if zt >  Ut and a significant decrem ent
occurs in  the m ean at tim e t if zt <  Lt, w here

Ut =  p  +  M a J ^ [ l - ( l - A ) 2 t ]  t = l  n  (11)

Lt =  p  -  M d J ^ t l - C l - X ) « ]  t  =  1 n (12)

w here ft is the ARMA fingerprint at tim e t, p and a are the m ean and  the standard  deviation
of the ARMA fingerprint sequence during  the reference data period ( t= l,2 ,...,m ); the initial 
value of z t can be estim ated by the average of the fingerprint during  the reference data 
period; À is a w eighted constant and varies betw een zero to  one. M is a  constant that depend 
on À; however, to have better results it is recom m ended to take the following values of 
À =  0.2 and  M = 3 M ontgom ery, (2001).

3. Simulation

A sim ulation approach is used to generate a climate indicator to m easure the capabilities of 
the suggested detection test. Mote Carlo sim ulation technique w as used to generate a 
synthetic tim e series to  represent a climate indicator. It is expected that the climate indicator 
m ay be the result of ocean and  atm ospheric interactions and  it m ay include several patterns
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such as trend, periodicity, and  stochastic com ponents. The climate indicator can be 
represented by the following expression:

Tt +  Pt +  st, t  =  1, ...,m
Tt +  Pt +  st +  i|rt t  =  m +  1, m +  2 , ,  n (13)

w here

Tt =  5 +  0.05t +  0.0004t2 (14)

P, =  8cos ( 2 f )  +  ( 4  +  eos g t  ( l  +  i ^ l ) )  (15)

st =  O ^ s ,^  +  0.6st_2 — O ^ a ,^  +  a t (16)

. r3a, t  > m  M n ,
^  lo, otherwise  ̂ ^

. _ r 0 .1 t  t  > m  . _ .
^  — lo, otherwise  ̂ ^

The variable xt is the climate indicator at tim e t; the variable Tt is a quadratic trend; Pt is a
periodic com ponent and is com posed by tw o functions, the first function includes a large
am plitude w ith  period equal to twelve, and  the second function has a m oderated  am plitude 
w ith  a function of tim e and a fixe period equal to 30; the stochastic com ponent is an 
ARMA(2,1) process, a t is a G aussian noise sequence w ith  zero m ean and variance 9. A 
sim ilar function w as also used by Nicolay (2010) to represents a  climate indicator. The 
variable r|/t represents the induced climate change, w hich m ay have a  step (17a) or a ram p 
function (17b) that starts w hen  t  =  m  + 1. The step function represents a sudden  increm ent 
of a  meteorological variable w hereas the ram p function is a slow and  persistent increm ent of 
climate change. It is assum ed that the step change occurred at tim e m+1 and  will persist up  
to the end of the series w ith  a m agnitude of 3 tim es the standard  deviation of the w hite 
noise, a. W hen the ram p function is used the persistent climate change w ill be very small at 
the beginning of the change and the sim ulated climate change will becom e evident after the 
tim e approaches to n. It is expected that the climate change will be detected right after the 
change has occurred for the case of the step function; how ever, w hen  the ram p function is 
sim ulated the change is detected after some delay (about 35 units of time).
Figure 1 shows the different com ponents of the sim ulated tim e series. The top  panel on the 
right of Figure 1 shows the sim ulated trend and  the top  panel on the left show s the periodic 
function. The m iddle panel on the left of Figure 1 shows the stochastic com ponent w hereas 
the m iddle panel on the right show s the step function. The bottom  panel of Figure 1 shows 
the sim ulated climate indicator, w hich is the sum  of the previously p lotted variables.
As described in the previous section, the procedure to im plem ent the detection test includes 
six steps. The first step consists on selecting a climate indicator to be studied and  in  this 
case, the sim ulated climate indicator xt, is the selected tim e series.
The second step consists on dividing the tim e series in  tw o sets, the first set includes one 
hundred  values, w hich w ere assigned to the reference data; i.e., m=100, and the rem aining 
observations correspond the testing data.
The th ird  step consists on identifying the determ inistic com ponents, w hich includes the 
trend  and  the periodic com ponent. Figure 2 shows the sam ple autocorrelation function of
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the sim ulated reference data, xt. This autocorrelation function indicates that the underlying 
tim e series is not stationary and  includes a strong periodic com ponent. Thus, it is necessary 
to rem ove first the trend  com ponent to properly identify the periodic functions, and finally, 
rem ove the periodic com ponent to  develop a stationary tim e series.

Trend com ponent Periodic com ponent

is­
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t im e

S i m u l a t e d  c l i m a t e  i n d i c a t o r
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Fig. 1. Panels a, b , c and  d  show  the trend  com ponent, the periodic com ponent, the 
stochastic com ponent, an d  the step change, respectively. Panel a t the bo ttom  shows the 
climate indicator, w hich is the result of the sum  of the described com ponents.

A quadratic m odel w as used to  estim ate the trend  of the climate indicator. Thus, the 
follow ing regression m odel w as identified:

Tt =  7.5 +  0.041t + 0.0003t2, t  =  1,... ,100 (18)
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Statistical analysis shows that the included param eters are significant at 5% level. The 
sim ulated reference data and  the estim ated trend are given on Figure 3. In this figure, the 
continuous and  sm ooth line shows the estim ated trend  and  the broken and continues line is 
the sim ulated reference data.
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Fig. 2. A utocorrelation function of the sim ulated reference data.
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Fig. 3. S im ulated reference data and  estim ated trend.
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The trend  w as rem oved from  the entire tim e series to create the detrended sequence, w hich 
is given below:

yt =  xt — Tt, t  =  1......200 (19)

The Fast Fourier Transform  w as used to develop the periodorgram  and  tw o significant 
ordinates w ere found indicating that the periodic com ponent includes tw o harm onic 
functions, as exhibits in  Figure 4. The estim ated periods of these functions are 11.9 and 
28.4.
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Fig. 4. The periodogram  of the deterended tim e series shows that there are tw o significant 
harm onics w ith  the largest ordinates at the frequencies of 0.084 and  0.035 that correspond to 
the period of 11.9 and  28.4, respectively.

Periodogram  and autocorrelation function show that the detrended  reference data  has a 
periodic com ponent that can be m odeled by  using the following sinusoidal function:

R = 0.0098 -  0.5705sin (— ) +  8.1084 eos (— ) -  0.9133sin (— ) +  4.3805 eos (— ) (20)
1 Vll.9/ Vll.9/ V 2 8 .4 /  V 2 8 .4 /  v  7

Figure 5 show s the reference data w ith  the estim ated periodic com ponent. The sinusoidal 
continuous line shows the estim ated periodic com ponent w hile the broken and continuous 
line shows the stochastic data.
The trend  and  the periodic com ponents are rem oved from  the sim ulated reference data to 
com pute the stochastic com ponent as follows:

st — xt Tt Pt (21)
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Fig. 5. This figure shows the reference data after rem oving the trend  com ponent and  the 
estim ated periodic com ponent. The sm ooth and continuous line shows the estim ated 
periodic com ponent.

The fourth  step consists on identifying a tim e series m odel for the stochastic com ponent. The 
sam ple autocorrelation function and a param eter estim ation algorithm  are used 
sim ultaneously to identify the corresponding ARMA model. It can be show n that the 
theoretical autocorrelation function for and  ARMA(2,1) can be w ritten  as follows (Ramirez- 
Beltran and  Sastri 1997):

n  -  l i t
_  Y „

(22)

w here

To 1 § 2
- 1

1  +  0 ( ( | ) l  T" 0 )
Yi = —Cf>i 1  — Cf>2 0 0
.Y2. —14>2 —14>i 1  . 0

(23)

Yk =  4>iYk-i +  <hYk—2. k >  3 (24)

w here pk and  yk are the autocorrelation and autocovariance functions at lag k of the 
stochastic com ponent, respectively; (f/s are the autoregressive param eters, and  0 is the 
m oving average param eter, and a2 is the variance of the w hite noise. The sim ulation w as 
based on the following values: (f^ =  0.2, (f>2 =  0.6, 0 =  —0.5 and a = 3.
The left panel of Figure 6 show s the theoretical autocorrelation function of and  ARMA(2,1) 
m odel, and  the right panel of Figure 6 shows the sam ple autocorrelation function of st.
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The M atlab com puter software (M athW orks, 2000) w as used to estim ate the param eters of 
the ARMA(2,1), and  the estim ated m odel can be w ritten  as follows:

st =  0.19st_ i +  0.56st_2 -  0 .68ât_1( t  =  1, ...,100 (26)

D ata also provide inform ation to estim ate the standard  deviation of the noise, w hich is 
à  =  2.74.

O - 0 . 2

Lags

O - 0 . 2

Lags

Fig. 6. Theoretical (left) and  sam ple (right) autocorrelation functions for the stochastic 
com ponent.

The fifth step consists of deriving the ARMA fingerprint. The estim ated param eters in  the 
previous step are used to  com pute the stochastic tim e series and  rem oved the 
autocorrelation structure from  the sim ulated stochastic com ponent. Thus, the ARMA 
fingerprint w as com puted as follows:

ft =  §t -  st, t  =  1......200 (27)

Figure 7 show s the ARMA fingerprint, and  the first one hundred  values resembles to  the 
pattern  of a  w hite noise process. H owever, the last part of the fingerprint shows a significant 
deviation from  the w hite noise.
The sixth step consists on applying the sequential hypothesis test for detecting the induced 
climate change. Essentially, the EWMA test includes a 95% confidence interval for the m ean 
of a w hite noise process. Thus, the values that are outside of the interval indicate that a 
significant deviation has occurred on the mean; and  consequently, that particular 
observation shows the tim e w hen  the climate change becom es evident. The left panel of 
Figure 8 shows that the induced climate change w as detected at tim e t=102, and  the red  stats 
that fall beyond the 95 confidence interval indicate that the climate change is evident during 
this period of time. In this particular exercise, the size of the step change w as three tim e the 
standard  deviation of the noise (3a =  9). A climate change w as also sim ulated by using the 
ram p function. Thus, the equation (17b) w as used to  induce a slowly increasing climate 
change. The right panel of Figure 8 shows the results for the ram p function, w hich indicates 
that after 35 tim e units the change becom es evident. The right panel of Figure 8 also shows
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the sequential hypothesis test, w hich indicates the climate change is large enough to  be 
detected, an d  the detection occurs a t tim e t=135.

20

<DD
(0>

-10 0 20 40 60 80 100 120 140 160 180 200
t im e

Fig. 7. The ARMA fingerprint of the sim ulated process.
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Fig. 8. The left panel show s the perform ance of the detection test w hen  a  step change has 
been  induced an d  this change has been  detected at t=102. O n the other hand, the right panel 
show s results w hen  the climate change w as induced by  a  ram p function. In  this case the 
change w as detected at t=135; i.e., after 35 units of delay.

4. C lim a te  c h a n g e  d e te c tio n

Four data  sets w ere used to  im plem ent the climate change detection test. The first tw o sets 
are associated w ith  the factors that induced a  climate change, and  other tw o are climate 
indicators related to  meteorological variables that exhibited the vestiges of a  climate change 
em bedded along the tim e series.
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4.1 Attribution variables
The factors that induced a climate change are know n as attribution variables and in  this 
study, w e selected tw o attribution  variables (IPCC, 2001). The sunspots are considered as a 
natural attribution  variable; i.e., the induced changes are the result of sun  energy variations 
that directly im pact the Earth climate conditions, w hereas the carbon dioxide (CCh) 
emissions are considered as an anthropogenic attribution  variable.

4.1.1 Sunspots
Sun exhibits signs of varying activity in  the form  sunspots. These are dark  areas, w hich are 
seen at low er latitudes and crossing the phase of the sun  as it rotates, and are cooler than  the 
surrounding  chrom ospheres. A sunspot consist of tw o regions a dark  central um bra at 
tem perature of around  4,000°K and surrounding lighter penum bra at around  5,000°K. Thus, 
the darkness is purely a  m atter of contrast that appears dark  com pared to the general 
brightness of the sun. A spot m ay be from  lxlO 3 to  2xl05 km  in diam eter w ith  a life cycle 
from  hours to m onths (Burroughs, 2001). If the am ount of energy em itted by  the sun varies 
over the tim e and  the Earth is receiving a radiation  from  the sun; consequently, some 
changes on the Earth surface tem perature m ay be attributed  to variation of solar radiation. 
In 1843 H einrich Schwabe (Burroughs, 2001) discovered that the num ber of sun spots 
exhibits a periodically behaviour; however, it w as until 1980 w hen  satellite data confirm ed 
such discovery. She et al. (2004) pointed out that there is a  relationship betw een 
tem peratures observed in  m esopause and  the effect of solar cycle. Satellite data has been 
used as a m edium  to support that an  indirect m easurem ent of solar radiation  can be 
obtained by studying the behaviour of sunspots. For instance, Juica (2007) shows that 
sunspots and  observed solar irradiances exhibit 0.77 of correlation coefficient and  this result 
confirms that the solar activity m ay be studied by analysing the behaviour of sunspots. 
Figure 9 exhibits the com parison of observed sunspot pattern  and  solar irradiance during 
the period 1979-2005. The analysed tim e series of sunspots w as obtained from  the Royal 
O bservatory of Belgium (h ttp ://s id c .o m a .b e /su n sp o t-d a ta /), and the studied  period w as 
from  January 1750 until February 2011. Figure 10 show s the patterns of the sunspots over 
the studied period.
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Fig. 9. Sunspots and  solar radiation. The left vertical axis shows the scale of solar radiation 
and  is given in W /m 2; w hereas, the right scale shows the num ber of sunspots.

http://sidc.oma.be/sunspot-data/
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Sunspots
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Fig. 10. The m onthly sunspots form  January 1749 to February 2011.

Tire algorithm  for detecting climate change w as applied to identify w hether or not the 
sunspots attribution  variable exhibits a significant change on the mean. The half of the
available observations w as used  as the reference data (from January 1749 to  December 1880)
and  the rem aining part of the series w as used as the testing data (from January 1881 to 
February 2011). The selected reference data  do not exhibit a  significant trend; and 
consequently, no trend  w as rem oved. H owever, sunspots show  an unstable variance; i.e., a 
data transform ation should be explored to stabilize the variance. Logarithm ic 
transform ation w as discarded since it produces extrem e low er values and  a significant bias 
is introduced to the data. The squared root transform ation w as applied  to data  and  better 
results w ere found. Six harm onic functions w ere needed to m odel the periodic com ponent. 
Table 1 shows the param eter estim ation of the sinusoidal functions. After rem oving the 
periodic com ponent, an ARMA(2,1) m odel w as identified into the stochastic com ponent. 
Thus, the fingerprint of sunspots w as com puted as follows:

ft =  st -  st (28)

w here

§t =  V * - f t  (28)

Pt =  -0 .2 0 1  +  Zf=1 Sj sin ( f )  +  q  eos ( f )  (29)

=  7--------1 —0 .7057B ------  \  ( 3 0 )

c V I—1 .1 6 4 B —0 .1 9 0 3 B 2/  c v '

w here ft is the ARMA fingerprint and  xt is the num ber of sunspots at the m onth  t (t = 
1, ...,n), n =  3146, and m =  1573; the standard  deviation of the estim ated w hite noise
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process is 1.099. After rem oving the seasonal com ponent the ARMA fingerprint technique 
w as im plem ented and  the m onthly stochastic com ponent shows a significant increm ent 
during  about three decades from  1955 to 1989 and  especially during  the first decade (1955- 
1965) it w as detected a significant increm ent of sunspots as show n in Figure 11.

i bi Ci Pi (months)
1 -0.6842 1.8636 135
2 1.3737 -1.1725 899
3 -0.1579 1.2634 121
4 0.19 1.2516 166
5 -0.4951 -0.9182 101
6 0.4223 -0.3006 111

Table 1. Param eter estim ation of the sinusoidal function

S unspo t change  d e te c tion
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year

Fig. 11. Sunspots show an evident increasing am ount of sunspots from  1955 to 1989, w ith  a 
significant increm ent during  the decade (1955 to 1965). The reference data w ere from  
January 1749 to  December 1880, and  the testing data from  January 1881 to  February 2011.

The direct link betw een sunspot num ber and  solar ou tpu t fits w ith  the hypothesis that cold 
period know n as the Little lee Age and  the colder w eather of the late seventeen century w as 
the result of an  alm ost com plete absence of sunspots know n as the M aunder m inim um  
(Burroughs, 2001). The climate im pact of changes in  solar radiance in  the ultraviolet (UV) 
region has been suggested. Because w avelengths betw een 200 to  300 nm  are absorbed high 
in  the stratosphere by oxygen and ozone, they initiate photochem ical reactions w hich 
influence the w eather at low er levels. It has been show n that the am ount of solar radiation 
entering the low er atm osphere varies w ith  solar activity, as a result of alterations in
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stratospheric ozone concentrations caused by the changing UV flux. This reduces the 
am ount of solar energy reaching the low er atm osphere in  m iddle and  high latitudes in 
w inter w hen  solar activity is high. These changes could have a significant im pact on global 
circulation; the increase solar UV radiance in  the low er tropical stratosphere will expand the 
H adley circulation leading to  a pole w ard  shift of the sub-tropical w esterly jet (Burroughs, 
2001). A nother consequence of changing UV fluxes reaching the low er atm osphere is to 
affect the form ation of free-radicals in  the lower atm osphere (hydroxyl radical). This alters 
the production  of condensation nuclei and  hence the form ation of clouds. In effect, m ore UV 
radiation  reaching the troposphere will increase the concentration of condensation nuclei 
and  hence m ake it cloudier environm ent. Thus, varying of solar activity it will m odify the 
climate over the Earth.

4.1.2 Carbon dioxide
The carbon dioxide tim e series w as obtained from  M auna Loa station Hawaii. D ata are 
reported  as a dry air mole fraction defined as the num ber of molecules of carbon dioxide 
divided by  the num ber of all molecules in  air, including carbon dioxide (CCh) itself, after 
w ater vapor has been rem oved. Thus, a mole fraction of CO 2 is expressed as parts per 
million (ppm) and is the num ber of molecules of CO 2 in every one m illion molecules of 
dried  air. The CC8 m onthly data is the m onthly m ean CC8 mole fraction determ ined from  
daily averages. This data  set includes about 53 years of data  from  M arch 1958 to February 
2011. The underly ing data  includes a few m issing values w hich w ere estim ated by the data 
source (h ttp ://w w w .e s rl.n o a a .g o v /g m d /c c g g /tre n d s /). Inform ation from  this station has 
the longest continuous record of CO 2 concentrations in  the world. This climate attribution 
variable has been considered as one of the most favourable locations for m easuring 
undisturbed  air because of the H aw aii environm ental conditions. It should be noted  that the 
volcanic events w ere excluded from  the records (Keeling and W horf 2005). Figure 12 shows 
the behaviour of the observed CCX
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Fig. 12. M onthly carbon dioxide at M auna Loa Hawaii, from  M arch 1958 to February 2011.

http://www.esrl.noaa.gov/gmd/ccgg/trends/
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The carbon dioxide shows a strong trend  and seasonality com ponents. The reference data 
includes 312 m onthly values and correspond to the period of 26 years from  M arch 1958 to 
February 1984 and  the testing data includes 27 years of data from  M arch 1984 to February 
2011. To perform  a climate change detection analysis there m ay be tw o possibilities, 
depending of the identified trend. It can be fitted either a  linear or a  quadratic trend  to  the 
reference data, and the param eters of bo th  the linear and the quadratic trend  are significant 
and  also the proportions of explained variance are about the same; therefore, it is justifiable 
the application of a linear or a quadratic trend. H owever, the results are quite different and 
the interested reader should be aw are about the interpretation of results.
The analyses of linear and  quadratic trend  are given in  Table 2. The first colum n indicates 
the com ponent to be analysed and  the second and the th ird  colum ns refer to  results from  the 
linear and  the quadratic analysis, respectively.

Com ponent Linear Trend Q uadratic Trend
Fingerprint ft =  st -  s t ft =  st -  st
Stochastic 00) II _>< 1 1 0̂) 00) II _>< 1 1 0̂)

T rend Tt =  312.95 + 0.0918t Tt =  315.34 +  0.0461t +  0.000145t2

Periodic
com ponent

2

Pt =  ¿ b iS Ínl T Í  +  CiC0SW

2
V 1 -  /2 irt\ /2TTt\

Pt =  Z biS in l T Í  +  CiC0SW

i Ci Pi
(months) i b¡ Ci Pi

(months)
1 2.5017 0.971 12 1 2.5011 0.969 12
2 -0.6331 -0.3541 6 2 -0.6334 -0.3545 6

Stochastic st =
/  1 — 0.5882B \

3t =  (
1 — 0.6327B ^

VI — 1.235B — 0.2431B2/ 1 1 — 1.217B +  0.2723B2/ 1
Standard 

deviation of 
ät

0.3146 0.3036

Table 2. Analysis for a linear and a quadratic trend.

The left panel of Figure 13 shows the linear trend that w as fitted to the reference data  and 
this function w as evaluated for t during  the testing period (t =  313,314,... ,636). This figure 
indicates that the expected m ean (straight line) is smaller than  the actual m ean during  the 
testing period. Therefore, the detection test should indicate that there is a significant 
increm ent on the m ean during  the testing data. This figure indicates that during  the 
reference data the m ean of CO 2 has an  increasing rate of 0.0918 p p m  per m onth; however, 
during  the testing period the increasing rate grow th larger than  the linear trend, since the 
sequential test detects an  increm ent w ith  respect to  the m ean (linear trend). O n the other 
hand, the right panel of Figure 13 shows a quadratic trend  that w as fitted to the reference 
data and this function w as evaluated for t du ring  the testing period. This figure indicates 
that the expected m ean (parabola) is larger than the actual m ean during  the testing period. 
Therefore, the detection test should indicate that there is a reduction w ith  respect to the 
m ean (quadratic trend). A pparently, the emissions of CO2 during  the last decade have been 
reduced w ith  respect to the quadratic em ission rate. How ever, the reduction on em ission is 
still larger than  the linear trend.
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Fig. 13. The left panel shows the observed CC8 and a linear trend, w hich w as fitted to the 
reference data and  evaluated during  the testing data. The right panel shows the observed 
CO 2 and  the quadratic trend, w hich w as fitted to  the reference data and evaluated during 
the testing data. The reference data is from  M arch 1958 to February 1984 and the testing data 
is from  M arch 1984 to February 2011.

The left panel of Figure 14 shows that in  1988, the em ission rate of CCF is larger than the 
m ean rate 0.0918 pp m  per m onth  and this event becomes evident du ring  the period of 1995- 
2011. The right panel of Figure 14 show s that the reduction w ith  respect to the m ean 
(parabola) is evident during  the period 1990-2011. Thus, the CO 2 during  the testing period 
exhibited an  increasing em ission rate that is larger than  the linear b u t smaller than  the 
quadratic rate and  this phenom enon is clearly exhibited during  the period 1990-2011.
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Fig. 14. The left panel shows that in  1988, the emissions of CCF are larger than 0.0918 pp m  
per m onth  and  this event becom es evident during  1995-2008. The right panel shows the 
relative reduction of concentration of CCF w hen  using a quadratic trend. The relative 
reduction occurred during  1992-2008.

4.2 Clim ate indicators
A climate indicator is a tim e series of a  meteorological variable that contains the behaviour 
of a  climate of the Earth and  m ay exhibit a climate change. The selected climate indicators 
w ere the surface tem perature, and cloud cover. The inform ation contained in  the climate
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indicators come from  ground meteorological stations, satellite observations, and  num erical 
w eather prediction models.

4.2.1 Global surface tem peratures
The global surface tem perature is a climate indicator that has been used to show  evidence 
that the Earth is w arm ing and has becom e m uch stronger during  recently years as reported 
in  the Third Assessment Report (IPCC 2001). The IPCC (2007) also reported  that from  1995- 
2006 w ere the w arm est years since 1850. The global surface tem peratures w ere provided by 
the G oddard  Institute for Space Studies (GISS), and include the period from  January 1880 to 
December 2010. The surface data set w as developed based on the Global Historical 
Climatology N etw ork (GHCN). This analysis included observations from  6,300 ground 
stations located in  different parts of the w orld  (Hansen et al. 2010). D ata from  stations w ere 
confirm ed w ith  satellite data, and  global climate model. Global tem perature analyses are 
routinely either om itting u rban  stations or adjusting their long-term  trends to try  to 
elim inate or minim ize the urban  effect. The GISS analysis used 1951-1980 as the base period 
to develop the global tem perature anom alies and  the detailed description of data analysis is 
presented by H ansen et al. (2010). The m onthly anom alies of the global land-ocean surface 
(AGLO) tem peratures are show n in Figure 15, this product w as selected because involves 
bo th  the land and ocean m easurem ents. These data w ere acquired at the w eb site 
h t tp : / / data.giss. n asa .g o v /gistem p/.

G loba l land-ocean  su rface  te m p e ra tu re s
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Fig. 15. M onthly anom alies of global land-ocean surface tem peratures (1880-2010).

The AGLO tem peratures w ere d ivided in  tw o parts. The reference data  includes the first one 
hundred  years from  January 1880 to  December 1979 (m =  1200) and  thirty-one years for the 
testing data from  January 1980 to December 2010. The reference data show a significant 
linear trend  w ith  and increm ent of 0.00029°C per m onth. After rem oving the linear trend, 
the autocorrelation function and the periodogram  w ere com puted and it w as found that this 
data do not include a significant periodic com ponent, this is because that climatology w as

http://data.giss
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rem oved by  GISS w orking group. The A utocorrelation function shows that the stochastic 
com ponent can be represented by  and  ARMA(1,1).
Thus, the ARMA fingerprint can be com puted as follows:

ft =  st -  st (31)

w here

st =  xt — Tt =  xt +  0.28 -  0.00029t (32)

/ l  —0.4Q23B-) (3 3 )
z V 1—0.827B J 1 v '

The variable xt represents the AGLO tem peratures; the standard  deviation of a t for t  =  
1, ...,m  w as 0.169°C. Figure 16 show s that the EWMA sequential test indicating a  significant 
increm ent of AGLO tem perature, w hich becom es evident in  1998. D uring the reference part 
(1880-1890), there are a  few observations that exhibit som e cooling behaviour or m ay be the 
presence of outliers.

G lobal land-ocean surface tem pera tu res
0.25

0.2

ö)CÜ
<D
> 0.05(Ü
~0 0 0
-C
-I—1U)
0 -0.05
I
Q. -01 
â  -0.15

-0 .2

-0.25
"1880 1900 1920 1940 1980 2000 2020

year

Fig. 16. The AGLO tem peratures show a significant increm ent that becomes evident en 1998. 

4.2.2 Caribbean surface air tem peratures
Air tem peratures for the major Caribbean islands w ere obtained from  G HCN version 3. 
(f tp ://f tp .n c d c .n o a a .g o v /p u b /d a ta /g h c n /v 3 /). The studied Caribbean islands are Cuba 
(CU), Jamaica ([A), Puerto Rico (PR), and La Espanola, w hich includes D om inican Republic 
(DR) and Haiti (HA). Table 3 shows the sum m ary of stations that w ere used in  this work. 
The m onthly air tem perature used in  this analysis includes the following period: from  
January 1948 to  February 2011. The quality of the data  set w as im proved by rem oving 
inhom ogeneities from  the data  record associated w ith  non-climatic influences such as 
changes in  instrum entation, and  station environm ent (Peterson and Easterling, 1994). The 
m onthly surface air tem peratures from  the National Center for Environm ental Prediction

ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/v3/
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(NCEP) reanalysis data w ere also used  as a proxy variable to estim ate some of the missing 
values that w ere encounter in  some stations. The nearest grid point to each island w as used 
to derive a regression equation betw een the tem perature at a given station and  the 
tem perature of the nearest NCEP-grid-point. Regression equations exhibit an  average of 0.9 
of correlation coefficient betw een station tem perature and NCEP data.

Country Cuba Dominican
Republic Haiti Jamaica Puerto Rico

N um ber of 
stations 14 28 1 5 15

Table 3. N um ber of stations over the Caribbean area.

Thirty years of data (from January 1948 to December 1977) w ere used  to estimate 
climatology and  anomalies; and after perform ing this calculations some of the data do not 
exhibit seasonal com ponent. Figure 17 shows the m onthly tem perature anom alies for the 
major Caribbean islands from  January 1948 to  February 2011. Since Haiti provides only one 
station, the analysis for this country w as omitted.
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Fig. 17. M onthly tem perature anom alies for the major Caribbean island. Data set includes 
observations from  January 1948 to February 2011.
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The reference data of m onthly anom alies for Puerto Rico exhibit a linear trend  w ith  an 
increasing rate of tem perature of about 0.00095°C per m onth. The trend  w as rem oved and 
the periodicity com ponent w as very w eak since climatology w as subtracted from  data; and 
consequently, this com ponent w as therefore deleted. The A utocorrelation function shows 
that the stochastic com ponent can be represented  by and  autoregressive process (AR) of 
order one, AR(1). The AR process is a particular case of the ARMA m odel in  w hich the 
m oving average com ponent is missing. The procedure to calculate the fingerprint is outlined 
in  Table 4. The sequential statistical test w as im plem ented to detect if there is any deviation 
from  the mean. Figure 18a shows that Puerto Rico air tem peratures indicate an  additional 
increm ent in tem perature that becom e evident in  year 2010. This figure also shows some 
false alarm s that occurred on 1988 and  2000. This pattern  shows a w eak climate-change 
signal over the island of Puerto Rico.
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Fig. 18. a) This figure shows that in  2010 a significant climate change occurred in  Puerto 
Rico. This figure also shows tw o false alarm s occurred on 1988 and  2000; b) For Dom inican 
Republic there w as a significant trend  during the reference data and no climate change 
during  testing data, only a couple of false alarm s occurred on 1981, 2005, 2009, and  2010; c) 
C uba shows no trend  during  the reference data; however, there w as a  significant climate 
change that occurred during  2007-2010; d) Jamaica shows the largest trend  during  the 
reference data and  a reduction on surface air tem perature during  the testing data, w hich 
indicates that the there w ere an  over estim ation of the linear trend  during  the reference data.
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The first th irty  years of Dom inican Republic w ere used  to estim ate climatology and also 
w ere used as the reference data (from January 1948 to December 1977). The reference data  of 
tem perature anom alies for D om inican Republic exhibit a linear trend  w ith  an  increasing rate 
of about 0.00073°C per m onth. The harm onic analysis and  the autocorrelation function show 
that there is a  significant periodic com ponent w ith  period equal to 12 m onths. The stochastic 
com ponent w as com puting after rem oving the trend  and  periodic com ponent, as show n in 
Table 4. The autocorrelation function of the stochastic com ponent shows that this process 
can be represented by  an  autoregressive (AR) process of orders one. Figure 18b shows that 
there w as no significant climate change for Dom inican Republic. This figure also exhibits a 
couple of false alarm s that occurred on the following years: 1981, 2005, 2009, and 2010.

Com ponent Puerto Rico Dom inican Republic

Fingerprint ft = s t -  s t ft =  s t — s t
Stochastic s t =  x t — Tt s t =  x t — Tt -  Pt

Trend Tr = -0 .4 0  +  0.00095t Tr = -0 .1372  +  0.00073t

Periodic com ponent none ^ /2nt\ /2nt\ 
Pt =  -0 .0 0 5 7  sin J -  0.0054 eos J

Stochastic
S t_  ( l -  0 .7 0 3 ß )at S t_  ( l - 0 . 6 2 6 ß ) at

standard  deviation of
â t

0.30 C 0.36 C

Com ponent Cuba Jamaica
Fingerprint ft = s t — s t ft =  s t -  s t
Stochastic s t = x t- P t s t =  x t — Tt

Trend N one Tr =  -0 .4998  +  0.00270t

Periodic com ponent

Pt
/2 irt\

=  -0 .0103  sin  Í— J 

/2 irt\
— 0.0065 eos ( ■- J J -  )

None

Stochastic
St “  ( l - 0 . 4 2 4 8 ß ) at

( 1  — 0.3753B^
St “  \1 -0 .9 0 7 1 B /at

standard  deviation of 
ät

0.47 C 0.32 C

Table 4. Calculations of the ARMA fingerprint for the major Caribbean islands.

As in  the previous islands, the first th irty  years w ere used to estim ate climatology of the 
surface air tem perature of Cuba. The reference data include m onthly observations from  
January 1948 to  December 1978. The anom alies of reference-data of air tem perature from  
C uba exhibit a no significant trend. The harm onic analysis and  the autocorrelation function 
show  that there is a  significant periodic com ponent w ith  period equal 12 months. The 
autocorrelation function of the stochastic com ponent shows that this process can be 
represented  by an AR(1) process. Estim ates of a sinusoidal function and  the stochastic 
com ponent are given in  Table 4. Figure 18c shows that there w as a significant climate
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change occurred on C uba and  becomes evident during  2007 to 2010. This figure also shows 
that there are some false alarm s that occurred on 1981, and 1991.
In Table 4 the variable xt represents the anom aly tem peratures for the corresponding 
country, B is back shift operator; m =  360 and n =  758.
The reference data of m onthly anom alies for Jamaica exhibit a linear trend  w ith  an 
increasing rate of tem perature of about 0.00270 °C per m onth. The trend  w as rem oved and 
periodicity com ponent w as not significant com ponent. The autocorrelation function shows 
that the stochastic com ponent can be represented by  and  ARMA(1,1). The fingerprint 
procedure is outlined in  Table 4 and estim ates are also given in  this table. The sequential 
statistical test w as im plem ented to  detect an  addition  deviation from  the m ean in  the testing 
data. Figure 18d shows that Jamaica air tem peratures indicate there is a possible reduction 
w ith  respect to the linear trend; i.e., there w as an  over estim ation of the increasing rate given 
for a reference data. It should be noted  that Jamaica during  the first tw o decades (1948 to 
1968) shows a significant increasing rate of tem perature and  caused an  over estim ation of 
trend  during  the reference data. Jamaica increasing rate is about three tim es higher than 
Puerto Rico and  four tim es than D om inican Republic.
In sum m ary, Jamaica exhibits the largest increasing rate of surface air tem perature and  this 
phenom enon occurred during  1948 to  1968. Cuba show s no increasing rate during  the 
reference data; however, exhibits a significant increm ent during  2007 to 2010. Puerto Rico 
show s a linear trend  during  the reference data in  addition  to a significant increm ent of 
tem perature in  2010. D om inican Republic shows a significant trend  during  the reference 
data and no m ore changes during  the testing data. In general, the climate change exhibited 
in  the Caribbean islands is m arginal com pared to  a  global scale.

4.2.3 Global cloud cover
The cloud cover m onthly tim e series w as obtained from  the International Satellite Cloud 
Climatology Project (ISCCP). The cloud products w ere generated from  sensors located on 
seven satellites, and  the D2 product provides the properties of the clouds observed at every 
three hours and  presented in  m onthly tim e series during  the period of July 1983 to June 
2005. Some of the included variables in  this data set are cloud cover, top-cloud tem perature, 
top-cloud pressure, optical thickness, and  w ater path. The clouds are classified based on 
optical thickness and on top  pressure. M ore inform ation can be found in  the following site: 
h t tp : / /irid l.ldeo.colum bia.edu/SO U R C E S/. N A SA /. ISCCP/. D 2 /. a ll/. Q uispe (2006)
developed a user friendly com puter p rogram  to read and m anage the cloud data files.
The global cloud cover file includes 6,596 grids and  the cloud cover w as selected at global 
and  at Caribbean scales. Figure 19 shows the global cloud cover.
D ata from  July 1983 to June 1994 w ere used as reference and  from  July 1994 to June 2005 as 
the testing data; the following values w ere selected for n  = 264 m onths, and  m  = 132 m onths. 
A significant linear trend  w as identified and  the harm onic analysis shows that there are 
three significant harm onics at 12, 132 and  66 m onths. Thus, the linear trend  and  the 
sinusoidal functions w ere rem oved from  the original data and  the stochastic process follows 
an  AR(1) model. The estim ates of the trend, the sinusoidal function, and  stochastic model 
are given in  Table 5. The left panel of Figure 20 shows the perform ance of the sequential test, 
w hich shows and  an  additional reduction of cloud cover that occurs during  1997 to 2001; 
how ever, increm ent w as also detected from  2004 to 2005 and a possible false alarm  occurs 
on 1994. W ith the purpose of better understanding  the behaviour of the clouds, a second 
analysis w as conducted w ithout trend; i.e., in  this case w e w ant to m easure the deviation

http://iridl.ldeo.columbia.edu/SOURCES/
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w ith  respect to  the constant average of the reference data. The right panel of Figure 20 
indicates that a  significant reduction occurs w ith  respect to  the reference m ean during  1995 
to  2004. In  sum m ary, it can be concluded that a  significant reduction of global cloud cover 
occurs and  especially during  the period of 1995 to  2004.
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Fig. 19. Global cloud cover.
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Fig. 20. The left panel shows that a significant reduction w as detected during  1997 to 2001. 
The right panel shows an analysis w ithout trend, and  confirm ed that a significant reduction 
of global cloud cover occurred during  1995 to 2004.

4.2.4 Caribbean cloud cover
The selected Caribbean area includes the following geographical location: latitude from  17 
N  to 24 N  and longitude from  87 W to 64 W, as show n in Figure 21. The data  w as organized 
as follows: the reference data include from  July 1983 to  June 1994 and the testing data are 
from  July 1994 to June 2005. The reference data  exhibit a significant reduction rate (-0.0259 
per m onth) of cloud cover and the harm onic analysis shows that there is a significant 
periodic function w ith  period equal to  twelve. The rem aining stochastic com ponent can be 
m odelled by  a m oving average of order one; i.e., MA(1). This m odel is also a particular case 
of the ARMA m odel, in  w hich the m odel does not contain the autoregressive part. The
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Com ponent Global cloud cover
Fingerprint rr"

*1 II 00
) 1 C/K

Stochastic 00
) II _>< 1 1 jp

j)

Trend Tr =  68.49 -  0.0137t

Periodic
com ponent

3
V  _ /2Tit\ /2 u t\

pt=ZbiSinlTÍ + CiC0SW
i ß i Ci Pi

(months)
1 -0.3819 -0.5707 12
2 0.7968 -0.625 132
3 0.0189 -0.4304 66

Stochastic
^  ( l -  0 .2327ß)at

S tandard deviation of a t 0.605

Table 5. Calculations for the ARMA fingerprint for the global cloud cover.

procedure to  com pute the fingerprint and  the estim ation of param eters are given in  table 6. 
The sequential test indicates that no additional change w as found in  the Caribbean cloud 
clover. Table 6 shows that Caribbean cloud cover during  the reference data exhibit a 
reduction rate of -0.0259 % per m onth. Figure 22 Shows that Caribbean clouds cover no 
additional climate change is detected.

Com ponent Caribbean cloud cover
Fingerprint ft =  st -  st
Stochastic 00) II >< 0̂)

T rend Tt =  52.76 -  0.0259t

Periodic com ponent /2TTt\ /2Tlt\ 
Pt =  5.4444 sin (— ) +  2.869 eos (— )

Stochastic st =  (1 +  0.2263B)at
S tandard deviation of a t 5.99

Table 6. Estim ation of the fingerprint for the Caribbean cloud cover.
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Fig. 21. The selected Caribbean region to be studied.



1 0 8 Climate Change -  Geophysical Foundations and Ecological Effects

C a r ib b e a n  c lo u d  c o v e r

65

60

55

50

45

40

35

30

1984  1986 1988  199 0  1992  1994  1996  1998 20 0 0  2002  2004
y e a r

Fig. 22. The Caribbean clouds cover from  July 1983 to  June 2005. This data  w ere extracted 
from  ISCCP D2 using  the Q uispe (2006) program .
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Fig. 23. Caribbean clouds cover show s a  no additional reduction of cloud cover.

5. Conclusion

The major factors that have forced climate change are due to  natural an d  anthropogenic 
causes such as solar radiation, volcano eruptions, increasing concentration of greenhouse 
gases, etc. A statistical test is proposed  to  detect w hen  a  significant climate change has
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occurred. Usually, a  climate indicator can be decom posed into three major features: trend, 
seasonal, and stochastic com ponent. A climate change can be exhibited in  any of the 
com ponents of a given climate indicator. The introduced statistical test detects a  climate 
change that can be observed in  any of the three com ponent of the process. The test consists 
on dividing the underly ing tim e series in  tw o parts. The first part of the observations is used 
for identifying trend, seasonality and  stochastic com ponents and these com ponents are 
rem oved from  the entire tim e series. The test consists of determ ining w hether or not the 
rem aining part of the series exhibits a significant deviation from  the w hite noise. Thus, if a 
significant deviation from  the w hite noise process occurs a  climate change is detected; 
otherwise, no change has recorded. The proposed test w as im plem ented to detected climate 
changes at global and Caribbean levels. The studied variables were: sunspots, concentration 
of carbon dioxide, surface air tem perature, and  cloud cover. At the Caribbean levels, it w as 
found that cloud cover exhibits a significant reduction rate w hereas the air tem perature 
show s a significant increasing rate. Rainfall processes across the m ain Caribbean islands 
show s no significant trend  during  the studied  period, w hich suggests that heavy rainfall 
events are being concentrated in  small areas to m aintain the rainfall process w ith  no trend. 
The global cloud cover also shows a significant decreasing trend  w hereas the land-ocean 
surface tem perature shows an  increasing trend. Smaller clouds cover areas and  high 
tem peratures across the w orld  also suggests that heavy rainfall processes w ill be 
concentrated in  small continental areas causing flooding, landslide, and  hum an and 
economic catastrophic impacts.
A sequential statistical test has been introduced to detect w hen  as significant climate change 
has occurred. The major contribution of this w ork is to introduce a statistical tool to 
determ ine w ithout am biguity w hen  a climate change has occurred. One of the advantages of 
the proposed procedure is its simplicity; how ever, it requires of a large sequence of a 
reliable climate indicator, w here a climate indicator is a meteorological variable that reveals 
the intrinsic climatic characteristic of a given region of the Earth. It is very im portant to 
understand  the interaction of the physical processes and  how  the climate indicators are 
related. One of the major lim itations of the proposed detection test is that some climate 
indicators after rem oving the trend  and  the periodic com ponents still retain characteristics 
of a  nonstationary process and  difference operators to induce stationary behaviour are not 
applicable, since the difference operator not only rem oves the nonstationary behaviour but 
also rem ove the climate change.
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1. Introduction

A detailed understanding  of the nature of past climate changes is im portant in  assessm ent of 
the effects of global w arm ing trends identified in  meteorological records (Hansen and 
Lebedeff, 1987). Nevertheless, there are large uncertainties in  the reconstruction of the 
climate history of tim es prior to the period of instrum ental records, there being considerable 
difficulties in  experim ental determ ination of past climate changes. In this context 
geotherm al m ethods, based on results of tem perature logs in  boreholes stands out as one of 
the few m ethods that allow direct m easurem ent of therm al signals in  the subsurface 
induced by climate changes of the past.
Geotherm al m ethods have been em ployed during  the last few decades in  extracting 
inform ation on climate changes of the recent past for several regions of the northern  
hem isphere (e.g. Cerm ak, 1971; Lachenbruch et al, 1982; Beltrami et al, 1992; Bodri and 
Cerm ak, 1995; Duchkov and  Sokolova, 1998; H arris and  Chapm an, 2001; M ajorowicz and 
Safanda, 2001; Golovanova et al, 2001; Beltrami and Burlón, 2004). Nevertheless, very few 
attem pts have been m ade in  using geotherm al data for exam ining climate variations in  low 
latitudes of the southern hem isphere. A m ong the studies in  this category are the w orks 
carried out in  A ustralia (Cull, 1979, 1980; Torok and  Nicholls, 1996; Taniguchi et al, 1999a, 
1999b; A ppleyard, 2005), Brazil (Hamza, 1991; Ham za, 1998; H am za et al, 1991; Cavalcanti 
and  Ham za, 2001; Cerrone and  Ham za, 2003) and  South Africa (Tyson et al, 1998; Jones et al, 
1999). M uch of the w ork carried out in  Brazil rem ain as publications of lim ited access, such 
as internal reports (Ham za et al, 1978; Eston et al, 1982; H am za et al, 1987), academic theses 
(Vitorello, 1978; Araújo, 1978; Santos, 1986; Ribeiro, 1988; Del Rey, 1989; Cavalcanti, 2003) 
and  m eeting proceedings (Ribeiro, 1991; Souza et al, 1991; H am za and  Cavalcanti, 2001; 
Cerrone and  Ham za, 2003; and  Conceiçâo and H am za, 2006). In the present w ork we 
provide a synthesis of these earlier works, w ith  em phasis on progress obtained during  the 
period 2006 -  2011.
As prelude to  the discussion of results presented in  this w ork  w e provide first a brief 
description of the sources and characteristics of the geotherm al data em ployed and the 
criteria used for data selection. Details of the m ethods used for extracting inform ation on 
past climate are set out in  the next section. The results obtained in  m odel sim ulations of 
tem perature-depth  profiles are classified into groups, representative of the major geographic
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zones. Finally, the climate history of South America, deduced from  geotherm al data, is 
com pared w ith  results of geotherm al climate reconstructions from  other continental areas.

2. Characteristics of the data base

According to the recent com pilations carried out by  the National O bservatory (Observatorio 
Nacional -  O N /M CT) in Brazil geotherm al m easurem ents have been carried out in  over 
5000 localities in  South America (Ham za et al, 2010; Vieira and Ham za, 2010). M ost of the 
earlier data w ere acquired as parts of basic research projects for heat flow determ inations 
and  also as parts of applied  research projects for oil exploration and  geotherm al energy 
assessments. The focus of data acquisition in  the earlier w orks has been on determ ining 
tem perature gradients in  the deeper parts of the boreholes.
The characteristics of these data sets are variable, depending on the m ethods used for 
prim ary data acquisition. Of these, only the ones acquired using the so-called conventional 
(CVL) m ethod provide direct inform ation on the vertical d istribution of tem peratures at 
shallow depths and  hence are potentially suitable for climate related investigations. The 
conventional m ethod has been em ployed for geotherm al studies in  134 localities, w hich is 
slightly m ore than 10% of the overall data  set. It includes m ainly tem perature logs in  bore 
holes and wells and  therm al property  m easurem ents on sam ples representative of local 
geologic formations. In some cases estim ation of radiogenic heat production  w as also 
carried out. The details of the experim ental techniques em ployed for tem perature and 
therm al conductivity m easurem ents have been discussed in  academ ic theses (e.g. Vitorello, 
1978; Araújo, 1978; Del Rey, 1989) and  in  publications dealing w ith  heat flow m easurem ents 
(Ham za et al, 1987; H am za and M uñoz, 1996; Gomes and Ham za, 2005). A direct evaluation 
of the quality of data acquired in the earlier w orks is a difficult task since the experim ental 
techniques used for tem perature and  therm al conductivity m easurem ents have undergone 
substantial changes over the last few decades.
The sources of conventional data sets em ployed in  the present w ork m ay be considered as 
falling into five m ain groups:

N ew  data acquired in  ten different localities in  the A m azon region, during  the period of 
2006 to  2008 (Hamza, 2006; H am za, 2007);
Results of recent geotherm al m easurem ents in  the cordilleran region of Colombia 
(Ham za et al, 2009; Alfaro et al, 2009).
D ata acquired during  the period of 2000 - 2005, as part of geotherm al projects for 
m apping heat flow variations in  the coastal area of southeast Brazil (Gomes, 2003; 
Gomes and  Ham za, 2005; H am za et al, 2005). Some of these have been em ployed in 
studies of climate change the state of Rio de Janeiro (Cerrone and H am za, 2003; H am za 
et al, 2003);
D ata acquired during  the decade of 1980, m ainly in  the state of Sao Paulo, as parts of 
hydrocarbon and  geotherm al energy exploration program s. Some of these data are 
reported  as parts of academic theses of the 1980s (Santos, 1986; Ribeiro, 1988; Del Rey, 
1989) w hile some are parts of related publications (Santos et al, 1986; Del Rey and 
Ham za, 1989; H am za et al, 1987);
D ata acquired during  the decade of 1970 in  the southern and eastern parts of Brazil. 
Most of the results have been published in  the Brazilian Geotherm al D ata Collection -  
Volume 1 (Ham za et al, 1978). Some are part of academic theses of the late 1970s 
(Vitorello, 1978 and  Araújo, 1978) and related publications (Vitorello et al, 1978; H am za,
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1982). D ata acquired for four boreholes in  the cordilleran region of Peru is reported  in 
the IHFC data collection by H uang  and  Pollack (1998). The geographic distribution of 
the overall data  sets is illustrated in  the m ap of Figure (1).

□  BSk D sd Dwd Dfd

Fig. 1. Localities of geotherm al m easurem ents in  South America (Vieira and Ham za, 2010). 
Letters in  the legend refer to K oppen climate classification: A -  Tropical; B -  Dry; C -  
Tem perate; D -  Continental; E - Polar (Koppen, 1936; P idw irny, 2006).

2.1 Selection criteria fo r clim ate studies
The characteristics of the conventional (CVL) data set w ere exam ined carefully to screen out 
records w ith  indications of possible perturbations arising from  non-climatic effects. Also, it 
w as necessary to elim inate those w hich do not provide fairly reliable determ inations of both  
the steady and the transient com ponents of the subsurface therm al field. In an  attem pt to 
guarantee the reliability of the data set the following quality assurance conditions w ere 
imposed:
a. The dep th  of borehole is sufficiently large that the low er section of the therm al profile 

allows a reliable determ ination of the geotherm al gradient, free of the effects of recent 
climate changes. O rder of m agnitude calculations indicate that surface tem perature
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changes of the last centuries w ould  penetrate to depths of nearly 150meters, in  a 
m edium  w ith  a  therm al diffusivity of I d 6 m 2/s . Thus boreholes of at least 200 m  deep 
are necessary for a reliable determ ination of the local geotherm al gradient. The choice of 
this dep th  limit is rather arbitrary since the possibility that low  am plitude climate 
signals of earlier periods are present at larger depths of up  to several hundreds of 
m eters cannot entirely be ru led  out. H ow ever it is a reasonable com prom ise for 
exam ining subsurface therm al effects of ground surface tem perature (GST) variations of 
the last few centuries;

b. The tem perature-depth  profile is free from  the presence of any significant non-linear 
features in  the bo ttom  parts of the borehole, usually indicative of advection heat 
transfer by  fluid m ovem ents, either in the surrounding  form ation or in  the borehole 
itself;

c. The tim e elapsed betw een cessation of drilling and m easurem ents in  boreholes is at 
least an  order of m agnitude large com pared to the duration  of drilling, m inim izing 
thereby the influence of eventual therm al perturbations generated during  the drilling 
activity;

d. The lithologie sequences encountered in  the borehole have relatively uniform  therm al 
properties and  are of sufficiently large thickness that the gradient changes related to 
variations in  therm al properties does not lead to  systematic errors in  the procedure 
em ployed for extracting the climate related signal; and

e. The elevation changes at the site and  in  the vicinity of the borehole are relatively small 
so that the topographic perturbation  of the subsurface tem perature field at shallow 
depths is not significant.

The sites of these selected boreholes are distributed in  the eastern parts of Brazil (in the 
states of Santa Catarina, Paraná, Sao Paulo, M inas Gerais, Rio de Janeiro and  Bahia), in  the 
A m azon region, central cordillera in  Colom bia and eastern cordillera in  Peru. The majority 
of the selected tem perature logs are from  boreholes w ith  depths greater than  200 meters. 
Some log data for depths less than  200 m  w ere also considered, as these are found to 
provide com plem entary inform ation on subsurface tem perature fields at shallow depths 
w hich m ay be com pared w ith  those encountered in  areas w here deeper boreholes are 
situated. M ost of the data sets acquired during  the decades of 1970 and  1980 have 
tem perature m easurem ents at dep th  intervals of ten to tw enty meters. In m ore recent logs 
m easurem ents have been m ade at intervals of tw o meters. Such recent logs m ay be 
considered as capable of p roviding m ore robust estim ates of the background tem perature 
gradients. D ata from  boreholes w ith  depths shallower than  150 m eters w ere not considered 
in  the present w ork  in  view of the potential uncertainties in  the determ ination of the local 
undisturbed  gradient and consequent difficulties in extraction of the climate signal. O n the 
other hand, inform ation on climate changes of the recent past available in  such logs m ay be 
used in  obtaining qualitative estim ates of GST changes. D ata acquired at shallow depths of 
less than 20 m eters w ere excluded from  analyses for climate changes, avoiding thereby 
eventual perturb ing  effects of d iurnal and seasonal variations in  the reconstruction of 
surface tem perature history.
In an earlier study H am za et al (2007) reported results of geothermal m easurem ents for a 
num ber of sites in  the Brazilian territory. In the present w e have included results of additional 
studies carried out during the period of 2006 to 2011. The data sets have been classified into 
groups, designated as subtropical highlands, subtropical hum id zones (of the interior and of 
the coastal areas), tropical Am azon region, semi-arid zones and cordilleran regions in  w estern
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parts of the continent. The area extents of these geographic sectors are in  large part similar to 
the prevailing climate zones indicated in  Figure (1). Typical examples of tem perature profiles 
encountered in  boreholes in Brazil, Peru and Colombia are illustrated in Figure (2). In this 
figure some of the tem perature-depth profiles have been shifted laterally to convenient 
positions along the tem perature axis, to avoid overlap and to allow for easy visualization. 
Consequently, the tem perature axis in Figure (2) displays only relative values.

Relative Temperature
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Fig. 2. Vertical distributions of tem peratures in selected localities in  Brazil, Colom bia and 
Peru. The climate changes of the recent past are often considered responsible for the non­
linear features in  tem perature logs.

The vertical distributions of tem peratures in  boreholes, some examples of w hich are 
illustrated in Figure (2) reveal several rem arkable features. For example, the tem perature 
dep th  profiles at shallow depths are consistently concave tow ards the dep th  axis, w hich is 
indicative of surface w arm ing events of relatively recent times. The w idespread occurrence 
of such tem perature-depth  profiles in  alm ost all of the major geographic zones, irrespective 
of the local geological complexities and  changes in  soil type, is considered a clear indication 
that the observed features are generated by  surface w arm ing events of large spatial 
dim ensions. Tem perature profiles that are convex tow ards the dep th  axis, and  hence 
characteristic of cooling events, w ere not encountered.
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3. Methods employed in data analysis
Three different m ethods have been em ployed in  data analysis: forw ard m odels, inversion 
m ethods and signal backstripping m ethods. Brief descriptions of these m ethods are 
p rovided in  the following sections.

3.1 Forward models
The basics of forw ard m odeling approach has been discussed extensively in  the literature 
(Birch, 1948; Cerm ak, 1971; Vasseur et al, 1983; Lachenbruch et al, 1986, 1988). For the case 
w here surface tem perature variation can be represented by  a pow er law relation, analytic 
solutions are readily available. Thus, for a linear (or ram p type) change in  surface 
tem perature the relation betw een the am plitude of the climate signal (AT) and  the time 
elapsed (f) at any dep th  (z) is given by the relation (Carslaw and  Jaeger, 1959):

A T(z)=4A T i2 erfc{z/  ^/4icf j ^

w here i2 erfc is the second integral of the com plem entary error function and k the therm al 
diffusivity of the m edium . The best fitting ram p function is obtained by inverting the above 
relation using iterative procedures such as linearized N ew ton 's method. The iterative 
procedure for this model, referred to as Ram p Inversion (Chisholm and Chapm an, 1992; 
Golovanova et al, 2001; Roy et al, 2002), allows sim ultaneous determ ination of the 
m agnitude of surface tem perature change and the period of its occurrence. The m ain 
lim itation of the forw ard m odel approach is that it resolves m ainly the first-order features in 
the GST history. This is a consequence of the implicit assum ption that the bo ttom  parts of 
the log data, em ployed in  determ ination of background tem perature gradients, are free of 
transient perturbations.
The basic steps in  forw ard m odel approach include identification and  separation of the 
steady and  transient com ponents present in  tem perature profiles at shallow depths. The 
steady state com ponent is determ ined by the flow of heat from  the interior of the Earth 
w hile the transient com ponent is induced by  dow nw ard  propagation of a  climate related 
therm al signal induced at the surface. Usually a linear fit to the deeper portion of the log 
data, w here the climate perturbation  is practically absent, allows determ ination of the local 
tem perature gradient. H ow ever some care is necessary in  selecting the dep th  interval for 
determ ination of the gradient. If the tem perature gradient is calculated using a small subset 
of data from  the low erm ost part of the borehole its standard  deviation (og) is likely to be 
relatively large, a consequence of the large root m ean square (rms) deviation associated w ith  
the small num ber of data points. Progressive inclusion of data from  the overlying parts in 
least square analysis leads to a steady initial decrease in  Og, as the estim ation of gradient 
becomes m ore robust. How ever, as m ore data are included from  shallower depths (where 
non-linear features are present) this tendency is reversed and  og increases. In the present 
w ork, the dep th  corresponding to the m inim um  value of og is considered as indicative of 
the top of the unperturbed  zone. The background gradient determ ined for the dep th  interval 
below  this zone is used  for calculating the steady com ponent of the tem perature field. 
Subtracting it from  the observed tem peratures allows determ ination of the transient 
com ponent. A sim ilar procedure has also been em ployed by  Roy et al (2002) in  the 
separation of steady and  transient com ponents of tem perature profiles in  the Indian 
subcontinent.
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3.2 Inverse m odels
In the inverse problem  approach (Tarantola and  Valette, 1982) a priori inform ation is 
explicitly incorporated in  constraining the solution. The functional space inversion (FSI) 
m ethod discussed by Shen and Beck (1991,1992) and  Shen et al (1992) m akes use of the non­
linear least squares theory in  solving the one dim ensional heat conduction equation  in  a 
layered half space. The algorithm  em ployed finds the m odel that m inim izes the misfit 
function:

S (ra) = | { [ ( d - do)f Q 1 ( t l“ tlo ) ] + [ ( ' W - mo)f C m1 ( r a“ rao ) ] ]  (2)

w here A and  do are respectively the calculated and observed tem peratures, m and mo the 
calculated and  a priori m odel param eters and  Q  and  Cm the covariance m atrices of do and 
mo- The term  Q  indicates the uncertainty in  the observed tem perature-depth  data  w hile Cm 
indicates uncertainty in  the a priori model. The selection of appropriate values of a priori 
standard  deviations for the tem perature (aao) and therm al conductivity (aw) data are 
im portant in  determ ining the solutions.
The m ain advantage of FSI form ulation is that it does not predeterm ine the steady state 
tem perature profile. Instead, bo th  the steady state and  transient profiles are estim ated 
sim ultaneously. In addition, it allows consideration of the vertical distribution of therm o­
physical properties and  their uncertainties as m odel param eters, allow ing thereby 
determ ination of a m ore detailed GST history w here it is possible to identify second order 
features. Also, FSI form ulation includes as m odel param eters all variables that govern the 
conductive therm al regim e (background heat flow density, the GST history as a function of 
tim e and  therm al properties as functions of depth).
As prelude to the presentation of the results obtained by  the functional space inversion 
m ethod w e provide brief descriptions of the steps taken in  data processing and  analysis. 
These include specifying the dep th  intervals and  tim e periods used for inversion, setting a 
priori standard  deviations of tem perature and  therm al conductivity data sets and  m easures 
taken to m inim ize the undesirable consequences of the null hypothesis in  the inversion 
scheme.
The estimates of the dep th  at w hich the therm al regim e is supposedly untouched by the GST 
variations and the tim e limit beyond w hich GST variations cannot be recovered from  the 
given tem perature log data, w ere chosen in  accordance w ith  the dep th  extent of the 
available tem perature log data. In particular, the dep th  estim ate is set to be greater than  the 
deepest data point because the calculated data are projected (interpolated) from  the finite 
elem ent solution. As for the tim e limit there is no harm  in setting a  value com patible w ith  or 
greater than  the dep th  extent of the borehole (Shen and  Beck, 1992). O n the other hand, use 
of a shorter-than-necessary tim e span w ould  end u p  in  "telescoping" the GST history. 
Unless there are independent evidences indicating a rap id  re tu rn  to unperturbed  conditions 
it seems p ruden t to assum e that this re tu rn  take place gradually. Use of shorter tim e spans 
leads to slight reductions in the m agnitude and  duration of the cooling events of the earlier 
periods. As pointed  out by  Shen and Beck (1991; 1992) the results of GST history, 
determ ined by functional space inversion, is sensitive to a priori standard  deviations of 
therm al conductivity. The preferred values for the standard  deviations are based on 
considerations of the trade-off betw een consistency of the solution and data resolution. In 
the present w ork w e have used 50mK for standard  deviation of the tem perature data (ado)
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and  1W / m /K  for standard  deviation of the therm al conductivity (ffko)- These values are of 
the same order of m agnitude as those adopted  by  Safanda and Rajver (2001) and 
Golovanova et al (2001).
FSI inversion makes use of an  a priori null hypothesis in  obtaining robust estim ates of the 
prior steady state. How ever, this built-in  feature can potentially lead to  undesirable results 
w hen  inversions are attem pted for determ ining GST history of periods not correlated w ith  
the subsurface tem perature data. Thus, in  the absence of suitable tem perature data for 
shallow depths the inversion scheme generates artificial values for the late part of GST 
history. It is clear that acquisition of reliable tem perature data for shallow depths is 
im portant in  determ ining GST history of the last few decades. O n the other hand, the results 
also show that occurrence of artificial cooling trends for the decades prior to 1970 are 
possible only in  cases w here tem perature m easurem ents are restricted to depths greater 
than  100m.

3.3 Signal back stripping approach
Both the conventional and  the Bayesian inversion m ethods have inherent difficulties in 
identification of individual therm al signals originating from  climate variations that are 
episodic. In such cases m ethods based on signal back stripping approach are more 
convenient. Following the standard  practice w e also assum e that the residual tem perature 
profile represents is a superposition of individual perturbations. The characteristics of such 
perturbations vary, m ainly as a result of differences in  the m agnitudes and tim e periods of 
individual GST episodes. The essence of the procedure adopted  in  the present w ork  can be 
understood  by considering m agnitudes of tem perature perturbations at tw o conveniently 
selected depths zi and Z2 in  the residual profile:

dT2 = A erfc(z1/  (3a)

dT2 = A  erfc |z 2 /  (3b)

D ividing (3a) by  (3b) and  designating the ratio d T i/d T 2 by  8 w e have:

dT2 s  erfc(Z l/ j 4 ^ t ' )  (4)

à T2 erfc|z 2 /

N ote that equation (4) does not depend on the m agnitude of the tem perature perturbation  
b u t only on the selected value of the tim e period. Iterative m ethods m ay now  be em ployed
for determ ining the appropriate value of 5 for the depth  interval. The m agnitude of this
perturbation  can be obtained from  the relation:

dT2

~ erjb(z1/ y¡4 r f )  (5)

In applying this procedure it is necessary to start w ith  results of the low erm ost section of the 
residual tem perature profile. If the borehole is sufficiently deep it is fairly reasonable to 
assum e that the residual tem peratures of the deeper parts retain  the effects of only the
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earliest perturbation. The m agnitude and period of this earliest perturbation can be 
determ ined th rough  the use of equations (3) and (5). It also opens u p  the possibility of 
rem oving the effects of this particular perturbation from  the original residual tem perature 
profile. The result is a back stripped profile free of the effects of the earliest perturbation. 
The procedure is repeated  successively for identifying and  rem oving the perturbations 
arising from  later climate episodes.

4. Estimates of surface temperature changes

4.1 Forward model results
A sum m ary of the results obtained in  fitting forw ard m odels to the observational data 
discussed in  this w ork, is presented  in  Table (1). It includes m agnitudes of the GST change 
(AT) and their duration  (t) as w ell as the values of the root m ean square (rms) misfit betw een 
the m odel and  the observational data. For reasons of brevity, w e present here only the 
results for the ram p function model. Climate changes inferred on the basis of this m odel are 
g rouped together for the five major geographic zones: subtropical highlands (elevations 
>400 meters) subtropical low lands (elevations <400m), hum id regions, semi arid  zones, 
tropical rain  forest and  cordilleran regions.
The data  in  table (1) reveal differences in  GST betw een  the m ajor geographic zones. For 
exam ple, the h igh land  areas seem  to be characterized by changes in  GST in the range of 2 
to  3.8°C, the m ean value being 3.3°C. The low lands of the interior also seem  to have nearly 
sim ilar GST changes. O n the other hand , the hum id  zones have relatively low  GST values, 
in  the range of 0.4 to 1.8°C, w ith  a m ean of 1.1°C. Low GST values are also found  in  the 
sem iarid  zones in  the northeast, in  the in terval of 1 to  2°C. Also, the tim es of duration  of 
clim ate changes are different for the geographic zones. Thus, the subtropical h ighlands, 
subtropical low lands and  hum id  zones are characterized by clim ate episodes w ith  
durations vary ing  from  40 to  120yrs, the m ean value being 80 yrs. The semi arid  zones on 
the other hand  have clim ate variations w ith  relatively larger duration , the m ean value 
being  150yrs.
The vertical distributions of transient com ponents derived from  forw ard m odel results 
(which are considered as indicative of tem perature signals resulting from  climate changes) 
are illustrated in Figure (3). N ote that the m agnitudes of the transient com ponents decrease 
rapidly w ith  depth. At depths greater than  150 m eters these values fall below  the 
experim ental detection lim its of tem perature changes in boreholes. The period of GST 
changes fall in  the range of 130 to 260 years. Hence the beginning of the climate change 
seems to have taken place during  the period of approxim ately 1750 to 1850. A closer 
exam ination of the results illustrated in  Figure (3) reveals some m arked differences in  the 
GST values w ith in  individual geographic zones. The prim ary reason for the occurrence of 
such intra-zonal variations is unknow n at the m om ent, bu t it is likely that they are related to 
microclimatic histories of individual sites.
Also, the dep th  d istribution of the transient com ponents indicates that the m agnitude of 
w arm ing event is relatively smaller (in the range of 1.4 to  2.2°C) for the sem i-arid zone in 
north  eastern parts of Brazil. The close agreem ent betw een the results for the localities in 
Table (1) is considered as indication that local changes in  vegetation cover and soil types 
have only a m inor influence on the surface therm al budget in  sem i-arid zones. The GST 
change in  this region seems to have had its beginning during  the tim e period of 1850 to 
1900, significantly earlier than  the corresponding periods for other geographic zones.
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Climate Zone Locality Coordinates AT
(°C)

Climate variation
rms
(mK)D uration Year of 

Onset

Subtropical
H ighlands

A. Lindóia 220 2 9 '/ 46° 38' 3.2 105 1877 4.4
Am paro 22° 43 '/46° 46' 2 . 8 115 1852 5.5
Araras 22° 21 '/47° 22' 3.4 40 1942 6.4
Cosmópolis 2 3 0  4 3 7 4 7 0  1 2 ' 3.8 75 1907 5.5
Itapira 22° 28'/46° 43' 3.8 40 1942 1 0 . 2

Rafard 23° 00 '/47° 31' 3.8 60 1922 6 . 8

Jacarei 230 I 8 7 4 5 0  57' 2.4 105 1880 3.5
Sao Paulo 23° 34 '/46° 44' 2 . 1 105 1905 7.2
Serra N egra 22° 36 '/46° 32' 2 . 0 105 1877 3.9
P. Caldas 210 557460 25' 2 . 0 50 1926 13.7
Teresópolis 22° 2 6 '/ 42° 57' 2 . 0 55 1945 5.5
L. M uller 28° 4 0 7 4 9 o 30' 2 . 6 80 1895 1 0 . 0

Subtropical
Low lands

Seropédica 22° 46 '/43° 39' 3.8 145 1860 23.1
M iracem a 2 2 ° OI7 4 I 0 06' 3.6 30 1969 7.3
Cam pos 21° 46741° 17' 3.0 2 0 1980 6.7
Itapem irim 19° 06'/41° 04' 3.6 65 1910 14.1
S. Sebastiáo 23° 48 '/45° 25' 2.7 1 1 0 1880 7.8

Subtropical
H um id

Itu 23° 1 5 7 4 7 0  19' 1 . 2 60 1922 3.2
Jundiaí 230 10'/46° 52' 1 . 2 50 1932 7.2
P apanduva 26° 23'/50° 08' 1 . 2 90 1885 15.0
Cach. Sul 30° 00 '/52° 55' 1 . 8 70 1905 1 2 . 0

M aricá 22° 54 '/42° 45' 0.4 15 1985 2.9
Rio Bonito 21° 25 '/42° 12' 1 . 8 40 1960 7.7

Semi-Arid Arraial 12° 32 '/42° 50' 1.4 85 1890 8.4
Caraiba 09° 28 '/39° 50' 1.4 1 1 0 1865 9.3
Jacobina 11° l l ' / 4 0 °  31' 1.9 150 1828 8.7
Poço Fora 090 4 1 7 3 9 0  51' 1 . 8 105 1870 4.9

Tropical Rain 
Forest

M anaus 02° 57760° 01 ' 1.3 40 1960 15.0
Belém 01° 27748° 27 ' 2 . 2 55 1953 9.4
Salinópolis 00° 3 8  747° 20 ' 2 . 1 65 1943 8 . 6

Dom  Eliseu 04° 17747° 34 ' 1.9 60 1948 9.2

Cordilleran
Regions

Pen 742 81° 10704° 17' 4.0 2 0 0 1779 7.4
Lobitos 81° 16704° 27 ' 2.5 2 0 0 1779 8.3
Lomitos 7 0 °3 9 7 1 7 °1 6 ' 2 . 0 2 0 0 1779 7.2
Bogotá 74° 05704° 38 ' 2 . 8 150 1860 9.5

Table 1. Results of Ram p Inversions of GST changes, for selected localities in  South America. 
AT is the m agnitude of ram p change, and  rms the root m ean square misfit.
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Fig. 3. M agnitudes of climate changes and its vertical distributions, deduced from  forw ard 
m odel fits to borehole tem perature profiles at selected localities in  South America.

A careful exam ination of figure (3) reveals that some of the transient tem perature profiles do 
have small negative values for dep th  intervals corresponding to the lower parts of the 
transient sections. The negative residuals are usually considered as arising from  cooling 
events prior to recent w arm ing episodes. However, the m agnitudes of such events appear as 
subdued  features, because of the implicit assum ption in  forw ard m odel approach that the 
bo ttom  parts of the borehole are free of transient perturbations. Results of num erical 
sim ulations indicate that occurrence of negative residuals is quite sensitive to subtle changes 
in  the value adopted  for the background tem perature gradient. This is the m ain lim itation of 
the forw ard models, w hich resolves m ainly for the first-order features in  the GST history. 
We conclude by  noting that residual tem perature profiles similar to those obtained in  the 
present w ork  w ere also reported  by Golovanova et al (2001) for the Urals region and Roy et
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al (2002) for the Indian  Peninsula. A com plem entary analysis of this problem  is provided in 
section (4.2) below, w here w e discuss the residual tem perature profiles derived using the 
inversion method.

4.2 Results o f functional space inversion
The m ethod of Functional space inversion (FSI) w as em ployed in  analysis of tem perature- 
dep th  profiles for 14 localities distributed  over three m ain geographic zones of Brazil. The 
criteria used in  the selection of profiles included availability of bo th  therm al property  data 
of subsurface layers and supplem entary inform ation on the history of changes in  the 
vegetation cover. In discussing the results it is im portant to point out that the FSI m ethod 
provides m ore detailed inform ation on the GST history than  that p rovided by the forw ard 
m odel approach. H owever, in  com paring the GST histories of several localities it is 
convenient to  w ork  w ith  deviations from  the site specific m ean rather than  the absolute 
value. In the present w ork, GST deviations are calculated by subtracting the m odel results 
from  the a posteriori estim ate of the site specific mean.
The results of FSI m ethod, illustrated in  figure (4), reveal several characteristic features in 
the GST history of the study area. Foremost am ong these are the indications that surface 
tem peratures have increased by as m uch as 1 to  4°C, over the last century. This observation 
is in reasonable agreem ent w ith  the results of the ram p function m odel discussed in  the 
previous section. How ever, in  all localities the w arm ing events seem  to be preceded by 
cooling episodes occurring over the tim e period of approxim ately 1700 to 1900. The 
am plitudes of the cooling events are m uch less, falling generally in  the range of 0.5 to  1°C. 
For tim e periods prior to the 17th century the resolving pow er of the inversion m ethod is 
poor, a consequence of the lim itations in  sensitivity and  precision of sensors used for 
tem perature m easurem ents in  boreholes. Hence FSI m odel calculations for periods prior to 
1700 m ay not necessarily be representative of true climate history.
Even though  the data set is poor the results of Figure (4) seem  to indicate that the w arm ing 
trends are less pronounced in  sem i-arid regions relative to  the tropical hum id  regions. The 
results also reveal a small tim e shift in  the occurrence of climate w arm ing in  highlands 
regions com pared w ith  that for sem iarid regions. For example, the w arm ing event in  the 
highlands region had  its beginning during  the tim e period of 1850 to  1900 w hile that for 
sem i-arid regions seems to have had  its beginning during  the period of 1670 to 1860. Also 
the durations of bo th  w arm ing and cooling episodes appear to be relatively smaller in 
h ighland regions w hen  com pared w ith  those for the sem i-arid regions. Such differences 
have im portant im plications for understanding  evolutionary trends in climate history of 
eastern Brazil.
The vertical distributions of transient com ponents derived from  FSI inversions are similar to 
those found for the forw ard m odel results, illustrated in  Figure (3). The m agnitudes of the 
transient com ponents decrease rapidly w ith  depth. H ow ever, the residual tem peratures 
becom e significantly negative at dep th  intervals corresponding to the low er parts of the 
transient sections. Such negative residuals are indicative of the occurrence of cooling events 
prior to  recent w arm ing episodes. We conclude that the vertical distributions of residual 
tem peratures in  FSI m ethod are better representations of subsurface transient therm al 
regim es than  those derived from  the forw ard m odel approach.
A nother conspicuous feature of the results by  the FSI m ethod in  Figure (4) is the presence of 
brief cooling episodes for the recent decades, since 1970. There is a possibility that short 
period cooling episodes are spurious, a consequence of the null hypothesis em ployed in  the
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com putational process of the FSI m ethod (Shen and  Beck, 1992). The potential undesirable 
effects of the null hypothesis m ay be m inim ized by  lim iting the GST history to periods 
com patible w ith  reliable subsurface tem perature data. In the present w ork  tem perature data 
are available for depths less than  50 m eters in  all of the data sets em ployed in  inversion 
schemes. Consequently the cooling trends observed in  our results, for the decades prior to 
1970, cannot be attributed  to the spurious effects of the null hypothesis. Examples of cooling 
trends sim ilar to those found in  the present w ork  can also be seen in  the results reported  for 
several localities in  Europe and N orth  Am erica (Bodri and  Cerm ak, 1995; Rajver et al, 1998; 
Stulc et al, 1998; Golovanova et al, 2001).
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Fig. 4. H istory of g round surface tem perature variations associated w ith  climate changes of 
the recent past, deduced on the basis of functional space inversion m odels fits to borehole 
tem perature profiles, for selected localities in  South America (Adapted w ith  modifications 
from  H am za et al, 2007).

The uncertainties in the estim ates of GST in the inversion m ethod can som ew hat be 
im proved by carrying out sim ultaneous inversion of tem perature profiles of several sites in 
the same geographical province. In the present w ork w e have carried out sim ultaneous 
inversions only for repeat m easurem ents at Seropédica, in  the state of Rio de Janeiro. In 
view of notable differences in  the local soil conditions and  vegetation cover, no attem pt has 
been m ade for carrying out sim ultaneous inversions of tem perature profiles from  different 
locations discussed in  the present work. Also, most of these sites are separated by large 
distances and fall w ith in  areas w ith  distinctly different microclimate conditions and 
geographic characteristics.
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A sum m ary of the results of inverse m odelling is presented in  Table (2). The sum m ary 
includes m axim um  and  m inim um  values of ground surface tem peratures and their 
respective tim es of occurrence. Also given in  this table are the difference betw een the 
m axim um  and m inim um  values of GST, the tim e elapsed betw een the m axim um  and 
m inim um  and  aposteriori estim ates of undisturbed  GST. The values of the differences in 
m agnitudes are in  the range of 1.3 to 3°C, w hich is slightly low er than  the range indicated by 
the results of the forw ard m odel approach. O n the other hand, the values of the differences 
in  the tim e periods are in  the range of 62 to 147 years, w hich is com parable to the ranges 
indicated by the results of the forw ard m odel approach.

Locality
M axim um M inim um Difference

To (°C)
Log
Year°C Age °C Age Mag. Yr

Am paro 21,1 1949 18.1 1802 3.0 147 18.9 1982
Itu 20.7 1982 19.4 1920 1.3 62 19.9 1982

Araras 22.8 1982 19.8 1910 3.0 72 20.9 1982
Cam pos 25.7 1999 22.7 1936 3.0 64 23.9 2000

C. Itapem irim 23.7 1971 20.0 1883 3.7 88 21.2 1976
Arraial 28.8 1967 27.2 1863 1.6 104 27.7 1976

Caraibas 30.1 1946 28.6 1812 1.6 134 29.0 1976
Poço de Fora 30.4 1976 28.2 1822 2.1 154 28.7 1976

Table 2. Results of functional space inversions for selected data sets. M axim um  and 
m inim um  values of GST variations and their respective years of occurrences are given in 
colum ns 2 -5 . Also given are m odel results for GST deviations and  the respective periods. To 
is the aposteriori steady state tem perature.

4.3 Results o f signal back-stripping approach
Techniques of signal back-stripping w ere used in  analysis of tem perature log data from  15 
localities in  south east Brazil. In the present w ork w e limit the discussion to the results 
obtained for the locality of Seropédica (Rio de Janeiro). The vertical distributions of 
tem peratures obtained during  the various stages of the back stripping process are illustrated 
in  the set of upper and low er panels of Figure (5).
The segm ent on the left side of the upper panel in  this figure refers to results of the first 
stage of the back stripping process. H ere the b lue curve indicates the initial reduced 
tem peratures and  the red curve the first signal extracted by the back stripping m ethod. The 
extracted signal points to an  episode of climate change that took place 115 years back in  time 
and  had a m agnitude of 2.9°C. Similarly, the segm ents on the right side of the upper panel 
and  that on the left side of the lower panel of this figure illustrate, respectively, the results of 
the second and th ird  stages of the back stripping process. According to the results obtained 
the signal extracted in the second stage points to an episode of climate change that took 
place 93 years back in  tim e and  had  a m agnitude of 0.2°C. O n the other hand, the signal 
extracted in  the th ird  stage points to  an  episode of climate change that took place 21 years 
back in  tim e and  had a m agnitude of 0.8°C. The segm ent on the right side of the low er panel 
illustrates the residual tem peratures, after extracting the above m entioned three climate 
signals. The back stripping process is term inated at this th ird  stage since the m agnitudes of 
the residual tem peratures are less than  0.05°C, below  the sensitivity lim it of experim ental 
system  used  in  data acquisition. The overall history of climate change derived from  the back 
stripping m ethod is illustrated in  Figure (6).
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Fig. 5. Results of signal back stripping m ethod em ployed in  disentangling the climate 
history of Seropédica (Rio de Janeiro).
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T im e  E la p se d  (Ys)

Fig. 6. Climate history of Seropedica (Rio de Janeiro) derived from  results of the signal back 
stripping method.

5. Discussion

5.1 Clim ate changes in South Am erica
The results obtained in  the present w ork  have contributed to  substantial im provem ents in 
data base for climate change in  South America. The area covered in  the data  base includes 
several geographic zones in Brazil, Colombia and Peru. Classical inverse m odels w ere 
em ployed in  the analysis of tem perature logs from  over 30 localities and, in  addition, 
Bayesian inverse m odelling w as carried out for data  from  20 selected sites. The model 
results have allow ed determ ination of the m agnitude as well as the duration  of ground 
surface tem perature changes in  the major geographic zones of South America. The m ap of 
recent climate changes derived from  geotherm al data is presented in  Figure (7).
According to  the results obtained the m agnitude of GST changes are in the range of 2 to 
3.5°C bu t have had their beginning during  the early decades of the 20th century. Nearly 
sim ilar trends are seen in  tem perature-depth  profiles of bore holes in  tropical as well as 
subtropical zones of the interior and coastal areas. The data from  semi arid  zones also 
indicate occurrence of surface w arm ing events b u t the m agnitudes are in  the range of 1.4 to 
2.2°C w hile the duration  of the w arm ing event is larger, extending back into the last decades 
of the 19th century. The m agnitudes of GST variations are relatively large in  localities w hich 
have undergone recent changes in  vegetation cover. Also there are indications that GST 
changes are practically insignificant in  areas of tropical rain  forest.

5.2 Global clim ate changes
The im proved data base on GST changes in  the South Am erican continent has contributed to 
a better understanding  of climate changes in  the southern hem isphere. In this context, it is 
convenient to  examine also its im plications for global variations. It is clear that im proved 
assessm ents of global changes require an  in tegrated analysis of bo th  the geotherm al data 
sets as well as the meteorological data sets (such as HadCRUT3) reported  for oceanic and 
continental regions (Brohan et al, 2006; Jones and  Moberg, 2003; Rayner et al, 2003). Major 
obstacles in  such a venture springs from  the w ide disparities in  data  density, and  it is
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Fig. 7. M ap of recent changes in ground surface tem peratures derived from  geotherm al data 
sets, and  supplem ented w ith  ground data for selected localities.

convenient to adopt procedures that minim ize problem s arising from  the non-hom ogeneous 
distribution. In the present case, the surface area of the globe is d ivided into a regular grid 
system  com posed of 5 x 5 degree grid cells and average values of surface tem perature 
variation in  the grid elem ents calculated. Experim ental data are available for alm ost all of 
the grid elem ents covering the continental regions and  a significant part of the grid system  
for the oceanic regions. Following the com m on practice em ployed in  deriving m aps of 
global representations in terpolated values w ere used for grid elem ents w ithout data. 
Techniques of spherical harm onic representation (Ham za et al, 2008) w ere em ployed in 
analysis of global variations. The harm onic representation of surface tem perature variations 
(q) m ay be represented as:
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<?(éA) = ¿  ¿ [ A ™  cos(ra^) P;m(cos0) + Bnm s in (rtu/,) P ^ c o s P ) ]  (7)
n= 0  m = 0

w here (|) is the longitude 0 = 90 -  tp, is the colatitude, P 'nm(cos 0) is the associated Legendre 
function that is fully norm alized and  A nm and Bnm the coefficients of the harm onic expansion. 
The expression for evaluation of P 'nm is:

P =P J K m (8)nm nm \  n V /

w here Pnm is the associated Legendre function given by:

Pnm( COS0) = ^ - ^ -  £ ------- ( 1) (2w 2t)!----- cosin- m- 2,)0 (9)
2" èo f! (n - t ) \ ( n - m -  2t)\

and

vm H (2n + l) (n -m ) \  U f m = 0 ^> H  = 0
n ( M ' I(n + m)\ .r n TT ^

[if m  0 H  = 2

In equation (9) In t (n -  m l2) is the largest integer that is low er than  ( n -m [  /  2 .
Full norm alization of associated Legendre functions (Prm) requires that the following 
equations be satisfied:

I n  n

ƒ j"[An(cos^)sew(m^)] serl@ d0 d(j> = A7ü ( lia )

ƒ j [ i >nm(COŜ )COS(m^)]2 sen0  d0 df=A7U (11b)
0 0

The coefficients A nm and  Bnm are evaluated by fitting the harm onic expansion to  the set of 
experim ental data, w hich are the values of surface tem perature changes (q) and their 
respective geographic coordinates and  0).
The results obtained on the basis of harm onic representation of the m ixed data set are 
illustrated in  the global m ap of surface tem perature changes, in  Figure (8). According to 
features discernible in  this figure the therm al signals of climate change in continental areas 
of N orth  America, Europe, Asia, West Africa and  Eastern South America have m agnitudes 
in  excess of one degree centigrade, while those in  most of the oceanic regions is less than  one 
degree centigrade. O n the other hand  m ost of the oceanic regions are characterized by 
surface tem perature variations of less than  0.8°C.

6. Conclusions

M uch of the inform ation on surface tem perature changes of the recent past in  South 
America are derived from  historical records of local meteorological stations. Some of the
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Fig. 8. Spherical harm onic representation of surface tem perature variations associated w ith  
climate changes of the recent past. N ote the systematic differences in  m agnitudes of climate 
change betw een continental and  oceanic areas.

m ain problem s in  the use of such records include non-uniform ity in  the accuracy and 
precision of sensors em ployed in  data acquisition, gaps in  the tim e series of observations 
and  influence of u rban w arm ing effects (most of the meteorological observatories are 
located in  or close to  tow ns or cities). The results reported  in  the present work, based on 
geotherm al m ethods, are in  general free of such problems.
An im portant result em erging from  studies based on geotherm al m ethods is that the climate 
w as relatively cooler during  the 17th and  18th centuries. The climate histories, deduced 
from  geotherm al data, are found to be consistent w ith  the results of available meteorological 
records in Brazil, Colombia and Peru. Com parative studies indicate that the m agnitudes and 
duration  of recent climate changes in South America are sim ilar to those found in  other 
continental areas such as N orth  America, Asia and  Europe.
Analysis of surface tem perature changes on global scale reveal that climate w arm ing effects 
in  the northern  hem isphere are m ore pronounced because of the relatively large areas of 
continental blocks in  these regions. On the other hand, the climate w arm ing effects are 
relatively subdued in  the southern  hem isphere, w here relatively larger proportions of 
oceans dominate. It is possible that systematic difference in  m agnitudes of global w arm ing 
betw een continental and  oceanic regions is a  consequence of large scale m ixing of near 
surface w aters w ith  those of deep ocean circulation systems. This m ixing process is 
considered to be responsible for pronounced m itigation of the effects of global w arm ing in  
the southern hem isphere.
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1. Introduction

The relevant findings of the Intergovernm ental Panel on Climate Change (IPCC, 2007) 
highlight the increm ent of the global m ean tem perature and  the need to understand  how 
this increm ent will affect the climate variability and change of the regional environm ent. 
The changes in  the climate are a  consequence of bo th  internal variability of the climate 
system  and external factors, the latter being bo th  natural and anthropogenic. The Fourth 
Assessment Report of IPCC describes the scientific progresses that have been achieved by 
researchers in  the understanding  the observed changes of the climatic system, the processes 
involved, and the establishm ent of future climate change projections (IPCC, 2007). The 
num ber of studies that discuss this problem atic have increased considerable during  the last 
years. However, there are m any issues that need further investigation, in  particular for 
developing countries.
Extreme climate anom alies have a negative im pact on the population  and  econom y of the 
affected regions. The climate has a fundam ental role for regions w here the econom y is based 
on agriculture. The process of grow ing crops can be seriously affected by extreme 
tem peratures, and  the precipitation can be a lim iting factor w hich conditions the success or 
failure of the production.
The region of interest in  this study is the Pam pas region, w hich com prises the most 
productive agricultural lands of Argentina. The m ost im portant grains of the country, like 
soybean, corn, w heat and  sunflower are grow n in this region. Together w ith  their by­
products, these crops prom ote the social and productive system  of the region, and are one of 
the principal sources of fiscal incomes. In the cam paign of 2008/09, m ore than  24 million 
hectares, com pared to of the country 's total of 28 million cultivated hectares of these grains, 
corresponded to the Pam pas region (h ttp ://w w w .sag p y a .m eco n .g o v .ar/). This region, 
located in  the center east of A rgentina, southeastern South America, have an extension of 
m ore than  600.000 km2. Since the grains are cultivated extensively w ithout artificial 
irrigation, the precipitation is one of the climatic variables of m ain influence for the 
production, and is also a  condition for the m anagem ent of the crops. Therefore, the spatial 
and  tem poral distributions of the precipitation in the region, and  its surplus or deficit, are of 
extrem e im portance for the successful harvests.

http://www.sagpya.mecon.gov.ar/
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From  the 1960s, the Pam pas region w as favored by an  increase of precipitation on bo th  the 
annual and  seasonal scales (Fernández et al., 2006; Liebm ann et al., 2004). This increase 
show ed a non-stationary variability (Penalba &Vargas, 2004). D epending on the region and 
the tim e of the year, the observed cycles were: inter-decadal variability, trends, jum ps or 
discontinuities (Barros et al., 2008; Boulanger et al., 2005; Penalba & Vargas, 2008). This 
hydrological condition displaced the agricultural border w ith  around  200 km  to the west, 
w hich favored substantially the agricultural activity, especially in  the sem iarid subregions. 
H owever, these inter-decadal and inter-annual variations w ere observed in  the extreme 
precipitation, on an  annual scale and  during  the m onths of m axim um  precipitation (Penalba 
& Vargas, 2008). On a daily scale, the frequency of rainy days and  of days of extreme 
precipitation, show ed the same tem poral variability (Penalba & Robledo, 2010). 
Furtherm ore, the tem poral variability w as greater, increasing the risk of droughts and  their 
consequent negative im pacts (Penalba et al., 2010). D uring 2008 and  during  alm ost the entire 
2009, a  severe rainfall deficit occurred in  the region (Bidegain et.al., 2010), im pacting 
strongly the gross dom estic product. In Entre Rios, w hich is a province w ith in  the Pam pas 
region, the producers lost m ore than  50 millions of dollars in  the corn harvest (Riani, 2009). 
Rainfall events depend on, am ong other factors, the large-scale atm ospheric fields. 
Therefore, the study of these circulation structures, their frequency, distribution and 
tem poral variability are im portant elem ents for diagnosis and  forecast, particularly in  the 
context of future climate change.
Global C irculation M odels (GCMs) are fundam ental tools for climate change studies. 
Various studies shows that the GCMs have good capacity of representing characteristics of 
the South American circulation climatology, on tem poral scales from  m onthly to decadal (Di 
Luca et al., 2006; Solman & Le Treut, 2006; Solman & Pessacg, 2006). On the other hand, the 
interm odel variability in  the representation of m onthly and  seasonal characteristics of the 
precipitation and  tem perature in  different regions of South America is high (Gulizia et al., 
2009; M arengo et al., 2010; Rusticucci et al., 2010; Silvestri & Vera, 2008; Vera et al., 2006).
The skill of the GCMs in representing the circulation that conducts or conditions the 
precipitation events has an im portant role in  the evaluation of fu ture climate projections. 
H owever, the capacity of the GCMs in representing the circulation on a synoptic scale has 
been little explored u p  to now. The usefulness of the GCMs in local studies is restricted by 
their poor spatial resolution. Techniques of scale reduction have been developed as bridges 
betw een the large scale inform ation generated by the GCMs and the local scale inform ation, 
w ith  the purpose of perform ing short- to m idrange forecasts and to study the potential 
im pacts of future climate change. In this w ay, the use of daily results from  the GCMs for 
studies of local climate is subject to their ap titude in  representing the atm ospheric systems 
on a regional scale.
In this context, the present chapter is structured to fulfill the following objectives: to 
characterize the rainfall conditions and their probability of occurrence in  the Pam pas region; 
to identify daily circulation patterns in  southern South America and  to associate them  w ith  
different rainfall conditions in  the Pam pas region; to  evaluate the representation of the daily 
circulation patterns as sim ulated by a set of 12 GCMs; and to analyze the projected changes 
of the same patterns at different tim e horizons of the 21th century.
In the second section of this chapter, the area, data  and m ethods of this study are described. 
In the th ird  section, the results are analyzed and  discussed and in  the last section the 
conclusions are presented.
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2. Data and methods

2.1 Data
The following data-sets w ere used in  this study:
a. Daily m ean sea level pressure (SLP) fields from  NCEP reanalysis 2, p rovided by  the 

N O A A /O A R /ESR L PSD, Boulder, Colorado, USA: h ttp ://w w w .cd c .n o a a .g o v /, w ere 
used to represent observed circulation for the period 1979-1999. The dom ain extends 
from  15°S to  60°S and from  42.5°W to 90°W on a 2.5° latitude-longitude grid, including 
the Pacific and  the Atlantic Oceans and the A ndes M ountains, geographical features 
that have a significant influence on the circulation over South America (Figure 1).

South Am erica
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Fig. 1. (a) The Argentine Pam pas Region (shaded rectangle) and the dom ain chosen for the 
atm ospheric circulation fields (dashed line), (b) Locations of the five meteorological stations 
used in  this chapter.

The focus of this analysis is to examine the m odel veracity w ith  respect to  sea level 
pressure. Previous studies (e.g. Bettolli et al., 2010) observed that the upper level 
patterns are less variable than the surface patterns. Furtherm ore, the upper level 
patterns can be associated w ith  different surface synoptic types. The surface fields w ith  
their em bedded synoptic systems provide a first-order control on spatial and tem poral 
variations in  precipitation.

b. O bserved daily rainfall series from  stations in  the Pam pas region w ere provided by the 
Argentine National M eteorological Service. The five stations that had bo th  less than  ten 
per cent of m issing data and a continuity of their records w ere chosen for analysis 
(Figure 1) A lthough this dataset goes further back in  time, w e only analyze the period 
that coincide w ith  the NCEP data period.

c. A set of 12 GCM SLP daily fields w as used  to  describe present and fu ture low level 
circulation (Table 1). The 20C3M experim ent w as used for the period 1979-1999 and the

http://www.cdc.noaa.gov/
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SRES A1B 720 pp m  stabilization scenario w as used  for the periods 2046-2065 and 2081- 
2099. These sim ulations are available from  the Program  for Climate M odel Diagnosis 
and Intercom parison (PCDMI) and from  the ENSEMBLES CERA archives.

The SLP fields of the m odels w ere interpolated to the NCEP reanalysis grid w ith  an inverse 
distance w eighting m ethod in  order to  facilitate com parisons.

Id en tifica tio n M odel O rig in a l G rid  R eso lu tion

A BCCR-BCM2.0 2.7905° X2.8125 °
B CNRM-CM3 2.79° X  2.8125°
C CSIRO-Mk3.0 1.865° X  1.8750°
D ECHAM 5 /  MPI-OM 1.865° X  1.8750°
E EGMAM 3.71059° X  3.75°
F GFDL-CM2.0 2° X  2.5°
G GFDL-CM2.1 2° X  2.5°
H GISS-EH 3° X  5°
I GISS-ER 3° X  5°
I INGV-SXG 1.1215° X  1.125°
K IPSL-CM4 2.5352° X  3.75°
L UKM O-HadCM 3* 2.5° X  3.75°

* Available period  for p resen t climate: 1979-1989

Table 1. List of GCMs used for the study.

2.2 Methods
In order to identify the dom inant spatial structures and  their degree of contribution to  the 
total variance, Principal Com ponent Analysis (PCA) w as perform ed on observed NCEP SLP 
field (Jolliffe, 2002; Richman, 1986). The m ethod w as applied  in  the T-mode, w iththe 
correlation matrix as input and the SLP daily fields as variables and  the gridpoints as 
observations. Only the principal com ponents (PCs) that correspond to  large eigenvalues are 
expected to contain an  interpretable signal and are retained for further analysis. C raddock & 
Flood (1969) suggest plotting the log eigenvalue diagram  (LEV diagram ) and  cutting the 
num ber of PCs just behind a section w here the graph approxim ates to a line w ith  a 
relatively small slope. Following their criterion, the first 6 PCs for sum m er and the first 8 
PCs for w inter, accounting for 94.3% and 94.6% of the total variance respectively, w ere 
retained for further analyses. The first unro tated  PC of the raw  data can be identified w ith  
the tim e m ean pattern  (Compagnucci & Vargas, 1986; H uth, 2000). The first PC w as 
calculated for each GCM in order to analyze the ability of the GCMs to reproduce the basic 
characteristics of the daily circulation at low levels.
The cluster analysis w as coupled w ith  PCA to determ ine the dom inant circulation types 
(CT) of NCEP (as in  Romero et al., 1999a; Rodrigues Chaves & Cavalcanti, 2001). The 
analysis w as carried out in  the subspace given by the leading unro tated  PCs. As show n by 
Gong & Richman (1995), this com bination of m ethods provides the m ost separable cluster 
system. The clustering algorithm  used  in  this study is the 'k-m eans' m ethod, w hich is a 
partitioning m ethod that classifies all days into a predefined, optim al num ber of clusters 
(MacQueen, 1967). The m ethod minim izes the variability w ith in  each cluster and  maximizes 
the variability betw een clusters.
The choice of optim al num ber of clusters w as established by the pseudo-F statistic (Calinski 
& Harabasz, 1974). This statistics assess the am ong- and  w ithin-cluster sum  of squares
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relationship. The num ber of m axim um  local peaks in  its plot indicates an appropriate 
num ber of clusters (Romero et al., 1999b). A progressive num ber of k clusters, from  2 to 30 
w ere tested, and the pseudo-F statistic suggested a five-cluster solution for sum m er and a 
seven-cluster solution for w inter.
The SLP fields from  the GCMs, w ere classified using the cluster centroids from  the NCEP 
original typing. Each GCM SLP daily field w as assigned to the NCEP circulation type that 
correlated best w ith  the daily field.
In order to outline and  sum m arize the m odel-data com parisons, Taylor diagram s w ere 
constructed (Gleckler et al., 2008). These diagram s convey inform ation w ith  clarity and they 
quantify the degree of statistical sim ilarity betw een tw o fields (in this study, betw een the 
observed NCEP circulation and the sim ulated by  the GCMs) considering the correlation 
coefficient, the standard  deviation and the root m ean squared error (RMSE). The shape of 
the configurations can be com pared, to a certain degree, th rough the correlation coefficient. 
The spatial patterns are com pared directly from  the values of atm ospheric pressure th rough 
the standard  deviation and  the RMSE. The GCMs are considered to characterize and 
estim ate the spatial patterns better, w hen  the cloud of points is m ore concentrated and 
closer to the reference point.
The probability of occurrence of a given rainfall event conditioned to  a  specific circulation 
type (CT) w as com pared to the climatological probability of its occurrence (Bettolli et al., 
2010). The Z statistic w as used to quantify the difference betw een the probabilities (Infante 
Gil & Zárate de Lara, 1984 ).

3. Results

3.1 Precipitation
The Pam pas region has a hum id  tem perate climate and a flat relief. The m ean annual 
rainfall is around  900 mm. The annual rainfall is characterized by  a spatial variation in  the 
NE-SW direction, w ith  a significant decrease from  east to w est from  the m erid ian  of 65° 
(Penalba & Vargas, 2008). Of the annual am ount, only 20% reaches the sea as w ater and  the 
rem aining 80% evaporates, runs off or changes the soil w ater am ount (Berbery & Mechoso, 
2001). The m ean annual cycle of the region is characterized by a w et season w ith  around  110 
m m  per m onth from  October to April (warm  months). D uring the transition m onths, the 
m onthly rainfall decreases, reaching its lowest values during  austral w inter (around 30 
m m /m on th ) (Bettolli et. al., 2010).
In some recent application studies, the num ber of rain  days appeared to be the key to 
fluctuations in  total rainfall am ounts; in  some, variation depended on rainfall intensity; and 
in  others, on bo th  variables. It has also been found that the lack of w ater can affect crop 
production.
Robledo & Penalba (2008) analyzed the climatology of the different com ponents that affect 
the m onthly rainfall of Argentina. They calculated the am ount and the frequency of the 
m ean daily intensity and  the daily extreme rainfall, using different thresholds according to 
the regions. In the Pam pas, the spatial patterns and  seasonal variation of daily rainfall above 
the 75th percentile show  similar behavior. From  October to April, the value of this threshold 
is around  16 m m / day, m eanw hile during  w inter this value decreases to 5 m m / day. The 
frequency of rain  days during  the w et m onths is around  25%, decreasing to 16% during  the 
austral w inter months.
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Considering the dry  condition, the average length of a dry sequence is 5 days or 8 days in 
sum m er and w inter, respectively. The m axim um  dry  period length presents m ore spatial 
variability w ith  values around  20 days in  sum m er and  40 days in  w inter (Llano & Penalba, 
2011).
In this chapter, w e are interested in  the characteristics of the rainfall that condition the 
production  of crops. W inter and  sum m er coincide w ith  key stages of the grow ing season of 
m ain crops of the region (Pascale & Damario, 2003). Dry or w et conditions are defined at a 
regional scale, analyzing the joint inform ation of the five stations. We analyze days w ith  no 
rainfall in  the five stations of the region (dry days), days w ith  rainfalls in  at least one station 
in  the region greater than 0.1mm (rain days, R0.1) and greater than the 75th percentile (heavy 
rain  days). As m entioned above, the 75th percentile for w inter is 5mm (R5) and 16mm (R16) 
for summ er.
The annual cycle of the percentage of days corresponding to different rainfall conditions is 
show n in Figure 2. The annual cycle pattern  of the three hum id  conditions is conserved in 
the region, w ith  low  variability on  a  m onthly time scale for bo th  w inter and sum m er 
seasons. The highest variability betw een the m onths of these seasons is found in  the R0.1 
condition. D uring sum m er, in  general, the probability of rainfall at least at one station is 
around  50% and of intense rainfall 20%. For w inter, these probabilities are 30% and 10% 
respectively. A lthough the region is classified as hum id, due to its high annual precipitation 
am ount, the annual percentage of dry days is m ore than 50 per cent.

0 5

2 3 5 6 7 0 9 10 11 121 4

— R0.1 — R5 —*■— R16

Fig. 2. A nnual cycle of the probability of days per m onths corresponding to different rainfall 
conditions: 0.1 m m  (R0.1), 5mm (R5), 16mm (R16) in  a t least one station in  the region.

The daily rainfall of 10mm plays an im portant role for the hydrological balance of the 
sum m er m onths, since this am ount approxim ates the daily evaporation (RIO) (Vargas, 1979). 
Due to the hydrological characteristics of the Pam pas region, the analysis focus on  w inter 
(JJA) and  sum m er (DJF), coinciding w ith  key stages of the grow ing season of different m ain
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crops in  the region (wheat, corn and soybean). The thresholds of study are set 1 to R0.1 and 
no rain  for bo th  seasons and to R5 for w inter and to RIO and R16 for summer.

3.2 C lim atic characteristics o f the atm ospheric circulation
One im portant aspect w hen  com paring the properties of the GCMs and  NCEP dataset is the 
reproduction  of the PCs spatial structures. In particular, the first PC spatial pattern  
approxim ates the tim e m ean pattern; w hereas the rem aining PCs spatial patterns can be 
in terpreted  as deviations from  the tim e m ean (Huth, 2000). This feature is used to analyze 
the climatology of the GCMs.
The climatic characteristics of the m ean SLP patterns, represented by the first PC of NCEP 
datasets, show a notorious seasonality (Figure 3). This seasonality is of great im portance in 
determ ining the low-level circulation and its associated m oisture advection to the region. 
D uring sum m er, the high pressure cells over the eastern South Pacific and w estern  South 
Atlantic are positioned in  their southernm ost location, lim itating the W esterlies to the 
south  of 50°S. A clear therm o-orographic low  is located in  the center of the continent over 
the eastern Andes m ountain  range. D uring w inter, bo th  the sem i-perm anent high systems 
and  the W esterlies are in  their northernm ost position and the therm o-orographic low is 
absent. These climatic characteristics seem  to be better captured by  the GCMs in w inter than 
in  sum m er (Figure 3). The scatter plot diagram s of Figure 3 show  that the cloud of points is 
m ore concentrated and  closer to the point of high correlation (between the spatial patterns 
of the PCI of NCEP and  of the models), and lesser RMSE.
The spatial patterns of the best and  w orst perform ing GCMs, that is, the GCMs located at 
the extreme points of the scatter plot diagram s, are also show n in Figure 3. D uring w inter, 
the GCMs tend to  displace the W esterlies equatorw ard, a ttenuating  the contribution of the 
subtropical highs, w hereas in  sum m er, bo th  sem i-perm anent high systems are more 
extended to the south. For some GCMs, the difficulty in  representing the Andes orographic 
effect on the circulation is noteworthy. As examples, the m odel GISS-ER and  EGMAM are 
show n in Figure 3. GISS-ER extends the therm o-orographic low of sum m er tow ards a larger 
region over the m ountain  range, w hile the m odel EGMAM represents bo th  semi perm anent 
anticyclones over the continent, penetrating the range.
The variance explained by  each PC can be interpreted  as a m easure of the strength of each 
spatial pattern. Therefore, an analysis of the variance values explained by the first PC is 
used as a sim ple indicator of the ability of the GCMs in representing the m ean fields of the 
low level circulation over the region. The percentages of variance explained by the first PC 
are show n in Figure 4. For the NCEP dataset, values reach 70.6% and  54.6% for sum m er and 
w inter respectively, indicating that the cold season is m ore perturbed  than  the w arm  season. 
D uring sum m er, the percentage of variance explained by  the first PC of 10 out of the 12 
GCMs is below  than  observed. Thus, m ost m odels tend to represent a  lesser incidence of the 
m ean pattern  and, therefore, a higher presence of perturbations. D uring w inter, 6 m odels 
keep the circulation closer to its m ean than  is observed (i.e., overestim ation in  the 
percentages of variance explained by the first PC in BCCR-CM2.0, CNRM-CM3, 
CSIROMk3.0, GFDL-CM2.0, UKMO-HadCM3 and IPSL-CM4). H owever, the inter-m odel 
dispersion is low er w hen  com pared w ith  summ er. It is w orth  m entioning that most m odels 
are capable of reproducing the seasonality of the percentage of variance explained by  the 
first PC, w hich is low er in  winter. The exception is IPSL-CM4 w ith  a lower percentage in 
summer.
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Fig. 3. Spatial pattern  of the PC I of the NCEP SLP data  for sum m er an d  w inter. Scatterplot 
of the correlation coefficients versus the RMSEs betw een PC I of NCEP and  of the GCMs. 
Spatial pattern  for some selected m odels are also shown.
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Fig. 4. Percentage of variance explained by the PCI for sum m er and  winter.

3.3 Observed circulation types
The circulation types for sum m er (CTis, i= l,...,5) are show n in Figure 5.
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Fig. 5. O bserved CTs and percentage of days corresponding to each CT for summer. The 
dashed (solid) lines represent sea level pressure values low er (higher) than  1013 hPa. The 
contour interval is 2 hPa. Taylor diagram s of the observed CTs of NCEP and the CTs of the 
GCMs (red letters) and  of the m odel ensemble (green point).
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CTls is characterized by an  intensification of the southern Pacific anticyclone associated 
w ith  a trough  axis in  the northw est-southeast direction. This structure could be connected 
w ith  a post-frontal anticyclone that m oves forw ard on the continent inducing an  anom alous 
flow from  the east-southeast over the Pam pas region. CT2s is characterized by a 
perturbation over the continent and  a w eakening of the Atlantic anticyclone that could be 
related to a cold front affecting the region. In CT3s, a  belt of high pressures is extended to 
the South, reaching around  45°S. This CT is accom panied by a centre of low pressure values 
to the north. CT4s shows an  intensification and  expansion of the southern Atlantic 
anticyclone, w hich interrupts the passage of the eastern perturbations and  diverts them  to 
the south. CT5s is the pattern  that is most sim ilar to the m ean SLP field of sum m er (compare 
w ith  the spatial pattern  of the NCEP PCI in  Figure 3). This is the m ost frequent sum m er 
pattern, w ith  31.5% of the studied  cases.
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Fig. 6. Idem  Figure 5 for w inter.

The w inter patterns (CTiw, i= l,...,7) show m ore variable spatial structures than  the sum m er 
patterns (Figure 6). This is due to the higher baroclinicity of the w inter season and  therefore, 
the greater contribution of synoptic perturbations. In CTlw, a cyclonic perturbation
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dom inates the circulation over the southern South Pacific Ocean, w hile the opposite occurs 
in  CT2w for w hich a high pressure system  extends tow ards south, entering over the 
continent. CT3w show s an  intensification of the Atlantic anticyclone, inducing an anom aly of 
the northern-northeastern flow at the southern  tip  of the continent. CT3w shows an 
extension tow ards the north  of the W esterlies, w hich restricts the action of bo th  anticyclones 
to act to the north  of 40°S. CT5w corresponds to an  intense high pressure centered over 
Patagonia in  the south of A rgentina that extends over alm ost the w hole southern region of 
the continent and  over adjacent oceans. CT6w can be associated w ith  a cold front that 
advances tow ards northeast w ith  its postfrontal anticyclone generating southern advection 
w hen  getting in over the continent. Finally, CT7w can be linked w ith  the m ean SLP field of 
w inter, sim ilarly to  sum m er, w ith  a  frequency of 27.1% (compare w ith  the spatial pattern  of 
the NCEP PC I in  Figure 3).

3.4 Observed circulation typ es and daily rainfall
This section quantifies the relationship betw een the CTs for each season and  rainfall am ount 
and  persistence over the Pam pas region. The purpose is to evaluate how  m uch rainfall 
inform ation for the core crop-producing region is contained in  the circulation structures at a 
regional scale. Then, the probability of occurrence of a  rainy day conditioned to a specific CT 
is com pared w ith  the probability of occurrence of a rainy day for the rest of the data by 
m eans of the Z-statistic. Values and  significance from  the Z-statistics are show n in Table 2.

Sum m er
Dry Days R0.1 RIO R16

C T ls -2.65 2.65 -0.06 -1.13
CT2s -2.22 2.22 2.25 2.29
CT3s 0.67 -0.67 -0.99 -1.51
CT4s 3.68 -3.68 -3.05 -2.16
CT5s -0.05 0.05 1.00 1.15

W inter
Dry Days R0.1 R5

CTlw -1.20 1.20 0.75
CT2w 1.21 -1.21 -2.26
CT3w 0.33 -0.33 -0.71
CT4w 1.78* -1.78* -1.36
CT5w -4.72 4.72 3.06
CT6w -1.56 1.56 0.44
CT7w 1.99 -1.99 0.34

Table 2. Z-statistics of the com parison betw een the conditional probability of occurrence of a 
day w ith  a certain rainfall condition in  each CT for sum m er and  w inter and the 
climatological probability of that day. If the Z-statistic value is positive (negative) and  is 
significant, the specific circulation pattern  has (does not have) a significant contribution to 
the rainfall event. In red, significant values at 95% and  90% (*).

For sum m er, CT4s has the highest contribution to the dry  days, show ing positive and 
significant values of the Z-statistic for this condition (first colum n in Table 2). The 
configuration of SLP of CT4s corresponds to  an  intensification of the southern  Atlantic
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anticyclone, w hich interrupts the passage of the eastern perturbations and  diverts them  to 
the south. This anticyclone induces stability at low  levels and  can be significantly associated 
to the dry  days of the region. CT4s is the m ost persistent pattern, w ith  the 19% of the events 
in  sequences lasting from  four to  seven-day (Table 3). For rainy days, positive and 
significant values of the Z-statistic are observed for the CT2s and  CTls patterns (R0.1, RIO 
and  R16 colum ns in Table 2). Rainy days (R0.1) are significantly benefited by patterns that 
could be related to a post-frontal intense anticyclone that induces east-southeast anom alous 
flow and consequently increases m oisture advection over the region (CTls). This pattern  is 
the less frequent NCEP pattern  of the season (7.1%, Figure 5) and  is also one of the less 
persistent patterns, w ith  90% of the events in  sequences of one to three days (Table 3). 
H eavy rainy days are significantly related w ith  a  cyclonic disturbance at the centre of the 
continent associated w ith  a  cold front passage (CT2s in  Figure 5).

S u m m er W in te r
D C T ls C T 2s C T 3s C T4s C T5s C T lw CT2w C T 3w C T 4w C T 5w C T 6w C T7w
1 54.3 41.1 60.5 34.8 46.7 36.6 50.3 36.8 52.5 59.5 51.3 48.3
2 24.3 23.7 22.2 31.2 22.2 33.8 25.5 27.8 20.1 21.5 30.0 24.6
3 11.4 17.8 9.0 12.1 12.8 11.3 14.5 16.5 12.3 12.7 6.3 12.7
4 4.3 8.7 4.8 8.5 7.4 7.0 5.5 9.0 7.3 2.5 10.0 3.8
5 1.4 3.2 0.6 4.3 4.7 5.6 2.1 5.3 2.8 3.8 2.5 5.5
6 2.7 0.0 4.3 1.9 2.8 1.4 1.5 2.8 0.8
7 4.3 0.9 2.4 2.1 0.8 1.4 0.0 0.0 1.1 1.7
8 1.4 1.4 1.6 1.4 0.7 2.3 1.1 0.4
9 0.6 0.7 1.2 0.8

10 0.4
11 0.5 0.7 0.4 0.4
12
13 0.4
14
15 0.4

Table 3. Probability of the persistence (in days, D) of the different CTs.

Sum m er W inter
C T ls R ainy D ays C T lw

Least F requen t
CT2s H eavy  Rainy Days C T2w
CT3s Least p ersis ten t C T3w M ost persis ten t
CT4s D ry D ays C T4w D ry D ays

M ost persis ten t
CT5s M ost frequen t C T5w R ainy a n d  heav y  ra in y  D ays

Least p ersis ten t
Least frequen t

CT6w R ainy D ays

CT7w D ry D ays
M ost frequen t

Table 4. Schematic sum m ary of results.
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In Table 4, a schematic sum m ary of the results described above is found, w hich will serve as 
a basis for the com parison w ith  the GCMs in the next section.
W inter dry days are significantly favored by  a high pressure system  that extends from  the 
Atlantic Ocean to the centre of the continent (CT4w) and also by  CT7w, the pattern  that 
resem bles the m ean pattern  for w inter (positive and  significant values of the Z-statistic for 
this condition in  the first colum n of Table 2). Rainy days and heavy rainy days are 
significantly benefited by  structures w ith  a  high pressure system  at the south of the 
continent, enhancing an  anom alous flow from  the east-southeast to the central region of 
A rgentina and a corresponding m oisture advection at low levels (CT5w). This CT is the less 
persistent pattern  w ith  93.7% of the events in  sequences of one- to  three-day lasting (Table3) 
and  it is also the less frequent one (6.9%, Figure 6). CT3w is the m ost persistent pattern  of 
w inter (Table 3), coinciding w ith  w hat w as found for the sum m er CT4s.

3.5 Com parison between NCEP and GCMs
3.5.1 Present clim ate
A diversity of aspects should be taken into account w hen  com paring the ability of the GCMs 
in representing the synoptic patterns of NCEP, given that the surface climate depends on the 
representation of these characteristics.
The com parison of the m ean spatial patterns is sum m arized in  the Taylor diagram s of 
Figures 5 and  6. A lthough the correlation is expected to be high, since the projection of the 
GCM fields w as defined over the centriods of the observed NCEP fields, a  certain dispersion 
is found.
In sum m er, CT2s and  CT5s show s the smallest dispersion, bounded  betw een the values 0.95 
and  0.99 of the Taylor diagrams. This m eans that the GCMs are able to reproduce the 
structure and  position of these atm ospheric systems. In particular, the accurate 
representation of CT2s is essential for the generation of the heavy rainfall events in  the 
region.
In w inter, the greatest correlations are close to 0.99 and are found for the CT2w, CT3 w, CT4w 
and  CT7 w- Unlike w hat occurs for sum m er, the CTs that are best represented  by  the GCMs 
are the ones associated w ith  dry  days (CT4 w y CT7w). CT3w is the most persistent structure 
w ith  an  intensification of the Atlantic anticyclone (Table 3) that could be linked to the 
blocking events occurring in  the Atlantic ocean (around 40°W) that are m ore frequent 
during  w inter (Alessandro, 2003). From  the Taylor diagram , it is clear that the spatial 
structure of CT3w is well represented, w hich is key for the location of the blocking and  its 
consequent effect on the surface variables (Figure 6).
The com parison of the standard  deviation and the root m ean squared error indicate an  inter 
m odel dispersion according to the CT and  the tim e of the year. For sum m er, the standard  
deviations are distributed around  the observed NCEP value for all cases except for CT2s, for 
w hich most m odels underestim ate the standard  deviation (points to the left of the reference 
point in  the Taylor diagram  of Figure 5). This indicates that the GCMs tend to  underestim ate 
the am plitude of the variation of the SLP of CT2s, and  consequently underestim ate the 
dep th  of the systems that are associated directly w ith  heavy rainfall.
D uring w inter, the dispersion of the standard  deviations is uniform  for CT2w, CT3 w, CT4 w 
y CT7w, w hich also are the CTs w ith  best estim ations of the spatial structures (Figure 6). 
Most GCMs overestim ate the standard  deviation of the types CTlw, CT5 w and  CT6 w,
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increasing the dep th  of the systems, and  in  particular of those that are associated w ith  
rainfall or heavy rainfall of w inter (CT5 w and  CT6 w, Table 4).
In all cases, the root m ean squared errors are low er than  400 hPa. Considering that the 
standard  deviations of NCEP vary betw een 536 and 1088 hPa, the m odel errors are lower 
than  the proper variability of the observed m ean fields. Also, the m ajority of the errors do 
not reach higher values than  50% of the standard  deviation.
A nother aspect to take into account is the relative frequency of each CT estim ated by  the 
GCMs. Figure 7.a shows that the ensem ble is able to reproduce these frequencies, although 
the m odel dispersion is considerable, especially in  sum m er for CT3s and  CT5s. In summ er, 
the frequencies of the m odels overestim ate the frequencies of CT3s w hile the frequencies of 
CT5s are m ostly underestim ated. The latter coincides w ith  w hat w as found in  the analysis of 
the dom inant sum m er pattern, PCI. CT5s is similar to the sum m er m ean field and an 
underestim ation of its frequencies implicates a higher contribution of the other CTs, 
representing the perturbations. The pattern  that represents an  intensification of the southern 
A tlantic anticyclone and  its stability (CT4s) is the pattern  that is best represented by the 
GCMs in term s of frequency. This pattern  is significantly associated to the dry  days of the 
region.
For w inter, the dispersion am ong the m odels is low er than for summ er. CT5w and  CT6w are 
best represented w ith  frequencies close to observed values. This implies that the m odels are 
capable of a quite good representation of the frequencies of the structures that are 
significantly associated w ith  rain days and heavy rain days. The ensem ble reproduces the 
observed frequencies very well in  all cases.

3.5.2 Future clim ate
The future frequency changes of each CT show  a considerable dispersion am ong the GCMs 
(Figures 7.b and  7.c), especially for the w arm  season. Nevertheless, the signs of the 
tendencies are equal for all CTs and for the tw o tim e horizons (2046-2065 and  2081-2099). It 
is im portant to  point out that the future changes of the CT frequencies are smaller than  the 
20th century observed frequency dispersion (Figure 7). In this sense, it is difficult to  quantify 
the uncertainty.
In the previous section, it w as found  tha t the CT2s an d  CT4s are significantly associated 
w ith  heavy rainy  days and  d ry  days respectively (Table 4). In  the projections of fu ture 
CTs, the m ajority of the GCMs and  the ensem ble show  an  increm ent of CT2s frequencies 
an d  a decrease of the CT4s frequencies. This is in te rp re ted  as a trend  of reduction  of the 
d ry  day circulation patterns and  in  an  increase of the frequencies of the patterns 
associated w ith  rainfall of the region. These results coincides w ith  other clim ate change 
results over the region that show s positive trends in  the to tal seasonal precip ita tion  and 
changes in  the precip ita tion  variability  (Barros et al., 2005; Silvestri & Vera, 2008; V era et 
al., 2006).
For w inter, even if there is a  slight dispersion in  the frequencies of the fu ture projections, 
this does not seem to indicate m ayor changes in  the frequencies of the patterns. The m ain 
changes are given by  an increase of the frequencies of CT2w and CT7w, and a decrease of 
CTlw and  CT3w-
These results w ould  im ply an increm ent in  the variability of daily rainfall, especially during 
sum m er, and  also a change in  the distribution of rainfall over the Pam pas region.
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Fig. 7. Frequency (%) of circulation types for sum m er an d  w inter for NCEP (red diam ond), 
GCMs (circles) an d  ensem ble of GCMs (blue diam ond) for the 20th C entury (a). Future 
changes of the frequencies of the CTs for the period 2046-2065 (b) and  2081-2099 (c).
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4. Conclusion

This chapter analyzed the relation betw een the daily low level circulation over Southern 
South America and adjacent oceans and the precipitation over the region Pampas. Also, the 
capacity of 12 GCMs in representing the low level synoptic circulation for the period 1979- 
1999 w as evaluated and  their future projection of the XXI century w as discussed.
The synoptic structures identified in  this w ork  can be associated w ith  daily rainfall over the 
region of study. The classification scheme is effective not only in  discrim inating dry and 
rainy days, b u t also in  differentiating betw een different thresholds of rainfall intensities. In 
this sense, the findings of this research help to  im prove our understanding  of the 
relationship betw een rainfall variability and  atm ospheric circulation as defined by an 
objective classification of circulation types.
Sum m er dry  days are related to  the most persistent circulation type, corresponding to an 
intensification of the southern A tlantic anticyclone, w hich in terrupts the passage of the 
eastern perturbations and diverts them  to the south. Rainy days are significantly benefited 
by patterns that could be related to a post-frontal intense anticyclone that induces east- 
southeast anom alous flow and  m oisture advection over the region H eavy rainy days are 
significantly related w ith  a  cyclonic disturbance at the centre of the continent associated 
w ith  a  cold front passage.
W inter dry days are significantly favored by  a high pressure system  that extends from  the 
Atlantic Ocean to the centre of the continent. Rainy days and  heavy rainy days are 
significantly benefited by  structures w ith  a  high pressure system  at the south of the 
continent, enhancing an  anom alous flow from  the east-southeast to the central region of 
A rgentina and  a corresponding m oisture advection at low levels.
The principal climatic characteristics of the atm ospheric circulation of sum m er and w inter 
are reasonably well captured by the GCMs, although the seasonality is exaggerated. For 
example, during  w inter, the W esterlies are displaced tow ards the equator, attenuating  the 
contribution of the subtropical highs. D uring sum m er, bo th  sem i-perm anent h igh systems 
m ore extended to the south than  the observed fields. M ost m odels tend to  show a lower 
contribution of the m ean pattern  in  com parison to  NCEP and, therefore, a higher presence 
of perturbations.
W ith respect to the circulation types, the m odels are able to reproduce the full range of 
sum m er and w inter circulation types found in  the NCEP climatology. For present climate, 
an  inter-m odel variability of the representation of the sum m er patterns is observed. The 
GCMs estim ate reasonably well the frequency of atm ospheric situations that favor dry days. 
For the tw o fu ture tim e horizons analyzed, a trend  of reduction of the circulation patterns 
associated w ith  dry  days and  an  increm ent of the frequencies of the patterns associated w ith  
rainfall of the region is observed. This is in  agreem ent w ith  other climate change studies 
over the region that shows positive trends in  the total seasonal precipitation and  changes in 
the precipitation variability.
C ontrary to w hat is observed for sum m er, during  w inter the GCMs estim ate reasonably well 
the frequency of the circulation types, especially those that favor heavy rain and dry 
conditions over the region. The m ajority of the GCMs indicate an  increm ent of these 
patterns for future climate, principally during  the second half of the 21th century.
The results above im ply an increm ent in  the variability of daily rainfall, especially during 
sum m er, and  also a change in  the d istribution of rainfall over the Pam pas region. From
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these projections, favorable consequences for the trends of the agricultural production in  a 
climate change context can be derived, especially for the agricultural border.
H owever, it should be stressed that although the GCMs are capable of reproducing the 
circulation types and  their m ain characteristics, there is an  im portant interm odel dispersion. 
This lim its the reliability of the GCMs for the study of future circulation changes, and 
consequently of precipitation changes. As explained above the quantification of the 
uncertainty of the projections is a  complex issue. W ith this in  m ind, the findings of this 
research provide insight into the possible future climate change context.
One of the im portant aspects related to  climate change, including climate variability, is the 
com prehension of extreme events and  the skill of the m odels in  representing their 
occurrence. The im pact of climate adversities in  agricultural activities m akes it necessary to 
determ ine in  w hat m easure the spatial and  tem poral variability of climate is responsible for 
the yields of the crops and  to generate tools that perm it the supervision, the estim ation of 
im pacts and  the design of alert systems. The w orld  is facing a w ater crisis, bu t im proved 
w ater m anagem ent in  rain-fed agriculture can bu ild  resilience to  cope w ith  fu ture w ater 
related risks and  uncertainties.
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Monsoonal Changes in South Korea
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Korea

1. Introduction

The Korean Peninsula, surrounded  by  the sea on three sides (east, west, and south), is 
located on the eastern end of the Asian continent adjacent to the W est Pacific and  belongs to 
the tem perate zone w ith  four distinct seasons, w hich are largely controlled by  the East Asian 
monsoon. D uring the w inter, from  December to  February, it is cold and dry due to the 
establishm ent of the strong Siberian anticyclone on the Tibetan Plateau. M eanwhile, the 
sum m er, from  June to A ugust, is hot and  wet, w ith  frequent heavy rains (An, 2000; 
N akagaw a et al., 2006; Yancheva et al., 2007). The m odern  climate of Korea is characterized 
by a m ean annual tem perature of 12.2°C, ranging from  5.1°C to 13.6°C, w ith  a m onthly m ean 
daily m axim um  tem perature of u p  to 19.4°C and  a m onthly m ean daily m inim um  
tem perature of 0°C over the past 30 years (1971-2000). Precipitation is relatively high (mean, 
1299 mm), and about 70% of the annual precipitation falls in  sum m er, especially from  June 
to A ugust (Korean M eteorological A dm inistration, h ttp ://k m a .g o .k r).
Pollen studies are well suited to  exam ining the im pact of rap id  climate change on terrestrial 
ecosystems because the réponse of vegetation to  climate fluctuation is pronounced and can 
occur on decadal tim e scales (Tinner & Lotter, 2001). Pollen analysis provides inform ation 
that is unavailable from  other sources and  offers a unique and  invaluable perspective on 
natural, clim ate-induced vegetation changes and  environm ental reconstruction (Birks & 
Birks, 1980; Davis, 1994) despite its lim itations com pared w ith  marcropaleontology. 
Therefore, am ong the various terrestrial paleoclimate proxies, pollen has proven to be a 
m ost useful tool.
Pollen studies w ere carried out in  South Korea w ith  a focus m ainly on reconstructing  
vegetation  and  clim ate from  the Q uaternary  sedim ents of w etlands (e.g., C hang et al., 
1987; Choi et al., 2005; Jang et al., 2006; Jun et al., 2010; Park & Yi, 2008; Yi et al., 2004, 
2005, 2008a, 2008b; Yoon, 1997), lakes (e.g., C hang & Kim, 1982; Fujiki & Yasuda, 2004; 
Y asuda et al., 1980), and  archaeological sites (e.g., C hung et al., 2006, 2010; Yi, 2011; Yi & 
Kang, 2009; Yi & Kim, 2009; Yi et al., 2011; Yoon et al., 2005). Early, non-dated  pollen 
studies w ere conducted  to  in terp re t local vegetation  history. Recently, pollen 
investigations have reconstructed  vegetation  and  clim ate changes w ith  geologic ages 
using  rad iocarbon  dates.
The age-controlled pollen data are used herein. The response of vegetation in  South Korea to 
East Asian m onsoon climate change is discussed based on the pollen datasets.

http://kma.go.kr
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2. East Asian monsoon

The East A sian m onsoon is an  integral part of the global climatic system. M onsoon 
clim ates, especially m onsoon-derived precipitation, are im portan t to  the m aintenance 
of the environm ents of East Asia. This m onsoon regim e is a sub-system  of the Asian 
m onsoon circulation (An, 2000). The East Asian m onsoon is form ed by therm al differences 
betw een  the A sian landm ass and  the Pacific Ocean; the area to  the northw est of the front 
is under the strong influence of the continental S iberian air m ass, w hich is d ry  and 
has large seasonal tem peratu re  variations, w hereas the area to  the southeast of the front 
is controlled by the oceanic Pacific air m ass, w hich is h igh  in  m oisture and  has small 
seasonal tem peratu re  variations (Yancheva et al., 2007). The coastal East A sian regions 
are characterized by  prom inent seasonality due to the seasonal m igration  of the m onsoon 
front across these regions (N akagaw a et al., 2006). As the seasonal tem peratu re variability  
on the continent is greater than  that in  the ocean, the tem peratu re  gradient betw een  
the tw o air m asses creates a surface-air p ressu re gradient that seasonally changes 
its direction, forcing NW  and  SE surface w inds in  w in ter an d  sum m er, respectively
(Fig- 1)-

PACIFIC PACIFIC

ISum m ei

Mean sea-level pressure (hPa) 
mean location of jet stream (winter/summer) 
dominant vectors of surface windsfwinter/summer) 
average southern limit of cold surges (winter) 
present 100 m isobath 
loess distribution in China

Fig. 1. Seasonal changes in  the w ind  system  of the East Asian m onsoon area (modified from  
Yancheva et al., 2007).

2.1 Evolution o f the East Asian monsoon
The evolution  of the East A sian m onsoon is a p rincipal factor controlling 
paleoenvironm ental changes in  the East A sian region (An, 2000). Cenozoic uplift of the 
H im alayan-T ibetan  P lateau is though t to  contribute to  the A sian M onsoons, includ ing  the 
East A sian and  Ind ian  m onsoons, and  the N orthern  H em ispheric ice ages (Qiang et al., 
2001). Q iang et a l.'s  (2001) study  of the m agnetostra tig raphy  of the Jiaxian red  clay section 
of the Chinese Loess P lateau docum ented  that the onset of the East A sian m onsoon 
occurred in  the Late M iocene (8.35 Ma). M oreover they recognized long-term  changes in
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the East A sian m onsoon since the Late M iocene based  on accum ulation rate and  grain  size 
analysis of the eolian dust deposited  in  the central Chinese Loess Plateau. For exam ple, 
the strengthening  of the East A sian w in ter m onsoon occurred betw een  3.5 M a and  3.1 M a 
an d  intensified fu rther after 2.6 Ma. H ow ever, Sun and  W ang (2005), based  on 
com pilation of paleobotanical and  lithological d a ta  from  China, suggested  that an 
in itiation  of m onsoon clim ate system  in  East Asia w as fu rther back to  the latest Oligocene. 
Subsequently, paleom onsoonal studies have used m ulti-proxies of loess-paleosols (e.g., 
An, 2000; A n et al., 1990), caves (e.g., Dykoski et al., 2005; W ang et al., 2001), lake 
sedim ents (e.g., N akagaw a et al., 2006; W u et al., 2006; W únnem ann et al., 2006; Yamada, 
2004), ice cores (e.g., Yao et al., 2001), and  pollen  (e.g., Feng et al., 2006; M akohonienko et 
al., 2008; Yi et al., 2003a, 2003b).

2.2 M odem  clim ate o f Korea
South Korea is in  the tem perate zone controlled by the East Asian m onsoon, w hich is 
characterized by distinct seasonal changes, w ith  a  w arm , w et sum m er and  a cool, dry 
w inter. However, the present climate conditions are trending tow ard  increases in  extreme 
precipitation and drought.
Baek and  K w on (2005) show ed a decreasing trend  in  A pril p recip ita tion  and  an  increasing 
trend  in  A ugust precip ita tion  for 1954-2002. C hang and  K ow n (2007) investigated  the 
spatial patterns of trends in  sum m er precip ita tion  for 1973-2005 and  po in ted  out a 
significant increase in  June precip ita tion  for the northern  and  central-w estern  part of 
Korea. Bae et al. (2008) reported  that the long-term  trends in  annual p recip ita tion  and 
runoff w ere increasing in  the no rthern  part of Korea and  decreasing in  the sou thw estern  
p art of Korea. Furtherm ore, a recent study  on clim ate trends in  Korea reported  annual 
precip ita tion  increases an d  increases in  the num ber of severe precip ita tion  events (Jun et 
al., 2010). It show ed that the increase in  annual p recip ita tion  is m ainly associated w ith  
increases in  the frequency an d  intensity  of heavy precip ita tion  d u ring  the sum m er season 
(June-Septem ber), w hereas precip ita tion  du ring  the spring  an d  w in ter seasons show ed a 
decreasing trend. This variation in  precip ita tion  is likely to increase flood an d  drought 
risk.

3. Vegetation of Korea

The first studies of K orean p lants w ere m ade by  Japanese researchers (e.g., N akai, 1952; 
Uyeki, 1911, 1933), follow ed by  K orean botan ists (e.g., C hung & Lee, 1965; Kong, 2007; 
Lee, 1985; Lee & Yim, 2002; Yim, 1977; Yim & Kira, 1975). Yim and  Kira (1975) first 
established a vegetation  m ap of the K orean Peninsula, w hich  consists of conifer forest 
(subalpine zone), deciduous broad leaved  forest (tem perate zone), an d  evergreen forest 
(subtropical zone). The deciduous broadleaved  forest is fu rther d iv ided  into three zones 
at different latitudes: the northw est tem perate zone, the central tem perate zone, and  the 
sou thern  tem perate zone. M oreover, the vertical vegetation  zone is d iv ided  on the basis of 
the elevation of m oun ta in  ranges. Local vegetation  is p rim arily  controlled by  climate, soil, 
geom orphology, and  artificial factors. In all, the d istribu tion  of K orean forests is b an d ­
shaped  and  changes w ith  variations in  tem peratu re depend ing  on la titude and  elevation
(Fig- 2).
Tem perature is an im portant factor in  the grow th and  distribution of plants. The m ean 
annual tem perature in  Korea is 2.5-10.0°C in the northern  region (39°N-43°N), 10.0-12.5°C in
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(S u b tro p ic a l-w a rm  te m p e r a t e  z o n e )

Fig. 2. Vertical and  latitudinal m odern  vegetation m ap w ith  an  isotherm al and an  isobaric 
line (modified from  Yim & Kira, 1975). N -S cross-section show ing the forests distributed 
across the peninsula w ith  elevation. Pollen records discussed in  the text are from  the Paju- 
Unjeong site (A) and  Pyeongtaek site (B).
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the central region (37°N-39°N), and  12.5-15.0°C in the southern  region (33°N-37°N). The 
m ean m onthly daily m axim um  tem perature is 32.5-35°C in the northern  region and 37.5- 
40.0°C in the southern region; the m ean daily m inim um  tem perature ranges from  -5°C to - 
15°C in the subtropical region, -15°C to -20°C in the w arm -tem perate south central region, - 
20°C to -25°C in the w arm -tem perate central region, -25°C to -30°C in the w arm -tem perate 
north  central region, and  -35°C to -45°C in the subalpine northern  region (Kong, 2007). 
Subalpine conifer forest is m ainly distributed in  N orth  Korea and  consists of evergreen 
conifers, such as a fir (Abies holophylla, A . koreana, A. nephrolepsis), spruce (Picea jezoenisis), 
p ine (Pinus koraiensis, P. pumila), an d  yew  (Taxus cuspidate), an d  deciduous broadleaved  
trees, such as b irch  (Betula costata, an d  B. platyphylla var. japonica). These hardw ood  trees 
grow  u nder subalpine clim ate conditions, w ith  a m ean annual tem peratu re of 5°C (Fig. 
3a, 3b).
M ixed conifer and  deciduous broadleaved forests are dom inated by pines (Pinus desiflora) 
and  oaks (Quercus mongolica), w ith  other hardw ood trees such as elm  (Ulmus parvifolia, U. 
davidiana var. japonica), Carpinus laxiflora, hazel (Corylus teterophylla var. thunbergii), lime 
(Tilia amurensis), and  m aple (Acer palmatum) (Fig. 3c).
D eciduous broad leaved  forest (DBF) is d istribu ted  betw een  35 °N and  43 °N, except in  the 
subalpine area. The m ain  trees are m aples (Acer palmatum), oaks (Quercus dentate, Q. aliena 
an d  Q. serrata), b irches (Betula platyphylla var. japonica), Zelkova serrate, Styrax japonica, 
Carpinus tschnonoskii, Lindera erythrocarpa, Lindera obtusiloba, an d  Acer mono (Fig. 3d). This 
forest is fu rther d iv ided  into three zones, the no rth  tem perate, central tem perate, and  
sou th  tem perate, based  on floral com ponents. The no rth  tem perate zone of the DBF is 
d istribu ted  from  the north  central region to  the borders of C hina an d  Russia. This zone is 
com posed of Tilia amurnesis var. glabrata, Acer tegmentosum, Acer okamotoanum, Betula 
schmidtii, Quercus mongolica, Corylus sieboldiana, Abies holophylla, an d  Pinus koraiensis. The 
central tem perate zone of the DBF is d istribu ted  sou th  to  40 °N on the east coast, to  39 °N 
on the w est coast, and  to  38 °N in the central area an d  consists of Zelkova serrata, Strax 
japonica, Quercus mongolica, Q. serrata, Q. aliena, Lindera obtusiloba, Juniperus chinensis, Abies 
holophylla, and  Pinus densiflora. The sou th  tem perate zone of the DBF develops betw een  
35°N  and  36°N  and  ranges to 38°N  on the east coast and  to 37°30'N  on the w est coast. This 
zone is characterized by the predom inance of deciduous broad leaved  trees of Carpinus 
tshonoskii, Meliosma oldhamii, Pourthiaea villosa, Acer palmatum, Pterocarya strobilacea, and  
Celtis sinensis, evergreen broad leaved  trees of Euonymus japonica, E. fortune var. radicans, 
an d  Daphniphyllum macropodum, an d  conifers of Pinus densiflora, P. thunbergii, and 
Cephalotaxus koreana.
Subtropical evergreen forest is located along the south coast and  is lim ited to 35 °N in inland 
areas and  35°30'N  in  coastal areas, including several islands. The m ain com ponents are trees 
such as Quercus acuta, Q. glauca, Q. myrsinaefolia, Castanopsis cuspidate var. sieboldii, 
Cinnamomum camphora, Machilus thunbergii, and  Euonymus japonica and  shrubs including 
Camellia japonica, Ilex integra, Aucuba japonica, and  Eurya japonica (Fig. 3e).
Additionally, coastal conifers such as Pinus thunbergii grow along the west, south, and east 
coasts (Fig. 3f). Salt m arshes com posed of Sueda japonica, S. glauca, Salicornia europaea, Salosa 
komarovii, and Phragmites communis are found in patches along the w est and south  coasts 
(Fig. 3g). Some recreational forests, run  by  the national and local governm ents, w ere 
designed by the afforestation of conifers (Fig. 3h).
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(c) Mixed coniferous & deciduous 
broadleaved forest 

(Pinus densiflora & Quercus mongolica)

(d) Deciduous broadleaved forest
(Quercus aliena & Ulmus davidiana)

(g) Salt marsh
(Phragmites communis & Suaeda japonica)

(f) Afforestation
(Chamaecyparis obtusa)

(e) Evergreen deciduous broadleaved 
forest (Madidus thunbergii)

(f) Coastal conifer forest 
(Pinus thunbegii)

(b) Subalpine conifer (Abies koreana)

Fig. 3. M odern forest types of South Korea.
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4. Palynological studies in South Korea

Q uaternary palynological studies in  Korea have m ainly focused on the reconstruction of 
vegetation and  climate change since the last glacial m axim um  (LGM). In the m iddle to late 
20th century, Korean pollen investigations w ere carried out in  peat or organic-rich soil from  
coastal w etlands or lagoons (e.g., ., Jo, 1979; Oh, 1971; Park, 1990; Tsukada, 1977; Yi et al., 
1996; Yoon, 1997). Subsequently, a num ber of palynological studies w ere perform ed due to 
increased peat layer recovery from  excavations of inland w etland and  archaeological sites 
(e.g., C hung & Lee, 2006; Kim et al., 2001; Seo & Yi, 2001; Yi et al., 2006, 2008a). A ttem pts 
w ere m ade to reconstruct the natural vegetation history in response to  climate change from  
the peat and  w etland sam ples and  to in trepret hum an-induced changes based on age- 
controlled pollen profiles, (agriculture and  land-use in  forests). The palynological studies 
are show n in Table 1.
Two Holocene pollen analyses are in troduced herein: the Paju-Unjeong site is located in  the 
w est central area, and  the Pyeongtaek site is located in  the w estern  coastal area on the 
Korean Peninsula (Fig. 2).

4.1 Pollen assem blages o f the Paju-Unjeong area
Zone UJ10-I (elevation 17.954-18.164 m  a.s.l., ca. 8425-4700 cal yr BP) w as quantitatively 
dom inated by Quercus and  Alnus  together w ith  a few broadleaved deciduous trees of 
Fraxinus, Ulmus/Zelkooa, Magnolia, and  Castanea and  the conifer Pinus. The dom inant herbs 
w ere m em bers of the Cyperaceae, w ith  Gram ineae and Artemisia. Additionally, accessory 
trees and shrubs and  herbaceous taxa w ere present th roughout this zone. Subzone UJ10-Ia 
(elevation 17.954-17.984 m  a.s.l., ca. 8425-7520 cal yr BP) w as characterized by  the 
predom inance of hardw ood trees of Quercus and Alnus  and  herbs of Cyperaceae. The 
com m on pollen grains w ere from  trees of Fraxinus, U lmus/ Zelkova, Magnolia, Salix, and 
Castanea and herbs of Gram ineae and  Ambrosia. Subzone UJ10-Ib (elevation 17.984-18.164 m  
a.s.l., ca. 7520-4700 cal yr BP) w as dom inated by Quercus, Alnus, and Cyperaceae, w hich 
gradually  declined, in  com bination w ith  Pinus, Magnolia, U lmus/ Zelkova, Gramineae, and 
Artemisia. The occurrence of Pinus som ew hat increased upw ard  w ith in  this subzone. O ther 
accessory taxa occurred sporadically.
Zone UJ10-II (elevation 18.164 -18.354 m  a.s.l., ca. 4700-2170 cal yr BP) w as characterized by 
the dom inance of Pinus, Quercus, G ram ineae (>35 pm), Gramineae, and  Cyperaceae. 
C om m on elem ents included hardw ood trees of Magnolia and  Buxus and  herbs of Artemisia 
associated w ith  a few Myrica, Carpinus, Juglans, Ulmus/  Zelkova, Fraxinus, Castanea, and 
Ambrosia. This zone w as defined by a distinct decrease in  Quercus and  Alnus deciduous 
broadleaved trees and  an  apparent increase in  Pinus conifers and  Gram ineae (>35 pm) and 
Gram ineae herbs tow ard  the top  of the zone. Tilia w as found only w ith in  this zone.
Zone UJ10-III (elevation 18.354-18.764 m  a.s.l., ca. 2170 cal yr BP-M odern) w as 
conspicuously m arked by  the grow ing dom inance of Pinus, G ram ineae (>35 pm), 
Gramineae, and Cyperaceae, replacing Quercus and  Alnus, w hich decreased dramatically. 
C om m on taxa w ere the pollen grains derived from  Magnolia and Artemisia, together w ith  a 
few Ulmus/  Zelkova, Myrica, Carpinus, Juglans, Salix, Fraxinus, and  Castanea. Pollen grains of 
Fagopyrum and  Ericaceae appeared  only w ith in  this zone. The boundary  of the subzone w as 
designated by a sudden  increase in  Pinus, Fagopyrum, and  Artemisia and  the first appearance 
of Ericaceae. Subzone UJ10-IIIa (elevation 18.354-18.534 m  a.s.l., 2170 to ca. 440 cal yr BP) 
featured the predom inance of herbs, Gram ineae (>35 pm), and Cyperaceae associated w ith
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A rch ive S ite L ocation R e fe ren ce A ge

Y o n grangho
Socho-shi, G an g w o n  

P rov ince
T su k ad a  (1977), C hang  

& K im  (1982)
H olocene

L ake
H y an g h o

G an g n eu n g -sh i, 
G an g w o n  P rov ince

Fujik i & Y asu d a  (2004) H olocene

B angeojin
U lsan-sh i, G y eongsang  

P rov ince
Jo (1979), C h an g  & Kim 

(1982)
H olocene

W olham ji
B uyeo-gun , 

C h u n g c h eo n g  P rov ince
C h an g  & K im  (1982) H olocene

M oor, Bog
M t. D aeam

Inje-gun , G an g w o n  
P rov ince

C h an g  e t al. (1987), 
C h o i & K oh  (1989)

H olocene
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P ark  & C h an g  (1998), 
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H olocene
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Y oon & Jo (1996)
Late

P leistocene-
H olocene

W etlan d
H a n a m

H an am -sh i, G yeongg i 
P rov ince

Yi e t al. (2008b)
Late

P leistocene-
H olocene

Paju-U njeong
Paju-sh i, G yeo n g g i 

P rov ince
Yi e t al. (2011) H olocene

Im ja-do
S h in an -g u n , Jeolla 

P rov ince
Yi e t al. (2004) H olocene

C oasta l
C heollipo

T aean-gun , C h u n g ch eo n g  
P rov ince

P ark  (1990), Jang e t al. 
(2006)

H olocene

w e tla n d
Ilsan

G oyang-sh i, G yeo n g g i 
P rov ince

Y oon (1997), Yi e t al. 
(2005)

H olocene

P y eo n g taek
P yeong taek -sh i, 

G y eo n g g i P rov ince
O h  (1971), Ju n  et al. 

(2010)
H olocene

S oro ri
C h e o n g w o n -g u n , 

C h u n g c h eo n g  P rov ince
K im  (2001)

Late
Pleistocene

U njeonri
C heonan-sh i, 

C h u n g c h eo n g  P rov ince
P ark  (2004) H olocene

A n y o u n g ri
T ach eo n -m y  eon, 

C h u n g c h eo n g  P rov ince
Seo & Yi (2003)

Late
Pleistocene

P o o n g g i
A san-sh i, C h u n g ch eo n g  

P rov ince
Yi e t al. (2006)

Late
Pleistocene

A rchaeo­
log ical site

Y on g d o n g N aju -sh i, Jeolla P rov ince C h u n g  & Lee (2006)
Late

Pleistocene

Y eanri
G im hae-sh i, G y eongsang  

P rov ince
Yi & Saito  (2003c) H olocene

C heonggye-
cheon

S eoul Yi e t al. (2008a) H olocene

Jinju
Jinju-shi, G y eongsang  

P rov ince
C h u n g  e t al. (2006)

Late
Pleistocene

P iseo ri
M u a n -g u n , Jeolla 

P rov ince
C h u n g  e t al. (2005)

Late
Pleistocene

Is lan d H a n o n
S eogyu ipo -sh i, Jeju 

P rov ince
C h u n g  (2007)

Late
Pleistocene

Table 1. List of palynological studies in  South Korea.
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Pinus, Quercus, and Gramineae. Quercus pollen gradually  decreased, w hereas Pinus, 
Gram ineae (>35 pm), and Artemisia pollen grains gradually  increased tow ard  the upper 
boundary. M oreover, the pollen grains of Quercus and Alnus  decreased, w hereas Gram ineae 
(>35 pm) and  Gram ineae increased com pared w ith  frequencies in  the preceding zone. 
Subzone UJlO-IIIb (elevation 18.534-18.764 m  a.s.1., ca. 440 cal yr BP to  M odern) w as 
characterized by Pinus and  Gram ineae (>35 pm), w hich w ere the prom inent contributors 
and  occurred in very abundant am ounts. This zone w as m arked by an  increase in Pinus and 
an  apparent decrease in  G ramineae, Cyperaceae, and  Artemisia. Quercus and G ram ineae (>35 
pm) w ere continuously present (Yi, 2011) (Fig. 4).

4.2 Pollen assem blages o f the Pyeongtaek area
Zone HS-I (depth 192-187 cm, ca. 10 600 to ca. 10 400 cal yr BP) w as dom inated by Quercus 
(up to 22%) together w ith  a  few broadleaved deciduous trees of Alnus and Betula and the 
conifer, Pinus. The dom inant herbs w ere m em bers of the Cyperaceae, w ith  a few Gram ineae 
and  Typha. Additionally, accessory trees and  shrubs and herbaceous taxa w ere present 
th roughout this zone.
Zone HS-II (depth 187-122 cm, ca. 10 400 to ca. 8000 cal yr BP) w as defined by  a distinct 
increase in Quercus deciduous broadleaved trees and  an  apparent decrease in  Cyperaceae 
herbs. Arboreal pollen indicated that conifers of Pinus and  Larix and  deciduous broadleaved 
trees such as Carpinus, Juglans, Ulmus/Zelkova, and  Alnus increased slightly from  the 
preceding zone. Chenopodiaceae show ed an  increasing trend, w hereas Cyperaceae 
decreased throughout the zone. Gram ineae w as still com m on in this zone. The pollen 
concentration of all taxa decreased com pared w ith  that in  the preceding zone.
Zone HS-III (depth 122-77 cm, ca. 8000 to ca. 6000 cal yr BP) w as characterized by the 
sudden  expansion of T-C-C (Taxaceae-Cephalotaxaceae-Cupressaceae) and Cyperaceae 
com pared w ith  zone HS-II. Quercus declined in  frequency and gradually decreased tow ard 
the top of the zone. Chenopodiaceae decreased to the point of being rare in  this zone. 
Gram ineae slightly increased. The pollen concentration varied am ong sam ples (average 380 
000 g rains/g ) bu t w as relatively high, reaching 1 000 000 g rains/g .
Zone HS-IV (depth 77-44 cm, ca. 6000 to  ca. 4500 cal yr BP) w as m arked by the 
predom inance of Alnus and  T-C-C associated w ith  Quercus, Gramineae, and Typha. Fern 
spores increased in  frequency, w ith  greater num bers tow ard the top of the zone. Freshwater 
algae and  aquatic pollen w ere common. This zone show ed the highest pollen concentration 
(average 500 000 grains/g ) am ong the pollen zones (Jun et al., 2010) (Fig. 5).

5. Vegetation change and the East Asian monsoonal fluctuation in South 
Korea during the Holocene Period

5.1 Vegetation changes
The available age-controlled pollen datasets allow us to infer the vegetational history of South 
Korea. The vegetation changes in the eastern and w estern parts of South Korea are discussed. 
During the early Holocene (10 000-7000 cal yr BP), subalpine conifer forest w as replaced by 
broadleaved deciduous forest dom inated by hardw ood oak trees due to climatic amelioration. 
Moreover, the forest com ponents evidenced by the pollen records are greater than those of the 
preceding period. During the mid-Holocene optim um, the former forest w as replaced by a 
mixed subtropical and w arm -tem perate broadleaved forest, w hich w as characterized by 
evergreen oak and therm ophilous hardw ood trees. These trees w ere com posed mainly of oak
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[Quercus (Cyclobalanopsis) ]  a n d  Q. (Lepidobalanus) ] ,  h o r n b e a m  (Carpinus), h a z e l  (Corylus), 
a l d e r  (Alnus), z e l k o v a  (Zelkos), a n d  e l m  (Ulmus). T h e  m i x e d  s u b t r o p i c a l  a n d  w a r m -  

t e m p e r a t e  b r o a d l e a v e d  f o r e s t  f l o u r i s h e d  u n d e r  t h e  f a v o r a b l e  w a r m  a n d  w e t  c l i m a t i c  

c o n d i t i o n s .  A f t e r  t h e  m i d - H o l o c e n e  o p t i m u m ,  t h e  s u b t r o p i c a l  a n d  w a r m - t e m p e r a t e  f o r e s t  

s h r a n k  a n d  w a s  r e p l a c e d  b y  a  t e m p e r a t e  f o r e s t  d u e  t o  c l i m a t i c  d e t e r i o r a t i o n .  B e g i n n i n g  

a b o u t  2 0 0 0  c a l  y r  B P ,  t h e  f o r e s t  w a s  a f f e c t e d  b y  h u m a n  i m p a c t s ,  s u c h  a s  c u l t i v a t i o n ,  s l a s h -  

a n d - b u r n  a g r i c u l t u r e ,  a n d  d e f o r e s t a t i o n ,  r e c o r d e d  i n  t h e  p o l l e n  b y  t h e  f i r s t  a p p e a r a n c e  o f  t h e  

a g r i c u l t u r a l  i n d i c a t o r  b u c k w h e a t  (Fagopyrum) i n  a s s o c i a t i o n  w i t h  s u d d e n  i n c r e a s e s  i n  

s y n a n t h r o p o g e n i c  i n d i c a t o r s  [Ambrosia, Plantago, Artemisia, a n d  G r a m i n e a e  ( > 3 5  p m ) ]  a n d  

s e c o n d a r y  p i n e  t r e e s  ( F u j i k i  &  Y a s u d a ,  2 0 0 4 ;  J o ,  1 9 7 9 ;  T s u k a d a ,  1 9 7 7 ) .

C o m p a r e d  w i t h  t h e  e a s t  c o a s t ,  p o l l e n  s t u d i e s  f r o m  t h e  w e s t  c o a s t  a r e  m o r e  n u m e r o u s  ( e .g . ,  

J a n g  e t  a l . ,  2 0 0 6 ;  J u n  e t  a l . ,  2 0 1 0 ;  O h ,  1 9 7 1 ;  P a r k ,  1 9 9 0 ,  Y i  e t  a l . ,  2 0 0 5 ;  Y i  e t  a l . ,  2 0 1 0 ;  Y o o n ,  

1 9 9 7 )  b e c a u s e  t h e r e  a r e  a  p l e n t y  o f  w e t l a n d s  a l o n g  t h i s  c o a s t .  F r o m  8 0 0 0  t o  5 0 0 0  c a l  y r  B P ,  

s u b t r o p i c a l  e v e r g r e e n  a n d  w a r m - t e m p e r a t e  f o r e s t  o c c u p i e d  t h i s  a r e a ,  e s p e c i a l l y  t h e  h i l l s  a n d  

l o w  m o u n t a i n o u s  a r e a s ,  r e s u l t i n g  i n  a  h i g h  p r o p o r t i o n  o f  p o l l e n  f r o m  t r e e s  a n d  s h r u b s  w i t h  

a  s m a l l e r  p r o p o r t i o n  f r o m  h e r b s .  T h e  e v e r g r e e n  a n d  w a r m - t e m p e r a t e  f o r e s t  c o n s i s t e d  

m a i n l y  o f  o a k  [Quercus (Cyclobalanopsis)]  a n d  Q . (Lepidobalanus) ] ,  a l d e r  (Alnus), w i l l o w  

(Salix), h o r n b e a m  (Carpinus), h a z e l  (Corylus), z e l k o v a  (Zelkos), a n d  e l m  (Ulmus). H o w e v e r ,  

J u n  e t  a l .  ( 2 0 1 0 )  p o i n t e d  o u t  t h a t  s a l t  m a r s h  (Suaeda) p o l l e n  a p p e a r e d  o n l y  a t  c e r t a i n  p e r i o d s  

t h a t  w e r e  c o m p a r a b l e  t o  t r a n s g r e s s i o n  p e r i o d s  o f  t h e  Y e l l o w  S e a  ( C h o u g h  e t  a l . ,  2 0 0 4 ;  P a r k ,  

1 9 9 2 ) .  T h e  f a v o r a b l e  c o n d i t i o n s  c h a r a c t e r i z e d  b y  h i g h  m o i s t u r e  a n d  w a r m e r  t e m p e r a t u r e s  

d u r i n g  t h e  m i d - H o l o c e n e  o p t i m u m  a n d  t h e  t r a n s g r e s s i o n  o f  t h e  Y e l l o w  S e a  a c c e l e r a t e d  t h e  

f l o u r i s h i n g  o f  f o r e s t s  a l o n g  t h e  w e s t e r n  r e g i o n .  L a t e r ,  t h e  f o r e s t  w a s  r e p l a c e d  b y  c o n i f e r -  

d o m i n a t e d  f o r e s t  w i t h  a n  h e r b - d o m i n a t e d  u n d e r s t o r y  u n t i l  a b o u t  2 0 0 0  c a l  y r  B P .  

A d d i t i o n a l l y ,  t h e  c o m p o n e n t s  o f  t h e  h a r d w o o d  f o r e s t s  s h o w e d  a  s u d d e n  d e c l i n e  i n  a l d e r  

(Alnus) a n d  a n  i n c r e a s e  i n  b i r c h  (Betula) a n d  h a z e l  (Corylus) o w i n g  t o  c l i m a t i c  d e t e r i o r a t i o n .  

B e g i n n i n g  a b o u t  2 0 0 0  c a l  y r  B P ,  a n t h r o p o g e n i c  i n d i c a t o r s ,  i n c l u d i n g  Fagopyrum, Ambrosia, 
Plantago, Artemisia, a n d  G r a m i n e a e  ( > 3 5  p m ) ,  a n d  p i n e  t r e e s  i n d i c a t e  t h a t  h u m a n  a c t i v i t y  

p l a y e d  a n  i m p o r t a n t  r o l e  i n  d i s t u r b i n g  t h e  f o r e s t  a n d  i n  s e c o n d a r y  f o r e s t a t i o n .

K o r e a  M e t e o r o l o g i c a l  A d m i n i s t r a t i o n  ( K M A )  r e p o r t s  t h a t  t h e r e  w a s  a  m e a n  a n n u a l  

t e m p e r a t u r e  o f  1 2 .2 ° C  a n d  1 2 5 5  m m  i n  a  m e a n  a n n u a l  p r e c i p i t a t i o n  d u r i n g  t h e  1 9 7 3 - 1 9 8 0 ,  

b u t  t h e  t e m p e r a t u r e  a n d  p r e c i p i t a t i o n  i n c r e a s e d  u p  t o  1 2 .9 ° C  a n d  1 4 6 9  m m ,  r e s p e c t i v e l y ,  

b e t w e e n  2 0 0 1  a n d  2 0 0 7 .  T h i s  m e t e o r o l o g i c a l  p h e n o m e n a  s h o w  t h e  c l i m a t e  c o n d i t i o n s  o f  K o r e a  

a r e  c h a n g i n g  t o  b e  s u b t r o p i c a l  z o n e s  c a u s e d  b y  g l o b a l  w a r m i n g .  W i t h  s u c h  c l i m a t e  c o n d i t i o n s ,  

t y p e s  a n d  c o m m u n i t i e s  o f  K o r e a n  f o r e s t  c a n  b e  e x p e c t e d  t o  c h a n g e .  F o r  e x a m p l e ,  a  K o r e a n  f i r  

(Abies koreana), w h i c h  i s  a  s e n s i t i v e  t o  t e m p e r a t u r e ,  c a n n o t  b e  s u r v i v e d  a n y  l o n g e r  i n  h i g h  

m o u n t a i n s ,  s u c h  a s  M t .  H a l l a  i n  J e j u  I s l a n d ,  M t .  D u c k y o o  i n  c e n t r a l  r e g i o n  a n d  M t .  S e o l a k  i n  

e a s t e r n  r e g i o n .  M o r e o v e r ,  n o r t h  l i m i t  o f  v e g e t a t i o n  d i s t r i b u t i o n  w i l l  m i g r a t e  n o r t h w a r d .  

E v e r g r e e n  b r o a d l e a v e d  f o r e s t s  m a y  w i d e l y  d i s t r i b u t e  a n d  e x p a n d  n o r t h  t o  a b o u t  3 7 ° N  a s  t h e y  

d i d  d u r i n g  t h e  m i d - H o l o c e n e  p o l l e n  r e c o r d  ( e .g . ,  J a n g  e t  a l . ,  2 0 0 6 ;  Y i  e t  a l . ,  2 0 0 8 ) .  T h e  

d i s t r i b u t i o n  o f  b o t h  a  c o n i f e r o u s  f o r e s t  a n d  a  m i x e d  f o r e s t  o f  c o n i f e r  a n d  d e c i d u o u s  

b r o a d l e a v e d  t r e e  w i l l  b e  r e d u c e d .  S o u t h  t e m p e r a t e  z o n e  o f  d e c i d u o u s  b r o a d l e a v e d  f o r e s t  

( D B F )  w i l l  r e p l a c e  t h e  c e n t r a l  t e m p e r a t e  z o n e  o f  D B F  i n  S o u t h  K o r e a  ( F ig .  2 ) .

I n  s u m m a r y ,  t h e  H o l o c e n e  p o l l e n  r e c o r d s  r e f l e c t  d i f f e r e n c e s  i n  f o r e s t  p l a n t  a s s e m b l a g e s  

b e t w e e n  t h e  w e s t e r n  a n d  e a s t e r n  r e g i o n s  d u r i n g  t h e  e a r l y  t o  m i d d l e  H o l o c e n e .  I n  t h e  e a s t e r n  

c o a s t a l  a r e a ,  d o m i n a n c e  a l t e r n a t e d  b e t w e e n  o a k  a n d  p i n e  o v e r  t i m e ,  r e f l e c t i n g  c l i m a t e  

c h a n g e s  d u r i n g  t h e  e a r l y  t o  m i d d l e  H o l o c e n e .  H o w e v e r ,  i n  t h e  w e s t e r n  c o a s t a l  a r e a ,  o a k  a n d
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a l d e r  w e r e  c o - d o m i n a n t  t a x a  d u r i n g  t h e  e a r l y  t o  m i d d l e  H o l o c e n e .  T h i s  i s  a  r e f l e c t i o n  o f  t h e  

g e o m o r p h i c  f e a t u r e s  o f  a n d  t h e  m a r i n e  e n v i r o n m e n t a l  i n f l u e n c e  o v e r  t h e  K o r e a n  P e n i n s u l a .  

T h e  K o r e a n  P e n i n s u l a  i s  g e o m o r p h o l o g i c a l l y  h i g h l y  m o u n t a i n o u s  i n  t h e  e a s t  a n d  f l a t ,  l o w ,  

a n d  w i d e  i n  t h e  w e s t  ( F ig .  2 ) .  D u r i n g  t h e  e a r l y  t o  m i d d l e  H o l o c e n e ,  t h e  w e s t  c o a s t  

e x p e r i e n c e d  w e t t e r  c o n d i t i o n s  f o r  a  l o n g e r  p e r i o d  o f  t i m e  t h a n  d i d  t h e  e a s t  c o a s t  d u r i n g  s e a -  

l e v e l  r i s e .  F r o m  t h e  l a t e  H o l o c e n e  ( c a .  2 0 0 0  c a l  y r  B P ) ,  p i n e  t r e e s  a n d  a g r i c u l t u r a l  i n d i c a t o r s  

i n c r e a s e d  o v e r  S o u t h  K o r e a ,  r e f l e c t i n g  t h e  i n t e n s i t y  o f  h u m a n  i m p a c t  s i n c e  t h a t  t i m e  ( F i g .  6 ) .  

D u e  t o  g l o b a l  w a r m i n g ,  n o  s u b a l p i n e  c o n i f e r ,  e s p e c i a l l y  a  K o r e a n  f i r  (Abies koreana), w i l l  b e  

e x i s t  i n  S o u t h  K o r e a  i n  n e a r  f u t u r e .  A l s o  e v e r g r e e n  b r o a d l e a v e d  f o r e s t  w i l l  f u r t h e r  s p r e a d  

n o r t h  t o  3 7 ° N ,  a n d  s o u t h  t e m p e r a t e  z o n e  o f  D B F  w i l l  o c c u p y  t h e  r e g i o n  o f  c e n t r a l  t e m p e r a t e  

z o n e  o f  D B F .

5.2 Vegetation responses to  turbulent East Asian m onsoonal changes during the  
early to  m iddle Holocene
A b o u t  9 0 0 0  c a l  y r  B P ,  t h e  c o n c e n t r a t i o n  o f  C O 2 ( u p  t o  3 8 0  p p m )  r e a c h e d  a  m a x i m u m  i n  t h e  

a t m o s p h e r e  a l o n g  w i t h  i n c r e a s e d  s o l a r  r a d i a t i o n  i n  t h e  N o r t h e r n  H e m i s p h e r e  i n  t h e  s u m m e r  

( B e r g e r ,  1 9 7 8 ;  N e f t e l  e t  a l . ,  1 9 8 2 ) .  I n  J u l y ,  s o l a r  r a d i a t i o n  w a s  7% h i g h e r  t h a n  a t  p r e s e n t .  A s  a  

r e s u l t ,  t h e  s e a s o n a l  r a n g e  o f  t e m p e r a t u r e s  w a s  c o n s i d e r a b l y  i n c r e a s e d .  T h e  d i f f e r e n c e  i n  

w a r m i n g  b e t w e e n  t h e  c o n t i n e n t  a n d  o c e a n  w a s  h i g h e r ,  l e a d i n g  t o  m o n s o o n s  ( K u t z b a c h ,  

1 9 8 1 ;  A n  e t  a l . ,  2 0 0 0 ;  S h i  e t  a l . ,  2 0 1 1 ) .  T h e  m a j o r i t y  o f  t h e r m o p h i l o s ,  p a r t i c u l a r l y  e v e r g r e e n  

t r e e s ,  d i d  n o t  g r o w  w e l l  b e c a u s e  o f  c o l d  w i n t e r s ,  e v e n  t h o u g h  s u m m e r s  w e r e  r e l a t i v e l y  

w a r m .  T h i s  i s  w h y  d e c i d u o u s  o a k  f o r e s t s  w e r e  s o  c o m m o n  i n  S o u t h  K o r e a  d u r i n g  t h e  e a r l y  

H o l o c e n e .

F r o m  t h e  m i d - H o l o c e n e  o p t i m u m ,  t h e  p e r c e n t a g e  o f  b r o a d l e a v e d  d e c i d u o u s  c o m p o n e n t s  

g r a d u a l l y  d e c r e a s e d ,  w h e r e a s  t h e  p e r c e n t a g e  o f  p o l l e n  g r a i n s  f r o m  e v e r g r e e n  o a k  [Quercus 
(Castanopsis)] i n c r e a s e d  ( F ig .  7 ) .  D u r i n g  t h a t  t i m e ,  d e c i d u o u s  b r o a d l e a v e d  f o r e s t s  w e r e  

r e p l a c e d  b y  e v e r g r e e n  f o r e s t s  m o s t l y  c o m p o s e d  o f  Q . (Castanopsis). T h e  c l i m a t e  b e c a m e  

m i l d e r ,  w i t h  w a r m e r  w i n t e r s .  M o r e  p r o p o r t i o n a l  s o l a r  r a d i a t i o n  p e r  s e a s o n  ( F ig .  7 )  l e d  t o  a  

d e c r e a s e d  a n n u a l  r a n g e  o f  t e m p e r a t u r e s :  J u l y  t e m p e r a t u r e s  s l i g h t l y  d e c r e a s e d ,  a n d  J a n u a r y  

t e m p e r a t u r e s  i n c r e a s e d .  I t  i s  p o s s i b l e  t h a t  t h e r e  w a s  r e l a t e d  a d a p t a t i o n  t o  a  s l i g h t l y  w a r m e r  

w i n t e r  c l i m a t e .  T h e  r a n g e  o f  d e c i d u o u s  o a k  f o r e s t s  s h r a n k  i n  t h i s  r e g i o n ,  p r o b a b l y  d u e  t o  

i n c r e a s e d  m o i s t u r e .  M e a n  a n n u a l  t e m p e r a t u r e  i n  K o r e a  ( S o h n ,  1 9 8 4 )  w a s  2 - 3 ° C  h i g h e r  t h a n  

p r e s e n t l y .  T e m p e r a t u r e  d i f f e r e n c e s  b e t w e e n  t h e  n o r t h e r n  a n d  s o u t h e r n  p a r t s  o f  t h e  K o r e a n  

P e n i n s u l a  r e m a r k a b l y  i n c r e a s e d  t o w a r d  t h e  e n d  o f  t h i s  p h a s e  ( S o h n ,  1 9 8 4 ) .  A n  e n h a n c e d  

s u m m e r  m o n s o o n  p r o v i d e d  f a v o r a b l e  c o n d i t i o n s  t o  a n  e v e r g r e e n  o a k - d o m i n a t e d  f o r e s t .  

P o l l e n  s t u d i e s  i n  C h i n a  i n d i c a t e  t h a t  f o r e s t  v e g e t a t i o n  o c c u p i e d  a  l a r g e r  a r e a  d u r i n g  t h e  

m i d - H o l o c e n e  ( Y u  e t  a l . ,  1 9 9 8 ,  2 0 0 0 )  d u e  t o  w a r m  a n d  w e t  c l i m a t e  t o g e t h e r  w i t h  g r e a t e r  t h a n  

p r e s e n t  s u m m e r  i n s o l a t i o n  a n d  s t r o n g e r  P a c i f i c  m o n s o o n  a c t i v i t y  ( W i n k l e r  &  W a n g ,  1 9 9 3 ) .  

T h e  o a k - p i n e  w o o d l a n d  a n d  s t e p p e  w e r e  r e p l a c e d  b y  a  d r y  s t e p p e  v e g e t a t i o n  i n  n o r t h e a s t  

C h i n a  r e g i o n  a f t e r  l a t e  H o l o c e n e  o f  c a .  3 5 0 0  c a l .  y r  B P  ( L i u  e t  a l . ,  2 0 0 2 ;  T a r a s o v  e t  a l . ,  2 0 0 6 ) .  

T a k a h a r a  e t  a l .  ( 2 0 0 0 )  c o n c l u d e d  t h a t  t h e  v e g e t a t i o n  d i s t r i b u t i o n  a t  m i d - H o l o c e n e  t i m e  ( 6 0 0 0  

y r  B P )  w a s  r a t h e r  s i m i l a r  t o  p r e s e n t .  F r o m  t h e i r  p o l l e n  s t u d y ,  t h e y  p o i n t e d  o u t  t h e  

b r o a d l e a v e d  e v e r g r e e n  a n d  w a r m  m i x e d  f o r e s t  m a y  h a v e  b e e n  p r e s e n t  a t  h i g h e r  e l e v a t i o n s  

i n  t h e  m o u n t a i n s  o f  c e n t r a l  J a p a n .  B u t ,  t h e  n o r t h e r n  l i m i t  o f  t h e  b i o m e  w a s  a p p a r e n t l y  

s i m i l a r  t o  p r e s e n t  a s  a  c o n s e q u e n c e  o f  n o r t h w a r d  m i g r a t i o n  o f  t h e  b i o m e  u n d e r  w a r m e r  a n d  

w e t t e r  c o n d i t i o n s .
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P y e o n g ta e k  
(H w a n g sa n  T re n ch )

P a ju -U n je o n g
(U J-10) V e g e ta tio n

Z o n e T re e - s h ru b H erb Z o n e T r e e - s h r u b s H erb F o r e s t
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T-C-C 
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Cyperaceae
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Mixed cool tem perate 
broadleaved 

deciduous tree & 
conifer 
Forest 

(secondary forestation)

No record

Alnus 
Q. (Lepidobalanus) 

T-C-C 
P. (Diploxylon) 

Larix 
Buxus

Cyperaceae
Gramineae
Artemisia
Portulaca

Mixed cool temperate 
broadleaved 

deciduous tree & conifer 
Forest

Alnus 
Q. (Lepidobalanus) 

T-C-C 
Carpinus

Q. (Lepidobalanus) 
Q. (Cyclobalanopsis) 

T-C-C 
Alnus 

Carpinus

Q. (Lepidobalanus) 
Picea 

P. (Diploxylon) 
Betula 

Carpinus

Cyperaceae
Gramineae
Artemisia

Alnus 
Q. (Lepidobalanus) 
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Q. (Cyclobalanopsis) 

P. (Diploxylon) 
Fraxinus

Cyperaceae
Gramineae
Portulaca
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Cyperaceae
Gramineae

Typha

Alnus 
Q. (Lepidobalanus) 
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_______ Sa//x_______
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T-C-C: Taxaceae-Cephalotexaceae-Cupressaceae BDT: Boradleaved decidoustree

F i g .  6. C o r r e l a t i o n  o f  p o l l e n  z o n e s ,  w i t h  m a i n  t r e e s  a n d  h e r b s ,  b e t w e e n  t h e  P y e o n g t a e k  a n d  

P a j u - U n j e o n g  a r e a s  a n d  f o r e s t  h i s t o r y  d u r i n g  t h e  H o l o c e n e  p e r i o d  ( c o m p i l e d  f r o m  J u n  e t  a l . ,  

2 0 1 0  a n d  Y i  e t  a l . ,  2 0 1 1 ) .

A
ge 

(cal. K
a)
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(da JA leo) a ß v

F i g .  7 . V e g e t a t i o n  a n d  c l i m a t e  c h a n g e s  b a s e d  o n  p o l l e n  i n d i c a t o r s  i n  S o u t h  K o r e a  d u r i n g  t h e  

H o l o c e n e  p e r i o d .  I n s o l a t i o n  ( J u l y ) ,  p r e c i p i t a t i o n ,  a n d  s e a  l e v e l  a r e  f r o m  B e r g e r  ( 1 9 7 8 ) ,  H u  e t  

a l .  ( 2 0 0 8 ) ,  a n d  P a r k  ( 1 9 9 2 )  a n d  f r o m  C h o u g h  e t  a l .  ( 2 0 0 4 ) ,  r e s p e c t i v e l y .  B D :  B r o a d l e a v e d  

d e c i d u o u s
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6. Conclusion
T h e  K o r e a n  P e n i n s u l a ,  s u r r o u n d e d  b y  t h e  s e a  o n  t h r e e  s i d e s  ( e a s t ,  w e s t ,  a n d  s o u t h ) ,  i s  

l o c a t e d  o n  t h e  e a s t e r n  e n d  o f  t h e  A s i a n  c o n t i n e n t  a n d  b e l o n g s  t o  t h e  t e m p e r a t e  z o n e  w i t h  

f o u r  d i s t i n c t  s e a s o n s  l a r g e l y  c o n t r o l l e d  b y  t h e  E a s t  A s i a n  m o n s o o n .  D u r i n g  t h e  s u m m e r ,  t h e  

K o r e a n  P e n i n s u l a  i s  o c c u p i e d  b y  a  s u b t r o p i c a l  h i g h  p r e s s u r e  s y s t e m  a n d  e x p e r i e n c e s  w a r m ,  

w e t  c o n d i t i o n s  w i t h  f r e q u e n t ,  h e a v y  r a i n f a l l s .  D u r i n g  t h e  w i n t e r ,  i t  i s  c o l d  a n d  d r y  u n d e r  t h e  

d o m i n a n t  i n f l u e n c e  o f  t h e  n o r t h w e s t e r l y  S i b e r i a n  h i g h  a i r  m a s s .  T h e  K o r e a n  P e n i n s u l a  i s  a n  

a r e a  s e n s i t i v e  t o  c l i m a t e  c h a n g e s .  T h e r e f o r e ,  w e l l - p r e s e r v e d  r e c o r d s  f r o m  t h e  K o r e a n  

P e n i n s u l a  t h a t  p r o v i d e  a  c o n t i n u o u s  c l i m a t e  h i s t o r y  a r e  a  s o u r c e  o f  v a l u a b l e  i n f o r m a t i o n  o f  

t h e  E a s t  A s i a n  m o n s o o n a l  s y s t e m .

A g e - c o n t r o l l e d  p o l l e n  s t r a t i g r a p h y  w a s  o b t a i n e d  f r o m  s e v e r a l  o r g a n i c - r i c h  s e d i m e n t s  i n  

w e t l a n d s  a n d  a r c h a e o l o g i c a l  s i t e s  i n  S o u t h  K o r e a .  H o l o c e n e  v e g e t a t i o n  a n d  c l i m a t e  w e r e  

d e d u c e d  f r o m  p o l l e n  r e c o r d s .  D u r i n g  t h e  E a r l y  H o l o c e n e  ( c a .  1 0  4 0 0 - 8 0 0 0  c a l  y r  B P ) ,  d r y ,  

c o o l - t e m p e r a t e  c o n d i t i o n s  e n c o u r a g e d  Q w e r c M S - d o m i n a t e d  d e c i d u o u s  b r o a d - l e a v e d  f o r e s t s  

w i t h  c o n i f e r s  (Pinus) a n d  c o o l - t o l e r a n t  b i r c h  (Betula) i n  t h e  h i l l s  a n d  m o u n t a i n o u s  a r e a s  a s  

p o s t - g l a c i a l  w a r m i n g  b e g a n .  A  m i d - H o l o c e n e  c l i m a t e  o p t i m u m  o c c u r r e d  b e t w e e n  7 0 0 0  c a l  

y r  B P  a n d  5 0 0 0  c a l  y r  B P ,  w h e n  e v e r g r e e n  b r o a d l e a v e d  o a k  [Quercus (Cyclobalanopsis) ]  a n d  

d e c i d u o u s  b r o a d l e a v e d  h a r d w o o d  t r e e s  f l o u r i s h e d  a n d  m i g r a t e d  n o r t h w a r d  t o  t h e  c e n t r a l  

K o r e a n  P e n i n s u l a  ( N  3 7 - 3 8 ° ) ,  w h i l e  c o n i f e r s  a n d  c o o l - t o l e r a n t  b i r c h  (Betula) r e t r e a t e d  h i g h e r  

u p  t h e  m o u n t a i n s .  A f t e r  t h e  m i d - H o l o c e n e  ( c a .  5 0 0 0  t o  c a .  3 0 0 0  c a l  y r  B P ) ,  e v e r g r e e n  a n d  

d e c i d u o u s  b r o a d l e a v e d  Q w e r c M S - d o m i n a t e d  f o r e s t s  w e r e  r e p l a c e d  b y  m i x e d  c o n i f e r  a n d  

d e c i d u o u s  b r o a d l e a v e d  f o r e s t s  d u e  t o  c l i m a t i c  d e t e r i o r a t i o n  t o  d r y ,  c o o l - t e m p e r a t e  

c o n d i t i o n s .  D u r i n g  t h e  l a t e  H o l o c e n e  ( c a .  3 0 0 0 - 2 0 0 0  c a l  y r  B P ) ,  m i x e d  c o n i f e r o u s  a n d  

d e c i d u o u s  b r o a d l e a v e d  f o r e s t s  w e r e  c o n t i n u o u s  i n  t h e  m o u n t a i n o u s  a r e a s  u n d e r  w e t ,  c o o l -  

t e m p e r a t e  c l i m a t i c  c o n d i t i o n s .  S i n c e  2 0 0 0  c a l .  y r  B P ,  f o r e s t s  w e r e  p r i m a r i l y  a f f e c t e d  b y  

h u m a n  d i s t u r b a n c e  i n  K o r e a .  T h a t  i s ,  s t e r i l i z e d  m o u n t a i n  s o i l  c o n d i t i o n s  c a u s e d  b y  h u m a n  

a c t i v i t y  s u c h  a s  d e f o r e s t a t i o n  a n d  c u l t i v a t i o n  a c c e l e r a t e d  t h e  e x p a n s i o n  o f  c o n i f e r o u s  f o r e s t ,  

r e p l a c i n g  t h e  f o r m e r  m i x e d - v e g e t a t i o n  f o r e s t .  H u m a n  i m p a c t  i s  i n d i c a t e d  b y  t h e  o c c u r r e n c e  

o f  c u l t i v a t e d  p l a n t s ,  G r a m i n e a e  ( > 3 5  p m ) ,  a n d  b u c k w h e a t  (Fagopyrum ) c o m b i n e d  w i t h  

s y n a n t h r o p o g e n i c  Ambrosia  a n d  Artemisia.
O w i n g  t o  g l o b a l  w a r m i n g ,  n o  s u b a l p i n e  c o n i f e r ,  e s p e c i a l l y  a  K o r e a n  f i r  (Abies koreana), w i l l  

b e  e x i s t  i n  S o u t h  K o r e a  i n  n e a r  f u t u r e .  A l s o  e v e r g r e e n  b r o a d l e a v e d  f o r e s t  w i l l  f u r t h e r  s p r e a d  

n o r t h  t o  N  3 7 ° ,  a n d  s o u t h  t e m p e r a t e  z o n e  o f  d e c i d u o u s  b r o a d l e a v e d  f o r e s t  w i l l  o c c u p y  t h e  

r e g i o n  o f  c e n t r a l  t e m p e r a t e  z o n e  o f  d e c i d u o u s  b r o a d l e a v e d  f o r e s t .
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1. Introduction
C l i m a t e  s i g n a l s  f r o m  10B e  r e c o r d s  i n  m a r i n e  e n v i r o n m e n t s  h a v e  b e e n  s t u d i e d  f o r  l a s t  t w o  

d e c a d e s  ( A l d a h a n  e t  a l . ,  1 9 9 7 ,  B o u r l è s  e t  a l . ,  1 9 8 9 ,  C h r i s t i  e t  a l . ,  2 0 0 3 ,  E i s e n h a u e r  e t  a l . ,  1 9 9 4 ,  

H o r i u c h i  e t  a l . ,  2 0 0 0 ,  2 0 0 1 ,  K i m  a n d  N a m ,  2 0 1 0 ,  K n u d s e n  e t  a l . ,  2 0 0 8 ,  M c H a r g u e  e t  a l . ,  2 0 1 0 ,  

M c H a r g u e  a n d  D o n a h u e ,  2 0 0 5 ) .  U n d e r s t a n d i n g  o f  r e g i o n a l  c l i m a t e  s i g n a l s  i s  f e a s i b l e  

t h r o u g h  n o t  o n l y  10B e  b u t  a l s o  9B e  f r o m  t h e  s e d i m e n t .  T h i s  i s  b e c a u s e  9B e  i s  t e r r i g e n o u s  

o r i g i n  w h i l e  10B e  s i g n a l  i s  a f f e c t e d  b y  c l i m a t i c  c o n d i t i o n  a n d  p r o d u c t i o n  a t  t h e  t o p  o f  

a t m o s p h e r e .  R e c e n t  s t u d y  f r o m  t h e  E a s t  S e a  o f  K o r e a  ( 0 5 - G C R P - 2 1 )  i n d i c a t e d  t h a t  c l i m a t e  

s i g n a l s  f r o m  10B e  r e c o r d s  o f  K o r e a n  m a r i n e  s e d i m e n t  a r e  g e n e r a l l y  r e p r e s e n t i n g  g l o b a l  

c l i m a t e  v a r i a t i o n s  d u r i n g  w a r m  a n d  c o l d  p e r i o d s  f r o m  L a s t  G l a c i a l  M a x i m u m  t o  H o l o c e n e  

a n d  a l s o  M I S  ( m a r i n e  i s o t o p e  s t a g e )  6 t o  E e m i a n .  T h e  10B e  r e c o r d s  o f  t h e  E a s t  S e a  a r e  w e l l  

c o m p a r e d  w i t h  t h o s e  f r o m  t h e  o x y g e n  i s o t o p i c  r e c o r d  o f  t h i s  m a r g i n a l  s e a  ( K i m  a n d  N a m ,  

2 0 1 0 ) .  D u r i n g  t h e  w a r m  i n t e r g l a c i a l  p e r i o d s  t h e  10B e  c o n c e n t r a t i o n s  p e r  s e d i m e n t  m a s s  h a v e  

s i g n i f i c a n t l y  i n c r e a s e d  w h i l e  d u r i n g  t h e  c o l d  g l a c i a l  p e r i o d s  t h o s e  h a v e  d e c r e a s e d  ( A l d a h a n  

e t  a l . ,  1 9 9 7 ,  E i s e n h a u e r  e t  a l . ,  1 9 9 4 ) .  T h i s  r e s u l t  a l s o  s h o w s  t h a t  a  v i v i d  r e c o r d  o f  10B e / 9B e  

i n d i c a t e s  a  s i g n i f i c a n t  i n c r e a s e  o f  10B e  a t  a  t i m e  o f  1 2 0  k y r ,  w h i c h  m i g h t  b e  a n  i n d i c a t i o n  o f  

t h e  p a l e o m a g e n t i c  e x c u r s i o n .

I n t e r e s t i n g l y ,  i t  w a s  f o u n d  t h a t  t h e  10B e  c o n c e n t r a t i o n s  p e r  l g  s e d i m e n t  o f  t h i s  r e g i o n  w e r e  

a b o u t  3 0 %  l o w e r  t h a n  o t h e r  10B e  r e c o r d s  o f  l a r g e l y  o p e n  m a r i n e  e n v i r o n m e n t .  W e  a l s o  f o u n d  

t h a t  10B e  c o n c e n t r a t i o n s  o f  t h e  B l a k e  O u t e r  R i d g e  w e r e  s i m i l a r  t o  t h o s e  f r o m  K o r e a n  m a r i n e  

s e d i m e n t s  ( M c H a r g u e  e t  a l . ,  2 0 0 0 ) .  T w o  s t u d y  a r e a s  a r e  l o c a t e d  n e a r b y  l a r g e  c o n t i n e n t s :  t h e  

E a s t  A s i a  ( t h e  E a s t  S e a )  v s  N o r t h  A m e r i c a  ( t h e  A t l a n t i c ) .  T h i s  c o u l d  b e  c a u s e d  b y  s e d i m e n t  

i n f l o w  t o  t h e  m a r i n e  e n v i r o n m e n t  w h i c h  i s  c l o s e  e n o u g h  t o  t h e  c o n t i n e n t .  T h e r e f o r e ,  l o c a l  

m a r i n e  e n v i r o n m e n t a l  i n f l u e n c e  i s  r e v e a l e d  t h r o u g h  t h e  b e r y l l i u m  i s o t o p e s .  B o t h  c a s e s  

w o u l d  h a v e  s i m i l a r  c l i m a t i c  s i g n a l s  d u e  t o  t h e i r  g e o g r a p h i c a l  l o c a t i o n s  n e a r b y  c o n t i n e n t .  

T h e  l o w e r  10B e  c o n c e n t r a t i o n s  f o r  t h e s e  r e g i o n s  c o u l d  b e  a l s o  i n v o l v e d  i n  o c e a n  c u r r e n t  a n d  

c i r c u l a t i o n .  R e l a t i v e l y  d e e p  s e a  w a t e r  o f  t h e s e  r e g i o n s  m a y  n o t  b e  w e l l  m i x e d  r a p i d l y  w i t h  

t h e  s u r f a c e  w a t e r  a n d  o l d  s e a  w a t e r  w i t h  r e l a t i v e l y  l o w e r  10B e  c o n c e n t r a t i o n  r e m a i n s  i n  t h e  

s e d i m e n t  r e c o r d s .  F o r  t h i s  c h a p t e r ,  w e  i n v e s t i g a t e d  c l i m a t i c  s i g n a l s  f r o m  B e  i s o t o p e  r e c o r d s  

o f  t h e  E a s t  S e a  o f  K o r e a  a n d  t h e  M e n d e l e e v  R i d g e  o f  t h e  A r c t i c  O c e a n  a n d  c o m p a r e d  w i t h  

t h e  r e c o r d s  f r o m  t h e  B l a k e  O u t e r  R i d g e  s t u d i e d  b y  M c H a r g u e  e t  a l . ,  2 0 0 0 .  I n  a d d i t i o n ,  g l o b a l  

10B e  r e c o r d s  o f  m a r i n e  s e d i m e n t s  f o r  v a r i o u s  r e g i o n s  w i l l  b e  b r i e f l y  d i s c u s s e d .  T h i s  c h a p t e r
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w o u l d  p r o v i d e  a  n e w  i n s i g h t  g u i d e  i n t o  u n d e r s t a n d i n g  c l i m a t e  s i g n a l s  t h r o u g h  10B e  r e c o r d s  

o f  v a r i o u s  m a r i n e  e n v i r o n m e n t s .

2. Beryllium isotopes in terrestrial environments
2.1 Cosm ic ray induced 10Be production rate
P r o d u c t i o n  r a t e s  o f  c o s m o g e n i c  i s o t o p e s  d e p e n d  o n  g e o m a g n e t i c  l a t i t u d e ,  a l t i t u d e ,  a n d  f l u x  

o f  i n c o m i n g  c o s m i c  r a y s  t o  t h e  e a r t h  ( L a i ,  1 9 8 8 ) .  T h e  E a r t h ' s  g e o m a g n e t i c  f i e l d  d e f l e c t s  

i n c o m i n g  c o s m i c  r a y s  a n d  h a s  a n  e f f e c t  o n  t h e  p r o d u c t i o n  r a t e  o f  in situ  c o s m o g e n i c  

i s o t o p e s .  T h i s  d e f l e c t i o n  a f f e c t s  t h e  i n c i d e n t  a n g l e  a n d  t h e  r i g i d i t y  o f  c o s m i c  r a y s .  T h e  

r i g i d i t y  i s  d e f i n e d  a s  r  =  p c / q ,  w h e r e  p  i s  t h e  m o m e n t u m ,  q  i s  t h e  c h a r g e  o f  t h e  p a r t i c l e ,  a n d  

c  i s  t h e  v e l o c i t y  o f  l i g h t  ( O 'B r i e n ,  1 9 7 9 ) .  T h e  v e r t i c a l  c u t o f f  r i g i d i t y  i s  t h e  l o w e s t  a t  t h e  

g e o m a g n e t i c  p o l e s  a n d  h i g h e s t  a t  t h e  e q u a t o r .  T h e r e f o r e ,  g r e a t e r  c o s m i c  r a y s  r e a c h  t o  t h e  

p o l e s  a n d  a t t e n u a t i o n  l e n g t h  a t  l o w  l a t i t u d e  i s  g r e a t e r  t h a n  a t  h i g h  l a t i t u d e  ( S i m p s o n  a n d  

U r e t z ,  1 9 5 3 ) .  S i n c e  g e o m a g n e t i c  l a t i t u d e  a f f e c t s  t h e  p r o d u c t i o n  r a t e  o f  c o s m o g e n i c  i s o t o p e s ,  

u n d e r s t a n d i n g  o f  t h e  s e c u l a r  v a r i a t i o n  o f  t h e  E a r t h ' s  g e o m a g n e t i c  f i e l d  i s  i m p o r t a n t .  I t  i s  

k n o w n  t h a t  v a r i a t i o n s  o f  g e o m a g n e t i c  f i e l d  i n t e n s i t y  c a u s e  c h a n g e s  i n  t h e  f l u x  o f  c o s m i c  

r a y s ,  i n  s o l a r  a c t i v i t y ,  a n d  i n  s h i e l d i n g  b y  t h e  E a r t h ' s  m a g n e t o s p h e r e .  L a j  e t  a l . ,  1 9 9 6  

d e s c r i b e s  g e o m a g n e t i c  i n t e n s i t y  a n d  14C  a b u n d a n c e  i n  t h e  a t m o s p h e r e  a n d  o c e a n  d u r i n g  t h e  

p a s t  5 0  k y r .  T h i s  p a p e r  s h o w s  g e o m a g n e t i c  c h a n g e  e f f e c t s  o n  t h e  14C  p r o d u c t i o n ,  w h i c h  i s  

i n c r e a s e d  b y  t h e  d e c r e a s e  o f  t h e  E a r t h ' s  d i p o l e  m o m e n t .  S i m i l a r l y ,  t h e  r e l a t i o n s h i p  b e t w e e n  

10B e  p r o d u c t i o n  r a t e  a n d  g e o m a g n e t i c  f i e l d  i n t e n s i t y  w a s  s t u d i e d  u s i n g  d e e p - s e a  s e d i m e n t s .  

T h e s e  r e s u l t s  a l s o  d e m o n s t r a t e  t h e  i m p o r t a n c e  o f  t h e  r e l a t i o n s h i p  b e t w e e n  c o s m o g e n i c  

n u c l i d e  p r o d u c t i o n  a n d  i n t e n s i t y  o f  g e o m a g n e t i c  d i p o l e  m o m e n t  v a r i a t i o n  ( F r a n k  e t  a l . ,  

1 9 9 7 ) .  T h u s ,  p r o d u c t i o n  o f  c o s m o g e n i c  i s o t o p e  s h o u l d  b e  c o r r e c t e d  w i t h  t h e  v a r i a t i o n  o f  

g e o m a g n e t i c  d i p o l e  m o m e n t  v a r i a t i o n .  I t  h a s  b e e n  f o u n d  t h a t  t h e  E a r t h ' s  g e o m a g n e t i c  p o l e  

i s  e s s e n t i a l l y  t h e  g e o g r a p h i c  p o l e  f o r  p e r i o d s  g r e a t e r  t h a n  a b o u t  2  k y r  ( C h a m p i o n ,  1 9 8 0 ,  

O h n o  a n d  H a m a n o ,  1 9 9 2 ) .  T h e r e f o r e ,  a  c o r r e c t i o n  f r o m  g e o g r a p h i c  r e a d i n g  t o  g e o m a g n e t i c  

r e a d i n g  i s  r e q u i r e d .  F o r  m o s t  c a s e s  o f  10B e  o r  26A 1 s u r f a c e  e x p o s u r e  d a t i n g  s a m p l e s ,  t h e  

w o r k i n g  r a n g e  o f  a g e  i s  f r o m  s e v e r a l  t h o u s a n d  y e a r s  t o  a  f e w  m i l l i o n  y e a r s .  T h u s ,  i n  t h i s  

c a s e ,  t h e  c o r r e c t i o n  f o r  g e o m a g n e t i c  r e a d i n g  m a y  n o t  b e  r e q u i r e d ,  b u t  t h e  c o r r e c t i o n  o f  

p r o d u c t i o n  r e l a t e d  t o  s e c u l a r  v a r i a t i o n  o f  g e o m a g n e t i c  d i p o l e  m o m e n t  i n t e n s i t y  i s  r e q u i r e d .  

M a s a r i k  e t  a l . ,  2 0 0 1  d e m o n s t r a t e d  t h e  c o r r e c t i o n  o f  in situ  c o s m o g e n i c  n u c l i d e  p r o d u c t i o n  

r a t e s  f o r  g e o m a g n e t i c  f i e l d  i n t e n s i t y  v a r i a t i o n s  d u r i n g  t h e  p a s t  8 0 0  k y r .  T h i s  p a p e r  i n d i c a t e d  

t h a t  a t  t h e  e q u a t o r  i n t e g r a t e d  p r o d u c t i o n  r a t e s  f o r  e x p o s u r e  a g e s  b e t w e e n  ~ 4 0  a n d  8 0 0  k y r  

a r e  1 0  t o  1 2 %  h i g h e r  t h a n  t h e  p r e s e n t  d a y  v a l u e ,  w h e r e a s  a t  l a t i t u d e s  g r e a t e r  t h a n  4 0  d e g r e e ,  

g e o m a g n e t i c  f i e l d  i n t e n s i t y  v a r i a t i o n s  h a v e  h a r d l y  i n f l u e n c e d  in situ  c o s m o g e n i c  n u c l i d e  

p r o d u c t i o n .

P r o d u c t i o n  r a t e s  a s  a  f u n c t i o n  o f  b o t h  l a t i t u d e  a n d  a l t i t u d e  h a v e  b e e n  s t u d i e d  i n  t h e  p a s t .  

F o r  a  f e w  d e c a d e s ,  m o d e l s  f r o m  L a i  a n d  P e t e r s ,  1 9 6 7  a n d  L a i ,  1 9 8 8 ,  h a v e  b e e n  w i d e l y  u s e d  

f o r  t h e  s c a l i n g  f a c t o r s  f o r  p r o d u c t i o n  r a t e s  o f  in situ  p r o d u c e d  c o s m o g e n i c  n u c l i d e s .  A  

t h i r d  d e g r e e  p o l y n o m i a l  e q u a t i o n  f o u n d  i n  L a i ,  1 9 9 1 ,  e n a b l e s  o n e  t o  c a l c u l a t e  t h e  

p r o d u c t i o n  r a t e  o f  10B e  a n d  26A Í  w i t h  r e s p e c t  t o  g e o m a g n e t i c  l a t i t u d e  a n d  a l t i t u d e .  A  

r é é v a l u a t i o n  o f  s c a l i n g  f a c t o r s  f o r  t h e s e  p r o d u c t i o n  r a t e s  h a s  b e e n  a t t e m p t e d  r e c e n t l y  

u s i n g  n o n - d i p o l e  c o n t r i b u t i o n s  o f  t h e  g e o m a g n e t i c  f i e l d  t o  t h e  c o s m i c  r a y  f l u x  a n d  

o b s e r v e d  a t t e n u a t i o n  l e n g t h s  ( D u n a i ,  2 0 0 0 ) .  T h e  s c a l i n g  f a c t o r s  f o r  t h e  n u c l e a r  

d i s i n t e g r a t i o n  w i t h  r e s p e c t  t o  g e o m a g n e t i c  l a t i t u d e  a n d  a l t i t u d e  f r o m  L a i ' s  w o r k  a r e
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i n v o l v e d  i n  t h e  g e o c e n t r i c  a x i a l  d i p o l e  h y p o t h e s i s  a n d  t h i s  i s  a p p r o p r i a t e  f o r  t i m e  s c a l e s  

e x c e e d i n g  2 0 0  k y r .  T h e  n o n - d i p o l e  c o m p o n e n t s  o f  t h e  E a r t h ' s  m a g n e t i c  f i e l d  c o n t r i b u t e  u p  

t o  20%  t o  t h e  t o t a l  f i e l d ;  t h e r e f o r e ,  t h e y  m u s t  b e  c o n s i d e r e d  f o r  s h o r t - t e r m  e f f e c t s  o f  

c o s m i c  r a y s .  I t  i s  k n o w n  t h a t  t h e  n e w  s c a l i n g  f a c t o r s  a n d  t h o s e  o f  L a i  a r e  s i g n i f i c a n t l y  

d i f f e r e n t ,  b y  u p  t o  a b o u t  3 0 % ,  e s p e c i a l l y  a t  h i g h  a l t i t u d e  a n d  a t  l o w  l a t i t u d e .  C u r r e n t l y ,  a  

f e w  o t h e r  r e s e a r c h  g r o u p s  h a v e  b e e n  i n v o l v e d  i n  s t u d y i n g  p r o d u c t i o n  r a t e s  o f  c o s m o g e n i c  

n u c l i d e  o r  m e a s u r e m e n t  o f  n e u t r o n  f l u x  a s  a  f u n c t i o n  o f  g e o m a g n e t i c  l a t i t u d e  a n d  

a l t i t u d e .  T h i s  a d d i t i o n a l  r e s e a r c h  o n  t h i s  f i e l d  m a y  p r o v i d e  a  c o n f i r m a t i o n  o f  t h e s e  s c a l i n g  

f a c t o r s  f o r  t h e  p r o d u c t i o n  o f  in situ  c o s m o g e n i c  i s o t o p e s .  ( S t o n e ,  2 0 0 0 ,  G r a h a m  e t  a l . ,  

2 0 0 5 a , b , c ,  2 0 0 0 ,  L i f t o n  e t  a l . ,  2 0 0 1 ,  D e s i l e t s  e t  a l . ,  2 0 0 6 ) .

2.1.1 Production rate in the atm osphere
10B e  i s  p r o d u c e d  i n  t h e  a t m o s p h e r e  b y  n u c l e a r  i n t e r a c t i o n s  w i t h  o x y g e n  a n d  n i t r o g e n  

( P e t e r s ,  1 9 5 5 ,  G o e s s  a n d  P h i l l i p s ,  2 0 0 1 ) .  T h e  i n t e n s i t y  o f  t h e  c o s m i c  r a y  f l u x  d e p e n d s  o n  

g a l a c t i c  a n d  s o l a r  s o u r c e s ,  a n d  m o d u l a t i o n  b y  t h e  h e l i o m a g n e t i c  a n d  g e o m a g n e t i c  f i e l d s .  

B o t h  10B e  i s  p r o d u c e d  b y  s p a l l a t i o n  r e a c t i o n s  i n  t h e  a t m o s p h e r e ,  a n d  t h e n  10B e  i s  w e l l  m i x e d  

u p  ( U e i k k i l a  e t  a l . ,  2 0 0 9 )  a n d  r e m o v e d  f r o m  t h e  a t m o s p h e r e  b y  p r e c i p i t a t i o n  s c a v e n g i n g  o f  

a e r o s o l  p a r t i c l e s  t o  l a n d  a n d  s e a .  E v e n t u a l l y ,  t h e s e  n u c l i d e s  a r e  d e p o s i t e d  w i t h i n  o c e a n  

s e d i m e n t .  T h e  10B e  c o n c e n t r a t i o n  a t  1 0 .7  k m  o f  s t r a t o s p h e r e  a n d  a t  1 9 .2  k m  i n  t h e  

t r o p o s p h e r i c  c o n c e n t r a t i o n  a r e  k n o w n  t o  b e  7  x  I O 6 a t o m s / m 3,  a n d  1 .3  x  I O 7 a t o m s / m 3, 

r e s p e c t i v e l y .  T h e  g l o b a l  a v e r a g e  10B e  p r o d u c t i o n  r a t e  i s  f o u n d  t o  b e  ( 1 .2 1 + 7 0 )  x  I O 6 
a t o m s / c m 2/ y r  ( M o n a g h a n  e t  a l . ,  1 9 8 5 ) .  E s t i m a t e s  o f  t h e  10B e  p r o d u c t i o n  r a t e  d e r i v e d  f r o m  

m e a s u r e m e n t s  o n  i c e  c o r e s ,  l a k e  s e d i m e n t s ,  a n d  d e e p - s e a  s e d i m e n t s  r a n g e  f r o m  0 .3 5  x  I O 6 
a t o m s / c m 2/ y r  t o  1 . 8 9  x  I O 6 a t o m s / c m 2/ y r .  ( M o n a g h a n  e t  a l . ,  1 9 8 5 ) .  C a s t a g n o l i e  e t  a l . ,  2 0 0 3  

d e m o n s t r a t e d  r e c o n s t r u c t i o n  o f  t h e  m o d u l a t i o n  p a r a m e t e r  M  f r o m  t h e  o p e n  s o l a r  m a g n e t i c  

f l u x  p r o p o s e d  b y  S o l a n k i  e t  a l . ,  2 0 0 0 ,  a n d  e x p e r i m e n t a l  v a l u e s  c a l c u l a t e d  f r o m  t h e  G C R  

s p e c t r a  m e a s u r e d  w i t h  b a l l o o n s  a n d  s p a c e c r a f t  a r e  c o m p a r e d  w e l l  w i t h  10B e  c o n c e n t r a t i o n  

m e a s u r e d  a t  t h e  D y e 3  i c e  c o r e ,  a s s u m i n g  c o n s t a n t  a c c u m u l a t i o n  r a t e  d u r i n g  t h e  p e r i o d  o f  

1 8 1 0 - 1 9 9 7 .  T h e  p r o d u c t i o n  r a t e  o f  10B e  r a n g e d  f r o m  0 .0 1 5  t o  0 .0 2 5  a t o m s / c m 2/ s  ( C a s t a g n o l i e  

e t  a l . ,  2 0 0 3 ) .

T h e  p r e c i p i t a t i o n  o n t o  t h e  s u r f a c e  o f  t h e  E a r t h  a n d  t h e  d e p o s i t i o n  o f  10B e  i n  s o i l s  i s  

i n f l u e n c e d  b y  c l i m a t e .  I n  t u r n ,  t h e  p r o d u c t i o n  o f  10B e  i n  t h e  a t m o s p h e r e  i s  i n f l u e n c e d  b y  t h e  

m a g n e t i c  d i p o l e  f i e l d  o f  t h e  E a r t h  t o  w h i c h  i t  i s  i n v e r s e l y  r e l a t e d .  T h i s  r e l a t i o n s h i p  b e t w e e n  

t h e  p r o d u c t i o n  o f  10B e  a n d  t h e  g e o m a g n e t i c  f i e l d  h a s  b e e n  s h o w n  b y  t h e  c o r r e l a t i o n  b e t w e e n  

t h e  v a r i a t i o n s  o f  10B e  a n d  t h o s e  o f  t h e  m e a s u r e d  p a l e o - i n c l i n a t i o n  d a t a  o f  t h e  d i p o l e  f i e l d  i n  

s e d i m e n t s  ( F r a n k  e t  a l . ,  1 9 9 7 ,  F r a n k ,  2 0 0 0 ,  M a s a r i k  e t  a l . ,  2 0 0 1 ,  L a j  e t  a l . ,  2 0 0 0 ) ,  a n d  t h e  

c o n c e n t r a t i o n s  o f  10B e  i n  m a r i n e  s e d i m e n t s  a n d  t h e  m e a s u r e d  p a l e o i n t e n s i t y  ( C a r c a i l l e t  e t  

a l . ,  2 0 0 4 ,  M c H a r g u e  a n d  D o n a h u e ,  2 0 0 5 ) .

T h e  i n f l u e n c e  o f  c l i m a t e  o n  t h e  d e p o s i t i o n  o f  10B e ,  o t h e r w i s e  i s  p r o b l e m a t i c  f o r  

i n t e r p r e t a t i o n s  o f  t h e  c o s m i c - r a y  f l u x ,  i n  i t s e l f  i s  a  w o r t h y  s u b j e c t  f o r  s t u d y .  F o r  e x a m p l e ,  

v a r i a t i o n s  i n  t h e  d e p o s i t i o n  r a t e s  o f  10B e  a n d  s e d i m e n t s  a f f e c t  t h e  10B e / 9B e  r a t i o  d u e  t o  t h e  

u n e v e n  m i x i n g  o f  t h e  t w o  i s o t o p e s  i n  t h e  h y d r o l o g i c a l  c y c l e .  T h a t ,  10B e ,  p r o d u c e d  l a r g e l y  i n  

t h e  a t m o s p h e r e ,  i s  t r a n s p o r t e d  t o  t h e  s u r f a c e  o f  t h e  e a r t h  b y  r a i n  a n d  d r y  p r e c i p i t a t i o n  t o  t h e  

s e a .  I n  c o n t r a s t ,  9B e ,  d e r i v e d  f r o m  t e r r i g e n o u s  m a t e r i a l s ,  i s  t r a n s p o r t e d  t o  t h e  s e a  l a r g e l y  b y  

r i v e r s ,  a n d  t o  a  l e s s e r  e x t e n t  b y  a t m o s p h e r i c  d e p o s i t i o n .
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L o c a t i o n 10B e S o u r c e R e f e r e n c e

U S A  c o n t i n e n t
( 1 .3 8 + 0 .3 6 )  - ( 3 . 9 6  +  0 .3 5 )  

x  I O 6 a t o m s / c m 2/ y r
r a i n M o n a g a h a n  e t  a l . ,  1 9 8 5

U S A  H a w a i i
1 .9  x  I O 3 ~  8 .9 4  x  I O 4 

a t o m s / g
r a i n M o n a g a h a n  e t  a l . ,  1 9 8 5

T r o p i c a l  r e g i o n A v g .  1 .5 3  x  1 0 4a t o m s / g r a i n M o n a g a h a n  e t  a l . ,  1 9 8 5

I l l i n o i s ,  U S A 2  - 7  x  I O 7 a t o m s / g s o i l B r o w n  e t  a l . ,  1 9 8 9

J a p a n ,  K i k a r i  I s
( 0 .8 0  ~  7 .1 7 )  x  I O 9 

a t o m s / g
s o i l M a e j i m a  e t  a l . ,  2 0 0 5

J a p a n ,  K i k a r i  I s
( 2 .0  ~  3 .5 )  x  I O 6 
a t o m s / c m /  y r

r a i n M a e j i m a  e t  a l . ,  2 0 0 5

N e w  Z e a l a n d ( 2 .1  ~  2 .9 )  x  1 0 4a t o m s / g r a i n G r a h a m  e t  a l . ,  2 0 0 3

K o r e a ,  M a s a n r i
( 0 .6 7  ~  1 .4 7 )  x  I O 8 

a t o m /  g
s o i l K i m  e t  a l . ,  2 0 1 1 a

I n d i a ( 0 . 4 3 - 3 . 3 4 )  x  I O 7 a t o m s / 1 r a i n S o m a y a j u l u  e t  a l . ,  1 9 8 4

G l o b a l
( 1 .2 1  + 0 .7 0 )  x  I O 6 

a t o m s / c m 2/ y r
r a i n M o n a g a h a n  e t  a l . ,  1 9 8 5

T a b l e  1 . P r o d u c t i o n  r a t e  a n d  c o n c e n t r a t i o n  o f  10B e  i n  t h e  r a i n  a n d  s o i l .

2.1.2 10Be in land surface
P r e c i p i t a t i o n  w a s  c o l l e c t e d  f o r  a p p r o x i m a t e l y  o n e  y e a r  d u r i n g  1 9 8 0  a t  s e v e n  l o c a l i t i e s  i n  t h e  

c o n t i n e n t a l  U .S .A .  ( M o n a g a h a n  e t  a l . ,  1 9 8 5 ) .  T h e  10B e  f l u x  r a n g e d  f r o m  ( 1 .3 8 + 0 .3 6 )  x  I O 6 t o  

( 3 .9 6 + 0 .3 5 )  x  I O 6 a t o m s / c m 2/ y r  ( M o n a g a h a n  e t  a l . ,  1 9 8 5 ) .  I n  t h e  c a s e  o f  H a w a i i ,  10B e  

c o n c e n t r a t i o n  r a n g e s  f r o m  1 .9  x  I O 3 t o  8 .9 4  x  IO 4 a t o m s / g  i n  r a i n  w a t e r .  T h e  m e a n  10B e  

d e p o s i t i o n  r a t e  i n  t e m p e r a t e  l a t i t u d e  i s  d e t e r m i n e d  t o  b e  1 .5 3  x  I O 4 a t o m s / g  i n  r a i n  w a t e r  

( 2 0 %  e r r o r ) .  M o n a g a h a n  e t  a l . ,  1 9 8 5  i n d i c a t e d  t h a t  t h e  c o n c e n t r a t i o n  o f  10B e  i n  s u r f a c e  s o i l s  

a n d  r i v e r  s e d i m e n t s  v a r i e s  b e t w e e n  I O 7 a n d  I O 9 10B e  a t o m s / g  s o i l  w i t h  t h e  m o d a l  

c o n c e n t r a t i o n  o f  10B e  l y i n g  b e t w e e n  4  x  I O 8 a n d  6 x  I O 8 a t o m /  g .  T h e  r e l a t i o n s h i p  b e t w e e n  

a n n u a l  r a i n f a l l  a n d  10B e  d e p o s i t i o n  r a t e  i s  p l o t t e d  t o  b e  l i n e a r l y  p r o p o r t i o n a l  t o  e a c h  o t h e r  

( M a e j i m a  e t  a l . ,  2 0 0 5 ) .  T h i s  s t u d y  s h o w s  t h a t  10B e  f l u x e s  ( c m / d a y )  f o r  t h e  t w o  r a i n  c o l l e c t i o n  

s i t e s  a r e  r e l a t i v e l y  h i g h e r  d u r i n g  a  c o l l e c t i o n  p e r i o d  o f  J a n u a r y  2 2  t o  A p r i l  2 2  t h a n  o t h e r  

c o l l e c t i o n  p e r i o d  ( M a e j i m a  e t  a l . ,  2 0 0 5 ) .

S e a s o n a l  v a r i a t i o n s  f o r  'B e  a n d  10B e  c o n c e n t r a t i o n  i n  T o k y o  a n d  H a c h i j o - I s l a n d  d u r i n g  a  

p e r i o d  o f  2 0 0 2  t o  2 0 0 3  w e r e  s i m i l a r  t o  e a c h  o t h e r .  T h e  p e a k  v a l u e  f o r  7B e  a n d  10B e  

c o n c e n t r a t i o n  a p p e a r e d  i n  A p r i l  a n d  O c t o b e r ,  r e s p e c t i v e l y .  E s p e c i a l l y ,  i n  A p r i l  w h e n  

s t r a t o s p h e r e - t r o p o s p h e r e  e x c h a n g e  o c c u r s ,  p e a k  v a l u e s  f o r  t h e  a t o m i c  r a t i o  10B e / 7B e  

a p p e a r e d .  L o w  7B e  a n d  10B e  c o n c e n t r a t i o n s  a n d  t h e  a t o m i c  r a t i o  o f  10B e / 7B e  a p p e a r e d  i n  

s u m m e r ,  J u l y  t o  A u g u s t .  B e c a u s e  t h e  c o m p o s i t i o n  o f  t h e  a e r o s o l  o f  T o k y o  w a s  a l m o s t  s a m e  

t o  t h e  n e a r b y  s o i l ,  i t  i s  c o n s i d e r e d  t h a t  T o k y o  w a s  s t r o n g l y  i n f l u e n c e d  b y  r e - s u s p e n d e d  s o i l  

c o n t a m i n a t i o n .  Y a m a g a t a  e t  a l . ,  2 0 0 5  i n d i c a t e d  t h a t  u s i n g  A Í  c o n c e n t r a t i o n  i n  t h e  a e r o s o l s ,  

t h e  e n r i c h m e n t  o f  10B e  c o n c e n t r a t i o n  b y  r e - s u s p e n d e d  s o i l  c o n t a m i n a t i o n  w a s  e s t i m a t e d  t o  

b e  a b o u t  3 0 % .

I n  t h e  c a s e  o f  S o u t h e r n  H e m i s p h e r e ,  G r a h a m  e t  a l . ,  2 0 0 3  d e m o n s t r a t e d  7B e  a n d  10B e  f l u x e s  a t  

3 6  t o  4 5 ° S  w e r e  d e t e r m i n e d  t o  b e  ( 1 . 2 - 1 4 )  x  I O 7 a t o m s / k g  a n d  ( 2 . 1 - 2 . 9 )  x  I O 7 a t o m s / k g ,  

r e s p e c t i v e l y .  T h e s e  r e s u l t s  a r e  s i m i l a r  t o  t h o s e  f o r  r a i n  s a m p l e d  a t  m i d - l a t i t u d e  s i t e s  a c r o s s  

t h e  U S A  f r o m  1 9 8 6  t o  1 9 9 4 .  T h e  a n n u a l  ^ B e  a n d  10B e  f l u x  r a t e s  a r e  ~ 1 5  a n d  - 2 7  x  I O 9
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a t o m s / m 2, r e s p e c t i v e l y ,  a t  t h e  n o r t h e r n  s i t e s  o f  L e i g h  a n d  G r a c e f i e l d ,  a n d  a r e  s i g n i f i c a n t l y  

l o w e r  a t  ~ 9  a n d  ~ 1 9  x  I O 9 a t o m s / m 2,  r e s p e c t i v e l y ,  a t  t h e  s o u t h e r n  s i t e  o f  D e n i d i n ,  b e c a u s e  o f  

t h e  l o w e r  a v e r a g e  r a i n f a l l  t h e r e .  G r a h a m  e t  a l . ,  2 0 0 3  i n d i c a t e d  t h a t  TB e /10'Be i n  N e w  Z e a l a n d  

r a n g e d  0 .4 7  t o  0 .6 1  a n d  t h i s  i s  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  r a t i o  i n  U S A  ( 0 .6 9 ~ 0 .7 8 ) .  T h i s  i s  

d u e  t o  r e - s u s p e n d e d  d u s t  t o  t h e  p r i m a r y  a t m o s p h e r i c  10B e  i n  t h e  r a i n  s a m p l e  i n  N e w  

Z e a l a n d .  I n t e r e s t i n g l y ,  t h e  r a t i o  o f  7B e / 10B e  a t  t h r e e  s i t e s  a r e  0 . 7 0  ( L e i g h ) ,  0 . 6 5  ( G r a c e f i e l d )  

a n d  0 .5 0  ( D u n e d i n ) .  T h e s e  r e s u l t s  s u g g e s t  a n  o v e r a l l  r e d u c t i o n  i n  t h e  TB e /10'Be r a t i o  f r o m  

n o r t h  t o  s o u t h ,  d u e  t o  i n c r e a s i n g  r e s i d e n c e  t i m e  f o r  B e  i s o t o p e s  i n  t h e  a t m o s p h e r e  a b o v e  

N e w  Z e a l a n d .  T h e  m e a n  r e s i d e n c e  t i m e  f o r  7B e  a n d  10B e  i n  t h e  a t m o s p h e r e  a b o v e  N e w  

Z e a l a n d  r a n g e  f r o m  7 7  t o  1 0 9  d a y s  a n d  a r e  l o w e r  i n  t h e  s u m m e r  t h a n  t h e  w i n t e r  d u e  t o  

t r a n s f e r  o f  o l d e r  s t r a t o s p h e r i c  a i r  t o  t h e  t r o p o p a u s e  i n  l a t e  s p r i n g - e a r l y  s u m m e r  ( G r a h a m  e t  

a l . ,  2 0 0 3 ) .

M a e j i a m  e t  a l . ,  2 0 0 5  d e m o n s t r a t e d  t h a t  10B e  c o n c e n t r a t i o n s  o f  s i x  s o i l  s a m p l e s  o n  t h e  r a i s e d  

c o r a l  r e e f  t e r r a c e s  o f  K i k a r i  I s l a n d ,  s o u t h w e s t  J a p a n  r a n g e d  f r o m  0 .8 0  t o  7 . 1 7  x  I O 9 a t o m s / g .  

T h e  a n n u a l  d e p o s i t i o n  r a t e  o f  10B e  f r o m  t h e  a t m o s p h e r e  t o  K i k a r i  I s l a n d  f r o m  2 0 0 0  a n d  2 0 0 2  

r a n g e d  f r o m  2 .0  t o  3 .5  a t o m s / c m 2/ y .  T h e  m i n i m u m  a b s o l u t e  a g e  w a s  c a l c u l a t e d  f r o m  t h e  

i n v e n t o r y  o f  m e t e o r i c  10B e  i n  t h e  s o i l ,  a n d  t h e  a n n u a l  d e p o s i t i o n  r a t e s  o f  10B e  a r e  r a n g e d  

f r o m  8 t o  1 3 6  k y r  ( M a e j i m a  e t  a l . ,  2 0 0 5 ) .  A  3 6  c m  o f  s o i l  d e p t h  p r o f i l e  f r o m  t h e  R o b e r t s  

M a s s i f ,  A n t a r c t i c a  w a s  s t u d i e d  t o  o b t a i n  t h e  a g e  o f  s o i l  b y  G r a h a m  e t  a l . ,  1 9 9 7 .  T h e  s a m p l i n g  

s i t e  i s  l o c a t e d  i n  t h e  e d g e  o f  t h e  n e a r b y  E a s t  A n t a r c t i c  l e e  S h e e t  a t  a n  a l t i t u d e  o f  2 7 0 0  m .  T h i s  

s i t e  i s  c o n s i d e r e d  t o  h a v e  b e e n  i c e - f r e e  f o r  a n  e x t r e m e l y  l o n g  p e r i o d  o f  t i m e ,  o f  t h e  o r d e r  o f  

s e v e r a l  m i l l i o n  y e a r s .  T h e  r e s u l t s  o f  G r a h a m  e t  a l . ,  1 9 9 7  d e t e r m i n e d  i t s  m i n i m u m  s o i l  a g e  o f  

1 2  m i l l i o n  y e a r s  w h i c h  i s  m u c h  o l d e r  t h a n  o t h e r  40A r / 38A r  d a t i n g  r e s u l t  o f  8 m i l l i o n  y e a r s  

f o r  v o l c a n i c  d e p o s i t ,  S c o r i a  a s s o c i a t e d  w i t h  s o i l s  o n  t h e  t i l l s  l a i d  d o w n  b y  t h e  M e s e r v e  

G l a c i e r ,  A n t a r c t i c a .

2.1.3 10Be in the ocean
U s i n g  r a d i o c a r b o n ,  t h e  s e d i m e n t a t i o n  r a t e s  d u r i n g  g l a c i a l  p e r i o d s  a n d  d e g l a c i a l  p e r i o d s  f o r  

t h e  w e s t e r n  A r c t i c  O c e a n  w e r e  f o u n d  t o  b e  0 .5  c m / k y r  a n d  1 - 2  c m / k y r ,  r e s p e c t i v e l y  ( D a r b y  

e t  a l . ,  1 9 9 7 ) .  A  r e c e n t  s t u d y  s h o w s  t h a t  t h e  c o n c e n t r a t i o n  o f  10B e  i n  t h e  a u t h i g e n i c  f r a c t i o n  o f  

t h e  s e d i m e n t  n o r m a l i z e d  t o  t h e  t o t a l  s e d i m e n t  m a s s  i s  i n d i r e c t l y  c o r r e l a t e d  t o  t h e  o x y g e n  

i s o t o p e  c u r v e  ( M c H a r g u e  a n d  D o n a h u e ,  2 0 0 5 ) .  F o r  e x a m p l e ,  a  l o w  10B e / 9B e  r a t i o  i n  

s e d i m e n t s  w o u l d  i m p l y  t h a t  t e r r e s t r i a l  s o u r c e  o f  9B e  h a s  i n c r e a s e d  c o m p a r e d  t o  t h e  m o r e  

o c e a n i c  10B e .  C o r r e l a t i o n  o f  10B e  w i t h  8 180  r e c o r d e d  i n  m a r i n e  s e d i m e n t  f r o m  t h e  B l a k e  

O u t e r  R i d g e  ( D S D P  s i t e  7 2 )  s h o w s  a  c l i m a t i c  e f f e c t  o n  t h e  10B e  r e c o r d  i n  a d d i t i o n  t o  

c o s m o g e n i c  e f f e c t s .  A g e - c o r r e c t e d  10B e  v a r i a b i l i t y  i n  t h e  s e d i m e n t  c o r e s  s t u d i e d  i n  A l d a h a n  

e t  a l . ,  1 9 9 7  a n d  t h e  o x y g e n  i s o t o p e  s t r a t i g r a p h y  w i t h  t h e  c l i m a t i c  s t a g e s  n u m b e r e d  f r o m  1  t o  

1 0 ,  i s  g e n e r a t e d  f r o m  A l d a h a n  e t  a l . ,  1 9 9 7 .  10B e  f r o m  s e d i m e n t s  o f  t h e  A r c t i c  O c e a n  c o v e r i n g  

t h e  p a s t  3 5 0  k y r  s h o w s  w e l l  d e f i n e d  t r e n d s  o f  B e  i s o t o p e s  c o i n c i d e n t  w i t h  

i n t e r g l a c i a l / g l a c i a l  c l i m a t i c  c y c l e s  a n d  d e m o n s t r a t e s  t h a t  t h e  s e d i m e n t a t i o n  r a t e s  a r e  h i g h e r  

d u r i n g  g l a c i a l  p e r i o d s  a n d  l o w e r  g e n e r a l l y  d u e  t o  l o w  s e d i m e n t a t i o n /  a c c u m u l a t i o n  r a t e  

d u r i n g  i n t e r g l a c i a l  p e r i o d s  ( A l d a h a n  e t  a l . ,  1 9 9 7 ) .

T h e  10B e  r e c o r d s  o f  f o u r  s e d i m e n t  c o r e s ,  t a k e n  a l o n g  a  t r a n s e c t  f r o m  t h e  N o r w e g i a n  S e a  v i a  

t h e  F r a m  S t r a i t  t o  t h e  A r c t i c  O c e a n ,  d e m o n s t r a t e  t h a t  h i g h  10B e  c o n c e n t r a t i o n  a r e  r e l a t e d  t o  

i n t e r g l a c i a l  s t a g e s  a n d  t h a t  s e d i m e n t  s e q u e n c e s  w i t h  l o w  10B e  c o n c e n t r a t i o n  a r e  r e l a t e d  t o  

g l a c i a l  s t a g e s .  T h i s  s t u d y  c o n f i r m s  t h a t  t h e  s h a r p  c o n t r a s t  o f  h i g h  a n d  l o w  10B e  

c o n c e n t r a t i o n s  a t  c l i m a t i c  s t a g e  b o u n d a r i e s  a r e  a n  i n d e p e n d e n t  p r o x y  f o r  c l i m a t i c  a n d
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s e d i m e n t a r y  c h a n g e ,  a n d  c a n  b e  a p p l i e d  f o r  10B e  s t r a t i g r a p h i e  d a t i n g  o f  s e d i m e n t  c o r e s  

( E i s e n h a u e r ,  1 9 9 4 ) .

Age (1000 years BP)
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F i g .  1 . A g e  c o r r e c t e d  10B e  a s  a  f u n c t i o n  o f  a g e  ( A l d a h a n  e t  a l . ,  1 9 9 7 ) .

A l s o ,  C a r c a i l l e t  e t  a l . ,  2 0 0 4  p r o d u c e d  h i g h  r e s o l u t i o n  a u t h i g e n i c  10B e / 9B e  r e c o r d s  o v e r  t h e  

l a s t  3 0 0  k y r  f r o m  s e d i m e n t a r y  c o r e s  o f f  t h e  P o r t u g u e s e  c o a s t .  C o m p a r i s o n  o f  10B e / 9B e  a n d  

b e n t h i c  8l s O  r e c o r d s  f r o m  t h e  t w o  c o r e s  s u g g e s t e d  t h a t  d i p o l e  m o m e n t  l o w s  m a y  b e  

a s s o c i a t e d  w i t h  t h e  e n d  o f  i n t e r g l a c i a l  e p i s o d e s ,  a n d  h a v e  a  q u a s i - p e r i o d  o f  100 k y r  

( C a r c a i l l e t  e t  a l . ,  2 0 0 4 ) .  I n  a  r e c e n t  s t u d y ,  M c H a r g u e  a n d  D o n a h u e ,  2 0 0 5  s h o w e d  a  s t r o n g  

c o r r e l a t i o n  b e t w e e n  10B e  a n d  o x y g e n  i s o t o p e  s t a g e s  f r o m  t h e  B l a k e  O u t e r  R i d g e  i n  t h e  

A t l a n t i c  O c e a n .  T h i s  r e l a t i o n s h i p  b e t w e e n  c l i m a t e  a n d  10B e  d e p o s i t i o n  s u g g e s t  t h a t  10B e  

c o u l d  b e  u s e d ,  i n  a d d i t i o n  t o ,  o r  a s  p r o x y  f o r  8l s O  i n  t h e  s t u d i e s  o f  t h e  c l i m a t i c  i n f l u e n c e s  o n  

m a r i n e  s e d i m e n t a t i o n .

O t h e r  c o n s i d e r a t i o n s  a r e  t h e  c a r b o n a t e  f l u x  i n  s e d i m e n t  w h i c h  i s  s t r o n g l y  c o r r e l a t e d  t o  10B e  

f l u x ,  a n d  c a r b o n a t e - f r e e  s e d i m e n t s  f r o m  w h i c h  8l s O  i s  d i f f i c u l t  t o  o b t a i n  f r o m  f o r a m i n i f e r a .  

I n  a d d i t i o n ,  t h e  t w o  i s o t o p e s  o f  b e r y l l i u m ,  a s  s t a t e d  a b o v e ,  a r e  s o u r c e  d e p e n d e n t ,  t h u s  t h e  

r e l a t i o n s h i p  o f  10B e  t o  9B e  i n  t h e  s e d i m e n t s  i s  a  f u n c t i o n  o f  t h e  r e l a t i v e  c o n t r i b u t i o n s  f r o m  

a t m o s p h e r i c  a n d  t e r r e s t r i a l  s o u r c e s ,  a n d  t h e i r  m i x i n g  t i m e  i n  t h e  s e a .

P a l e o m a g n e t i c  i n t e n s i t y  o b t a i n e d  f r o m  d e e p  s e a  c o r e s  i s  w e l l  d e s c r i b e d  i n  r e c e n t  

p u b l i c a t i o n s  ( V a l e t ,  2 0 0 1 ,  G u y o d o  e t  a l . ,  2 0 0 0 ,  G u y o d o  a n d  R i c h t e r ,  1 9 9 9 ) .  H o w e v e r ,  i t  w a s  

f o u n d  t h a t  c l i m a t i c  i n f l u e n c e  o n  10B e  d e p o s i t i o n  c a n  b e  s i g n i f i c a n t ,  o b s c u r i n g  t h o s e  

v a r i a t i o n s  f r o m  i t s  p r o d u c t i o n  i n  t h e  a t m o s p h e r e ,  a n d  t h u s  m u s t  b e  a d d r e s s e d  ( F r a n k  e t  a l ,  

1 9 9 7 ,  K o k ,  1 9 9 9 ) .  S c a v e n g i n g  c o r r e c t e d  10B e  r e c o r d s  c o m p a r e d  t o  c a l c u l a t e d  v a r i a t i o n  o f  t h e  

g l o b a l  10B e  p r o d u c t i o n  b a s e d  o n  p a l e o m a g n e t i c  i n t e n s i t y  r e c o r d s  ( C h r i s t i  e t  a l . ,  2 0 0 3 )  ( F i g u r e
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2 )  s h o w  t h e  v a r i a t i o n  o f  10B e  f l u x  i n  e a c h  l o c a t i o n  w i t h  g e n e r a l  a g r e e m e n t  o f  i n v e r s e l y  

p r o p o s a l  t o  t h e  p a l e o m a g e n t i c  i n t e n s i t y  f r o m  M a z a u d  e t  a l . ,  1 9 9 4 ,  Y a m a z a k i  a n d  I o k y r  e t  a l . ,  

1 9 9 4 ,  a n d  G u y o d o  a n d  V a l e t ,  1 9 9 9 .

E quatoria l A tlan tic

Central Pacific Ocean

 scavenging corrected 10Be flux

Southern Ocean

 (0-140ka): Mazaud el al [1994] (Vostok)
( 140-200ka) yamazaki and loka [19941 

 Guyodo and Valet [1999]

Age [kyr] Age [kyr]

Equatorial Atlantic

F i g .  2 . S c a v e n g i n g  c o r r e c t e d  10B e  r e c o r d s  c o m p a r e d  t o  c a l c u l a t e d  v a r i a t i o n  o f  t h e  g l o b a l  10B e  

p r o d u c t i o n  b a s e d  o n  p a l e o m a g n e t i c  i n t e n s i t y  r e c o r d s  ( C h r i s t i  e t  a l . ,  2 0 0 3 ) .

2.2 10Be chem istry
G e n e r a l l y ,  t o  e x t r a c t  a u t h i g e n i c  b e r y l l i u m  i s o t o p e s  f r o m  s e d i m e n t s ,  t h e  p r o c e d u r e  o f  B o u r l e s  

e t  a l . ,  1 9 8 9  i s  u s e d .  A b o u t  o n e  g r a m  o f  s e d i m e n t  i s  l e a c h e d  i n  a  s o l u t i o n  o f  2 5 %  a c e t i c  a c i d  

a n d  h y d r o x l y a m i n e - H C l  t o  s e p a r a t e  t h e  " a u t h i g e n i c "  f r a c t i o n  o f  t h e  s e d i m e n t  f r o m  t h e  

" t e r r i g e n o u s "  f r a c t i o n .  M o s t  s a m p l e s  h a d  m o r e  t h a n  1  g  o f  d r y  s e d i m e n t ;  h o w e v e r ,  i n  t h e  

c a s e  o f  l e s s  t h a n  1 g ,  t w o  o r  t h r e e  n e i g h b o u r i n g  s a m p l e s  w e r e  c o m b i n e d  f o r  t h e  a n a l y s i s .  

W h e n  10B e  i s  n o r m a l i z e d  t o  t h e  m a s s  o f  t h e  a u t h i g e n i c  f r a c t i o n ,  i t  s h o u l d  m o r e  a c c u r a t e l y  

r e f l e c t  i t s  c o n c e n t r a t i o n  i n  o c e a n  w a t e r  t h a n  10B e  n o r m a l i z e d  t o  t h e  t o t a l  m a s s  o f  t h e  

s e d i m e n t  ( M c H a r g u e  a n d  D o n a h u e ,  2 0 0 5 ,  M c H a r g u e  e t  a l . ,  2 0 1 0 ) .  T h i s  f r a c t i o n  i s  m o s t l y  

c o m p o s e d  o f  e x c h a n g e a b l e  i o n s ,  c a r b o n a t e s ,  a n d  F e - M n  h y d r o x i d e s .  T w o  a l i q u o t s  o f  t h e  

l e a c h a t e  a r e  p r e p a r e d ,  o n e  f o r  t h e  e l e m e n t a l  a n a l y s i s  w i t h  I C P - M S / I C P - A E S ,  a n d  o n e  f o r  t h e  

p r e p a r a t i o n  o f  A M S  s a m p l e s .

F i g u r e  3  s h o w s  t h e  f l o w  c h a r t  o f  10B e  c h e m i s t r y  t o  e x t r a c t  a u t h i g e n i c  b e r y l l i u m  f r o m  

s e d i m e n t .  T h i s  c h e m i s t r y  i n c l u d e s  t w o  s t e p s  o f  p u r i f i c a t i o n  p r o c e d u r e s  u s i n g  p e r c h l o r i c  a c i d  

a n d  n i t r i c / h y d r o c h l o r i c  a c i d .  T h e s e  s t e p s  a r e  i m p o r t a n t  t o  e x t r a c t  a u t h i g e n i c  b r y I l l i u m  

i s o t o p e s .  S o m e t i m e s ,  t h i s  s t e p  i s  r e p e a t e d  t o  r e m o v e  u n w a n t e d  o r g a n i c  m a t e r i a l s .  W h e n  t h e  

u n w a n t e d  o r g a n i c  m a t e r i a l s  a r e  n o t  c o m p l e t e l y  r e m o v e d ,  t h e  r e s i d u e  s a m p l e  i s  o f t e n  

d i f f i c u l t  t o  d i s s o l v e  i n  w e a k  a c i d i c  s o l u t i o n  f o r  I C P  a n a l y s i s .  T h i s  a l s o  c a u s e s  a  f u r t h e r
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p r o b l e m  i n  t h e  s t e p  o f  B e  s e p a r a t i o n  u s i n g  N a - E D T A .  T h e  c o n c e n t r a t i o n  l e v e l  f o r  B e  i s  

m o s t l y  i n  p p b  r a n g e ;  t h e r e f o r e ,  B e  a n a l y s i s  w a s  p e r f o r m e d  u s i n g  I C P - M S .  F o r  A M S ,  t h e  B e  

f r a c t i o n  i s  p r e c i p i t a t e d  a s  B e ( O H )2 a n d  c o m b u s t e d  t o  B e O .  10B e / 9B e  r a t i o s  f o r  c h e m i c a l  b l a n k  

a r e  f o u n d  t o  b e  l e s s  t h a n  ~  1  x  I O 14 w i t h  2  m g  o f  9B e  c a r r i e r .  9B e  a n d  o t h e r  e l e m e n t s  c a n  b e  

m e a s u r e d  b y  I C P - M S  a n d  I C P - A E S .

Drying at 90 ’ C

P recipita te with NH3

Add Be carrier. 2 mg

Freeze dry sample (1 g)

Load AMS target

Mix BeO with Nb powder

Evaporation & Purification

Precipita te Be (OH)? & wash

Evaporation & purifica tion

O xidizalion at 738*C for t hour

S ub-sam p le  sBe for 
ICP-M S

Separation step of BeF with 
Na-EDTA. Chloroform. HCI

soft leaching @90’ C. acetic 
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F i g .  3 . D e s c r i p t i o n  o f  a u t h i g e n i c  B e  i s o t o p e  e x t r a c t i o n  m e t h o d .

2.3 The clim ate signal o f 10Be from  nearby a continent
T h e  s i g n a l  o f  10B e  f r o m  t h e  E a s t  S e a  i n  t h e  P a c i f i c  O c e a n  a n d  t h e  B l a c k  O u t e r  R i d g e  i n  t h e  

N o r t h  A t l a n t i c  O c e a n  m a y  g i v e  s i m i l a r  c l i m a t i c  i n f l u e n c e  b e c a u s e  o f  i t s  p r o x i m i t y  t o  

c o n t i n e n t s  ( K i m  a n d  N a m ,  2 0 1 0 ,  M c H a r g u e  e t  a l . ,  2 0 0 0 ) .  T h e  d e p t h s  o f  b a s i n s  w h e r e  

s e d i m e n t  c o r e  c o l l e c t e d  w e r e  a b o u t  3 , 7 0 0  m  a n d  3 ,8 1 8  m  i n  t h e  E a s t  S e a  a n d  B l a k e  O u t e r  

R i d g e ,  r e s p e c t i v e l y .  B e c a u s e  b o t h  c o r e s  w e r e  c o l l e c t e d  i n  t h e  b a s i n  o f  t h e  o c e a n ,  w e  m i g h t  

e x p e c t  w a t e r  c i r c u l a t i o n  c o u l d  b e  w e a k e r .  T h i s  c o u l d  a l l o w  r a t h e r  o l d e r  w a t e r s  c a n  r e m a i n  a t  

t h e  b o t t o m  o f  t h e  b a s i n .  I n  t h i s  c a s e ,  w e  m a y  e x p e c t  l o w e r  c o n c e n t r a t i o n  o f  10B e  i n  s e d i m e n t  

c o m p a r e d  t o  s a m p l e s  c o l l e c t e d  f r o m  o t h e r  o p e n  s e a s  ( B o u r l è s  e t  a l . ,  1 9 8 9 ,  K n u d s e n  e t  a l . ,  

2 0 0 8 ) .  A l s o ,  t h e  i n f l u e n c e  f r o m  t h e  c o n t i n e n t  w o u l d  b e  s i m i l a r  i n  b o t h  r e g i o n s .  T h e  t e r r e s t r i a l  

o r i g i n  o f  10B e  o v e r  g l a c i a l / d e g l a c i a l  t i m e  p e r i o d  m a y  s i m i l a r l y  a p p e a r .

A s  s h o w n  i n  F i g u r e  4 ,  t h r e e  l o c a t i o n s  w e r e  e x a m i n e d  w i t h  r e s p e c t  t o  10B e  c o n c e n t r a t i o n  a s  a  

f u n c t i o n  o f  t i m e  a n d  a n y  r e l a t e d  p r o x i e s  f o r  e a c h  s i t e .  M o s t l y ,  m a x i m u m  10B e  c o n c e n t r a t i o n s  i n  

v a r i o u s  m a r i n e  s e d i m e n t  s a m p l e s  a p p e a r  t o  b e  a b o v e  1  x  IO 9 a t o m s / g  s e d i m e n t  ( B o u r l è s  e t  a l . ,  

1 9 8 9 ,  K n u d s e n  e t  a l . ,  2 0 0 8 ) .  B o t h  t h e  E a s t  S e a  a n d  B l a k e  O u t e r  R i d g e ,  10B e  c o n c e n t r a t i o n s  a r e  

r e a c h e d  a t  8 x  1 0 s a t o m s /  g .  T h i s  v a l u e  i s  a t  l e a s t  3 0  p e r c e n t  l o w e r  t h a n  t h e  m o s t  m a x i m u m  

v a l u e  o f  10B e  i n  e a c h  m a r i n e  s e d i m e n t  c o r e .  A l s o ,  w h e n  9B e  i s  i n v e s t i g a t e d  w i t h  10B e ,  9B e  

s i g n a l  m a y  b e  a n o t h e r  i n d i c a t o r  a s  a  s i g n a l  o f  s e d i m e n t  i n p u t  f r o m  t h e  l a n d  t o  t h e  o f f s h o r e .  

I n  t h e  c a s e  o f  t h e  s t u d y  o f  t h e  E a s t  S e a ,  t h e  9B e  v a l u e s  a l s o  s h o w  s i m i l a r  t r e n d  t o  

t h o s e  o f  10B e . I r i s  s h o w s  t h a t  b o t h  w a r m e r  p e r i o d s  o f  t h e  H o l o c e n e  a n d  t h e  E e m i a n ,
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F i g .  4 .  L o c a t i o n s  o f  t h e  c o r i n g  s i t e s  o f  t h e  E a s t  S e a ,  B l a c k  O u t e r  R i d g e ,  a n d  M e n d e l e e v  R i d g e  

i n  t h e  w e s t e r n  A r c t i c  O c e a n .

w e t t e r  a n d  w a r m e r  c l i m a t e  i n f l u e n c e d  9B e  t o  b e  t r a n s p o r t e d  f r o m  t h e  l a n d  t o  t h e  o c e a n .  10B e  

i s  t r a n s p o r t e d  f r o m  t h e  b o t h  l a n d  a n d  a t m o s p h e r e .  T h e  s i g n a l  o f  10B e / 9B e  e s p e c i a l l y  s t a n d s  

f o r  l a c k  o f  e i t h e r  l a c k  o f  9B e  t r a n s p o r t  o r  h i g h e r  p r o d u c t i o n  r a t e  o f  10B e ,  p o s s i b l y  a s s o c i a t e d  

w i t h  p a l e o m a g n e t i c  i n t e n s i t y .  I n  F i g u r e  5 ,  A ,  B , a n d  C  a r e  a s s o c i a t e d  w i t h  r e l a t i v e l y  h i g h e r  

10B e / 9B e  c o m p a r e d  t o  n e i g h b o u r i n g  10B e / 9B e  v a l u e s .  A  c o u l d  b e  p a r t i a l l y  d u e  t o  l o w e r e d  

v a l u e  o f  9B e ;  B  a n d  C  c o u l d  b e  d u e  t o  p r o d u c t i o n  r a t e  o f  10B e .  T h i s  s t u d y  s h o w s  h i g h  

p r o d u c t i o n  r a t e  o f  B e  a t  1 5 .5  a n d  n e a r  1 2 0  k y r .  A l s o ,  l o w e r  10B e  p r o d u c t i o n  r a t e  i s  s h o w n  a t  

1 3 0 .6  k y r  d u r i n g  M I S  6 ( F i g u r e  5 )  ( K i m  a n d  N a m ,  2 0 1 0 ) .  T h e s e  t h r e e  p o i n t s  c a n  b e  i d e n t i f i e d  

e a s i l y  w i t h  10B e / 9B e  r a t i o n s .  I n  t h e  F i g u r e  5 ,  t h e  r e g i o n s  a s s o c i a t e d  w i t h  c l i m a t i c  i n f l u e n c e  

a r e  c l e a r l y  s h o w n  a s  t h e  10B e / 9B  r a t i o s  t o  b e  w i t h i n  t h e  v a l u e  b e t w e e n  2  a n d  3 . T h i s  

o b s e r v a t i o n  c o u l d  b e  u s e f u l  i n  f u t u r e  a n a l y s i s .  B a s e d  o n  W a g n e r  e t  a l . ,  2 0 0 0 ,  l o w e r  

p a l e o m a g n e t i c  i n t e n s i t i e s  a r e  a s s o c i a t e d  w i t h  t h e  a g e s  a t  1 .5 ,  2 .5 ,  4 .0 ,  a n d  6 .5  k y r  ( C h r i s t i  e t  

a l . ,  2 0 0 3 ) .  T h e r e f o r e ,  B  c o u l d  b e  l i k e l y  i n v o l v e d  i n  h i g h e r  p r o d u c t i o n  r a t e  o f  10B e  a t  1 .5  k y r  

( K i m  a n d  N a m ,  2 0 1 0 )  ( F i g u r e  5 ) .

F i g u r e  6 s h o w s  t h e  10B e  c o n c e n t r a t i o n  a n d  M / M o  a s  d e t e r m i n e d  f r o m  m e a s u r e d  

N R M /  A R M  o f  c o r e  C H 8 8 - 1 0 P  w i t h  r e s p e c t  t o  d e p t h  a n d  t i m e .  T h i s  f i g u r e  s h o w s  t h a t  10B e  

c o n c e n t r a t i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  p a l e o m a g n e t i c  i n t e n s i t y .  T h e  

p r o d u c t i o n  r a t e  o f  10B e  o c c u r r e d  a t  a b o u t  4 0  a n d  6 5  k y r .  T h e  p e a k  v a l u e s  o f  10B e / 9B e  

r e a c h e d  a t  m a x i m u m  a t  a b o u t  4 0  k y r .  T h i s  t i m e  p e r i o d  i s  n a m e d  a s  L a s c h a m p  

p a l e o m a g n e t i c  e x c u r s i o n  w h e r e  t h e  e x p e c t e d  10B e  r e a c h e s  a t  a  m a x i m u m  v a l u e .  T h e s e  

p a l e o m a g n e t i c  e x c u r s i o n s  a r e  w e l l  c o m p a r e d  w i t h  G R I P  r e c o r d s .

A  r e c e n t  i n v e s t i g a t i o n  o n  10B e  a n d  9B e  f r o m  t h e  M e n d e l e e v  r i d g e  i n  t h e  A r c t i c  O c e a n  s h o w s  

t h a t  10B e  r e c o r d  a t  7 5  k y r  r e v e a l s  p r o d u c t i o n  r a t e  d e c r e a s e  e v i d e n t l y  f o r  a t  l e a s t  3 5  k y r  o f  

d u r a t i o n  ( K i m  e t  a l . ,  2 0 1 1 b ) .  A t  t h i s  t i m e  t h e  p a l e o m a g n e t i c  i n t e n s i t y  i s  f o u n d  t o  b e  a t  

m a x i m u m  ( F i g u r e  2 )  ( C h r i s t i  e t  a l . ,  2 0 0 3 ;  F l a n k  e t  a l . ,  1 9 9 7 ) .  I n t e r e s t i n g l y ,  t h e  v a l u e s  o f  

m a g n e t i c  s u s c e p t i b i l i t y  ( G u y o d o  a n d  V a l e t ,  1 9 9 6 )  o b t a i n e d  f r o m  a  l a k e  ( L a e  d u  B o u c h e t ,  

F r a n c e )  a r e  h i g h  a s  w e l l  a s  8l s O .  A l s o ,  9B e  i s  r e l a t i v e l y  h i g h  w h i c h  s t a n d s  f o r  a  w a r m  

c l i m a t e .  T h e  r e s u l t s  o f  t h i s  s t u d y  c o n f i r m  t h a t  10B e  r e v e a l s  p r e d o m i n a n t l y  p a l e o m a g n e t i c  

f e a t u r e s  o v e r  t h e  8l s O  a t  t h e  e x t r e m e  p o i n t  o f  p a l e o m a g n e t i c  i n t e n s i t y .  T h i s  s i t u a t i o n  b r i n g s  

u s  t o  h a v e  p r e c a u t i o n  i n  a  m i s u s e  o f  10B e  a s  a  c l i m a t i c  t r a c e r .  T h i s  s t u d y  c o n f i r m s  t h e  f a c t  

t h a t  t h e  10B e  r e c o r d  f o r  c l i m a t i c  t r a c e r ,  c o m p a r i s o n  w i t h  9B e  i s  e s s e n t i a l .  W h e n  b o t h
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b e r y l l i u m  i s o t o p e s  b e h a v e s  s i m i l a r l y ,  t h e  p a t t e r n  o f  B e  c a n  b e  u s e d  t o  d e t e r m i n e  w h e t h e r  t h e  

r e c o r d  o f  B e r y l l i u m  i s o t o p e s  i s  a s s o c i a t e d  w i t h  c o l d e r  o r  w a r m e r  c l i m a t e  b a s e d  o n  t h e i r  

c o n s i s t e n t  c o n c e n t r a t i o n  t r e n d .  T h e  t o t a l  a u t h i g e n i c  10B e  a n d  9B e  (9B e » 10B e )  c a n  b e  r e f e r r e d  

a s  9B e  b e c a u s e  o f  t h e i r  a m o u n t  r a t i o  i n  t e r r e s t r i a l  e n v i r o n m e n t .  T h e  9B e  c a n  b e  u s e d  a s  

a n o t h e r  c l i m a t i c  i n d i c a t o r  l i k e  S r ,  C a ,  o p a l ,  T O C .  T h e  s t u d y  a t  T h e  M e n d e l e e v  R i d g e  

c o n f i r m s  t h a t  9B e  g e n e r a l l y  h a s  a  p o s i t i v e  c o r r e l a t i o n  w i t h  o p a l ,  T O C ,  ô 13C org a n d  n e g a t i v e  

c o r r e l a t i o n  w i t h  C a C 03  ( N a m  u n p u b l i s h e d )  ( F i g u r e  7 ) . G e n e r a l  t r e n d  o f  9B e  c l e a r l y  s h o w  t h e  

a n t i - c o r r e l a t i o n  b e t w e e n  9B e  a n d  C a  o r  S r  ( B o u l r è s  e t  a l . ,  1 9 8 9 ,  K i m  e t  a l . ,  2 0 1 1 b ) .  T h e r e f o r e ,  

w e  c a n  c o n c l u d e  t h a t  10B e  h a s  a  p o s i t i v e  c o r r e l a t i o n  w i t h  8l s O  w h i c h  g i v e s  10B e  t o  b e  u s e d  a s  

a  c l i m a t e  i n d i c a t o r ,  h o w e v e r ,  t h i s  i s  o n l y  t r u e  w h e n  9B e  r e v e a l s  s i m i l a r  c l i m a t i c  p a t t e r n  w i t h  

10B e . B o t h  10B e  a n d  9B e  s h o w  l o w e r  c o n c e n t r a t i o n  a t  a  c o l d / d r y  c l i m a t e  a n d  h i g h e r  

c o n c e n t r a t i o n  a t  a  w a r m / w e t  c l i m a t e  p e r i o d  ( K i m  a n d  N a m ,  2 0 1 0 ) .
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F i g .  5 . A u t h i g e n i c  b e r y l l i u m  i s o t o p e  r e c o r d s  f r o m  t h e  E a s t  S e a ,  K o r e a  ( K i m  a n d  N a m ,  2 0 1 0 ) .
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F i g .  6. T h e  10B e  c o n c e n t r a t i o n  a n d  M / M o  a s  d e t e r m i n e d  f r o m  m e a s u r e d  N R M /  A R M  

( S c h w a r t z  e t  a l . ,  1 9 9 8 )  o f  c o r e  C H 8 8 - 1 0 P  v e r s u s  d e p t h  a n d  t i m e  ( M c H a r g u e  e t  a l . ,  2 0 0 0 ) .

2.4 Current problem  and future research
A  n u m b e r  o f  i n v e s t i g a t i o n s  s h o w  t h a t  t h e r e  h a s  b e e n  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  o x y g e n  

i s o t o p e  a n d  10B e  c o n c e n t r a t i o n  ( A l d a h a n  e t  a l . ,  1 9 9 7 ) .  A l s o ,  a  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  

o x y g e n  i s o t o p e s  a n d  p a l e o m a g n e t i c  i n t e n s i t y  a n d  a l s o  m a g n e t i c  s u s c e p t i b i l i t y  i s  

i n v e s t i g a t e d  ( C a r c a i l l e t  e t  a l . ,  2 0 0 4 ) .  D u r i n g  t h e  H o l o c e n e ,  p a l e o m a g n e t i c  i n t e n s i t y  w a s  

g r a d u a l l y  i n c r e a s e d  s i n c e  t h e  t i m e  o f  L a s c h a m p  e x c u r s i o n .  T h i s  c o n f i r m e d  t h a t  p r o d u c t i o n  

r a t e  o f  lO B e  a t  p r e s e n t  i s  t h e  l o w e s t  v a l u e  s i n c e  L a s c h a m p  e x c u r s i o n .  H o w e v e r ,  t h e  lO B e  

v a l u e s  r e c e n t  y e a r s  a r e  h i g h e r  t h a n  t h e  lO B e  c o n c e n t r a t i o n  a n d  t h e  t r e n d  o f  lO B e  i s  s i m i l a r  t o  

t h a t  o f  8 1 8 0  v a l u e .  T h i s  i m p l i e s  t h a t  l O B e  i s  c l o s e l y  r e l a t e d  t o  c l i m a t i c  a n d  t e m p e r a t u r e  

v a r i a t i o n .  B e c a u s e  o f  t h i s  c o n t r a d i c t o r y  f a c t ,  c o n f i n i n g  t h e  c a u s e  o f  c l i m a t e  c h a n g e  u s i n g  

n u c l i d e s  w h i c h  s u n ' s  a c t i v i t y  r e l a t e d  b e c a m e  i m p o r t a n t .

A l t h o u g h  t h e r e  h a v e  b e e n  a  n u m b e r  o f  i n v e s t i g a t i o n  o n  c l i m a t e  s t u d y  u s i n g  a b o v e  

p a r a m e t e r s ,  o b s c u r i t y  i n  f i n d i n g  t h e  c a u s e  o f  c l i m a t e  c h a n g e  i s  s t i l l  r e m a i n .  T h e  r e l a t i o n s h i p  

a m o n g  p r o d u c t i o n  r a t e  o f  lO B e ,  p a l e o m a g e n e t i c  i n t e n s i t y ,  a n d  S u n - c l i m a t e  c o n n e c t i o n  w a s  

s t u d i e d  ( S h a r m a ,  2 0 0 2 ) .  T h i s  s t u d y  e s t i m a t e d  c h a n g e s  i n  lO B e  p r o d u c t i o n  r a t e  a n d  t h e  

g e o m a g n e t i c  f i e l d  i n t e n s i t y ,  v a r i a t i o n s  i n  s o l a r  a c t i v i t y  w e r e  c a l c u l a t e d  f o r  t h e  l a s t  200 k y r . ,  

a n d  c o n f i r m s  t h a t  t h e  p r o d u c t i o n  o f  10B e  i n  t h e  E a r t h ' s  a t m o s p h e r e  d e p e n d s  o n  t h e  g a l a c t i c  

c o s m i c  r a y  i n f l u x  t h a t  i s  a f f e c t e d  b y  t h e  s o l a r  s u r f a c e  m a g n e t i c  a c t i v i t y  a n d  t h e  g e o m a g n e t i c  

d i p o l e  s t r e n g t h .  H o w e v e r ,  l a r g e  v a r i a t i o n s  i n  t h e  s o l a r  a c t i v i t y  a r e  e v i d e n t .  T h e  m a r i n e  8l s O  

r e c o r d  a n d  s o l a r  m o d u l a t i o n  a r e  s t r o n g l y  c o r r e l a t e d  a t  t h e  1 0 0  k y r  t i m e s c a l e .  T h i s  p r o p o s e s  

t h a t  v a r i a t i o n  i n  s o l a r  a c t i v i t y  c o n t r o l  t h e  1 0 0  k y r  g l a c i a l - i n t e r g l a c i a l  c y c l e s .  S h a r m a ,  2 0 0 2  

s u g g e s t e d  t h a t  t h e  10B e  p r o d u c t i o n  r a t e  v a r i a t i o n s  m a y  h a v e  b e e n  u n d e r - e s t i m a t e d  d u r i n g  

t h e  i n t e r v a l  b e t w e e n  1 1 5  k y r  a n d  1 2 5  k y r ,  a n d  m a y  h a v e  b i a s e d  t h e  r e s u l t s  ( S h a r m a ,  2 0 0 2 ) .
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F i g .  7 . M u l t i - p r o x y  r e c o r d  f r o m  t h e  c o r e  ( P S 7 2 / 3 9 6 - 3 )  f r o m  M e n d e l e e v  R i d g e ,  t h e  A r c t i c  

O c e a n  ( K i m  e t  a l . ,  2 0 1 1 b ) .

U s o s k i n  e t  a l . ,  2 0 0 4  i n d i c a t e d  t h a t  t h e  r e c o n s t r u c t e d  s u n s p o t  r e c o r d  e x h i b i t s  a  p r o m i n e n t  

p e r i o d  o f  a b o u t  6 0 0  y e a r s ,  i n  a g r e e m e n t  w i t h  e a r l i e r  o b s e r v a t i o n s  b a s e d  o n  c o s m o g e n i c  

i s o t o p e s .  A l s o ,  t h e r e  i s  e v i d e n c e  f o r  t h e  c e n t u r y  s c a l e  G l e i s s b e r g  c y c l e  a n d  a  n u m b e r  o f  

s h o r t e r  q u a s i - p e r i o d i c i t i e s  w h o s e  p e r i o d s  s e e m  t o  f l u c t u a t e  o n  m i l l e n n i u m  t i m e  s c a l e .  T h i s  

i n v a l i d a t e s  t h e  e a r l i e r  e x t r a p o l a t i o n  o f  m u l t i - h a r m o n i c  r e p r e s e n t a t i o n  o f  s u n s p o t  a c t i v i t y  

o v e r  e x t e n d e d  t i m e  i n t e r v a l s  a n d  t h e  p r e s e n t  h i g h  l e v e l  o f  s u n s p o t  a c t i v i t y  i s  u n p r e c e d e n t e d  

o n  t h e  m i l l e n n i u m  t i m e  s c a l e  ( U s o s k i n  e t  a l . ,  2 0 0 4 ) .  A c c e p t i n g  s o l a r  f o r c i n g  o f  H o l o c e n e  a n d  

g a l a c i a l  c l i m a t i c  s h i f t  i m p l i e s  t h a t  t h e  c l i m a t e  s y s t e m  i s  f a r  m o r e  s e n s i t i v e  t o  s m a l l  v a r i a t i o n  

i n  s o l a r  a c t i v i t y  t h a n  g e n e r a l l y  b e l i e v e d .  I n  o r d e r  t o  f u l l y  u n d e r s t a n d  h o w  s e n s i t i v e  c l i m a t e  

r e a l l y  i s  f o r  v a r i a t i o n s  i n  s o l a r  a c t i v i t y ,  w e  n e e d  t o  l o o k  f o r  a d d i t i o n a l  e v i d e n c e  a n d  t o  

q u a n t i f y  s u c h  e v i d e n c e ,  b o t h  i n  p a l e o r e c o r d s  a n d  i n  o b s e r v a t i o n s  o f  p r e s e n t  c l i m a t e  w i t h  

m o d e l s  t o  e s t i m a t e  c l i m a t e  c h a n g e  i n  t h e  f u t u r e  ( G e e i  e t  a l . ,  1 9 9 9 ) .

3. Conclusions
A s  a  c l i m a t e  i n d i c a t o r ,  10B e  h a s  b e e n  f r e q u e n t l y  i n v e s t i g a t e d  b e c a u s e  o f  i t s  p r o p e r t y  

a s s o c i a t e d  w i t h  r a i n f a l l ,  d u s t  f a l l o u t  a n d  i t s  p r o d u c t i o n  m e c h a n i s m  i n  t h e  a t m o s p h e r e  b y  

c o s m i c - r a y s .  S i m i l a r  p a t t e r n s  o f  10B e  a n d  ö 180 ,  m a g n e t i c  s u s c e p t i b i l i t y  r e c o r d s  s h o w  c l i m a t i c  

i n f l u e n c e ,  h o w e v e r ,  10B e  i s  i n c o r p o r a t e d  w i t h  t h e  p r o d u c t i o n  r a t e  w h i c h  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  p a l e o m a g e n e t i c  i n t e n s i t y .  T h e  c y c l i c  o r b i t a l  f o r c i n g  e f f e c t  t o w a r d  10B e ,  

ö 180 ,  a n d  p a l e o m a g e n e t i c  i n t e n s i t y  a r e  c o n n e c t e d ,  10B e  s i g n a l  i s  c l e a r l y  m i x e d  w i t h  c l i m a t i c  

c o m p o n e n t  a n d  e a r t h ' s  p a l e o  m a g n e t i c  s t r e n g t h .  S c r u t i n i z i n g  a u t h i g e n i c  10B e  w i t h  9B e ,  a  

r e g i o n  e i t h e r  c l i m a t i c  o r  p r o d u c t i o n  r e l a t e d  z o n e  c a n  b e  e v i d e n t l y  i d e n t i f i e d  b y  l o o k i n g  a t  

t h e  10B e / 9B e  r a t i o s .  I n v e s t i g a t i o n  o f  9B e  i s  a n o t h e r  u s e f u l  t r a c e r  t o  e x a m i n e  c l i m a t i c  i n f l u e n c e
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o f  m a r i n e  e n v i r o n m e n t s  w i t h  o t h e r  m u l t i - p r o x i e s  w h i c h  h a v e  p o s i t i v e  o r  a n t i - c o r r e l a t e d  

w i t h  9B e .  M a r i n e  e n v i r o n m e n t s  l i k e  t h e  E a s t  S e a  o f  K o r e a ,  B l a k e  O u t e r  R i d g e ,  a n d  

M e n d e l e e v  R i d g e  a r e  a s s o c i a t e d  w i t h  s i g n i f i c a n t  t e r r i g e o u s  i n p u t  d u r i n g  d e g l a c i a l  p e r i o d s .  

E x a m i n i n g  b o t h  b e r y l l i u m  i s o t o p e s  t o g e t h e r  w i t h  o t h e r  m u l t i - p r o x y  s t r a t i g r a p h y  w i l l  

p r o v i d e  u n d e r s t a n d i n g  t h e  p a t t e r n  o f  e n v i r o n m e n t a l  c h a n g e  a t  v a r i o u s  g l a c i a l / i n t e r g l a c i a l  

e v e n t s  m u c h  m o r e  e v i d e n t l y .
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1. Introduction
I n  r e c e n t  y e a r s ,  K o r e a  h a s  b e e n  e x p e r i e n c i n g  s e r i o u s  d r o u g h t  a n d  w a t e r  s c a r c i t y  p r o b l e m s .  

K o r e a  i s  c l a s s i f i e d  a s  a  w a t e r - d e f i c i e n t  c o u n t r y  b y  t h e  U n i t e d  N a t i o n s ( U N ) .  T h e s e  p r o b l e m s  

a r e  f u r t h e r  c o m p o u n d e d  b y  t h e  r a p i d l y  g r o w i n g  p o p u l a t i o n ,  e s p e c i a l l y  i n  t h e  u r b a n  a r e a s .  

A t t a i n i n g  w a t e r  s e c u r i t y  i s  o n e  o f  t h e  m a j o r  c o n c e r n s  a n d  t o p  p r i o r i t i e s  o f  t h e  K o r e a n  

g o v e r n m e n t .  F u r t h e r  c o m p l i c a t i n g  t h e s e  i s s u e s  i s  t h e  g l o b a l  c l i m a t e  c h a n g e ,  w h i c h  i s  

c u r r e n t l y  a t  t h e  f o r e f r o n t  o f  s c i e n t i f i c  r e s e a r c h .  W i t h  t h e  p r o j e c t e d  g l o b a l  t e m p e r a t u r e  

i n c r e a s e  d u e  t o  i n c r e a s e s  i n  g r e e n h o u s e  g a s  e m i s s i o n s ,  s c i e n t i s t s  g e n e r a l l y  a g r e e  t h a t  t h e  

g l o b a l  h y d r o l o g i c a l  c y c l e  w i l l  i n t e n s i f y  a n d  s u g g e s t  t h a t  e x t r e m e s  ( e .g .  d r o u g h t s ,  f l o o d s )  w i l l  

b e c o m e  m o r e  c o m m o n .  T h e r e f o r e ,  o n e  m a j o r  c o n c e r n  a r i s i n g  f r o m  c l i m a t e  c h a n g e  i s  i t s  

p o t e n t i a l  e f f e c t s  o n  w a t e r  r e s o u r c e s  i n  t e r m s  o f  ( i n c r e a s e s  i n )  d r o u g h t s ,  a n d  i t s  i m p a c t s  o n  

d i f f e r e n t  h e a l t h ,  e n v i r o n m e n t a l ,  e c o n o m i c ,  a n d  s o c i a l  s e c t o r s .  C h a n g e s  i n  t h e  f r e q u e n c y  a n d  

m a g n i t u d e  o f  d r o u g h t s  w i l l  h a v e  e n o r m o u s  i m p a c t s  o n  w a t e r  m a n a g e m e n t ,  a g r i c u l t u r e ,  a n d  

a q u a t i c  e c o s y s t e m s .  A c c o r d i n g  t o  K o r e a  W a t e r  R e s o u r c e  A s s o c i a t i o n  ( K W R A ) ,  m a t e r i a l  

d a m a g e  r e c o r d e d  w a s  5 2 2  m i l l i o n  U S D  i n  1 9 6 7 ,  5 8 4  m i l l i o n  U S D  i n  1 9 6 8 ,  2 1 6  m i l l i o n  U S D  i n  

1 9 8 1 ,  a n d  2 8 7  m i l l i o n  U S D  i n  1 9 8 2  (h t t p : / / k w r a . o r . k r / n e w s / e n _ 0 4 . h t m l ). R e s e a r c h e s  o n  

d r o u g h t  h a v e ,  h o w e v e r ,  l a g g e d  b e h i n d  i n  t e r m s  o f  q u a l i t y  a n d  q u a n t i t y .

T h i s  p a p e r  a d d r e s s e s  t h e  a s s e s s m e n t  o f  t h e  d r o u g h t  c h a r a c t e r i s t i c s  i n  t h e  K o r e a n  P e n i n s u l a  

c o n s i d e r i n g  c l i m a t e  c h a n g e .  R e s e a r c h e s  o n  t e m p o r a l  a n d  s p a t i a l  c h a r a c t e r i s t i c s  o f  d r o u g h t  

a r e  n e c e s s a r y  t o  e v a l u a t e  p o t e n t i a l  i m p a c t  o f  d r o u g h t  a n d  t o  c a r r y  o u t  r a t i o n a l  m a n a g e m e n t  

o f  w a t e r  r e s o u r c e s .  T h e  m o s t  c o m m o n  m e t h o d  f o r  i n t e r p r e t i n g  d r o u g h t  r e l i e s  o n  t h e  

d r o u g h t  i n d e x ,  w h i c h  c o n s i d e r s  t h e  i m p a c t s  o f  d r o u g h t  s e v e r i t y ,  f r e q u e n c y ,  i t s  a f f e c t i n g  

a r e a ,  a n d  d u r a t i o n .  I t  i s  b e c a u s e  t h e  d r o u g h t  i n d e x  e x p l a i n s  t h e  c u r r e n t  d r o u g h t  s i t u a t i o n  b y  

m e t e o r o l o g i c a l  f a c t o r s  s u c h  a s  p r e c i p i t a t i o n  a n d  p a s t  m e t e o r o l o g i c a l  c o n d i t i o n s  c l o s e  t o  t h a t  

o f  t h e  p r e s e n t .

http://kwra.or.kr/news/en_04.html
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H e n r i q u e s  a n d  S a n t o s  ( 1 9 9 9 )  p r o p o s e d  t h e  u s e  o f  t h i e s s e n  m e t h o d  t o  p r o d u c e  S A F  ( S e v e r i t y -  

A r e a - F r e q u e n c y )  c u r v e .  H i s d a l  a n d  T a l l a k s e n  ( 2 0 0 3 ) ,  a n d  M i s h r a  a n d  S i n g h  ( 2 0 0 9 )  a l s o  

r e l i e d  o n  S A F  c u r v e  t o  a n a l y z e  d r o u g h t s .  F u r t h e r m o r e ,  K i m  e t  a l .  ( 2 0 0 2 )  t o o k  a d v a n t a g e  o f  

g e o s t a t i c  t e c h n i q u e  u s e d  b y  M a t h e r o n  ( 1 9 6 3 )  t o  g e n e r a t e  I n t e n s i t y - A r e a l  e x t e n t - F r e q u e n c y  

c u r v e .  I n  o n e  i n s t a n c e ,  S A D  ( S e v e r i t y - A r e a - D u r a t i o n )  c u r v e s ,  i n  w h i c h  t h e  f r e q u e n c y  i n  S A F  

c u r v e  i s  r e p l a c e d  b y  d u r a t i o n ,  w e r e  u s e d  t o  a n a l y z e  t h e  r e l a t i o n s h i p  b e t w e e n  d r o u g h t s  a n d  

t h e i r  a r e a l  e x t e n t  ( A n d r e a d i s  e t  a l . ,  2 0 0 5 ) .  P r e c i p i t a t i o n  d a t a  n e c e s s a r y  f o r  c o m p u t i n g  t h e  S P I  

w e r e  o b t a i n e d  f r o m  a  3 2 - y e a r s  ( 1 9 7 3 - 2 0 0 4 )  d a t a s e t  t h a t  o r i g i n a t e s  f r o m  5 8  s t a t i o n s  o p e r a t e d  

b y  t h e  K o r e a  M e t e o r o l o g i c a l  A d m i n i s t r a t i o n  ( K M A )  a n d  1 3 0 - y e a r s ( 1 9 7 0 ~ 2 0 9 9 )  d a t a s e t  t h a t  

w a s  d o w n s c a l e d  f r o m  G C M  d a t a  t o  5 8  s t a t i o n s  o f  K M A .  T o  p r o d u c e  S A D  c u r v e s ,  i t  i s  

n e c e s s a r y  t o  e x p a n d  S P I  v a l u e s  f o r  e a c h  o f  p r e c i p i t a t i o n  s t a t i o n s  i n t o  t h e  a f f e c t e d  a r e a .  T o  d o  

s o ,  E O F  a n a l y s i s  w a s  c a r r i e d  o u t  t o  c o n t r a c t  d a t a  i n t o  c o r e  s p a t i a l  i n f o r m a t i o n .  T h e n ,  k r i g i n g  

m e t h o d  w a s  u s e d  f o r  s p a t i a l  e x p a n s i o n .  C l i m a t e  c h a n g e  e f f e c t  o n  d r o u g h t  w a s  a s s e s s e d  b y  

c o m p a r i n g  S A D  c u r v e s  w h i c h  w e r e  c o n s t r u c t e d  f r o m  o b s e r v e d  a n d  d o w n s c a l e d  

p r e c i p i t a t i o n  r e s p e c t i v e l y .

2. Climate change scenario for South Korea
2.1 Review o f GCMs
S i n c e  t h e  G e n e r a l  C i r c u l a t i o n  M o d e l  ( G C M )  t y p i c a l l y  s i m u l a t e s  t h e  e a r t h  b y  p u t t i n g  a  g r i d  

o n  i t ,  p e n i n s u l a  s t a t e s  l i k e  K o r e a  a n d  s o m e  i s l a n d  c o u n t r i e s  t e n d  t o  b e  d e p i c t e d  a s  p a r t  o f  

s e a ,  d e p e n d i n g  o n  l o c a t i o n  o r  t h e  s i z e  o f  a  g r i d .  I n  t h i s  r e g a r d ,  r e v i e w i n g  w h e t h e r  K o r e a  i s  

d e s c r i b e d  a s  l a n d  o r  n o t  c a n  a l l o w  t h i s  s t u d y  t o  f i n d  a n  a p p r o p r i a t e  m o d e l  f o r  K o r e a .  T h e  

r e a s o n  i s  a s  f o l l o w s :  S i n c e  t h e  G C M  h a s  d i s p a r a t e  s i m u l a t i o n  m o d e l s  f o r  l a n d  a n d  s e a ,  a n d  

o n c e  a  l a n d  i s  p r e s e n t e d  a s  a  s e a  i n  t h e  s i m u l a t i o n ,  c o n s e q u e n t  m e t e o r o l o g i c a l  v a r i a b l e s  c a n  

p r e s e n t  f a r  d i s t a n t  r e s u l t s  f r o m  r e a l i t y .  F i g u r e  1  s h o w s  h o w  G C M s  d i f f e r e n t l y  s u g g e s t e d  b y  

c o u n t r i e s  d e s c r i b e  t h e  K o r e a n  p e n i n s u l a .

A s  s h o w e d  i n  F i g u r e  1 ,  t h e  K o r e a n  P e n i n s u l a  i s  s i m u l a t e d  a s  a  l a n d  i n  a  f e w  m o d e l s ,  s u c h  a s  

M I H R ( J a p a n ) ,  C N C M 3 ( F r a n c e ) ,  a n d  F G O A L S ( C h i n a )  a n d  o t h e r  G C M s  d e p i c t  o n l y  s o m e  

p a r t  o f  K o r e a  a s  a  l a n d .  I n  t h i s  s t u d y ,  t h e r e f o r e ,  s u c h  G C M s  a r e  e x c l u d e d  f r o m  r e v i e w s  a s  

t h e y  a r e  a s s u m e d  n o t  s u i t a b l e  f o r  t h e  e v a l u a t i o n  o f  c l i m a t e  c h a n g e  i m p a c t s  o n  t h e  K o r e a n  

p e n i n s u l a .

G C M s  a r e  k n o w n  f o r  t h e i r  r e l a t i v e l y  p r e c i s e  s i m u l a t i o n  o f  t e m p e r a t u r e s .  T h i s  s t u d y ,  t h u s ,  

s e l e c t e d  a  C G M  t h a t  p r o p e r l y  p r e s e n t s  t h e  t e m p e r a t u r e s  o f  t h e  K o r e a n s  p e n i n s u l a .  T h e  

s e l e c t i o n  w a s  d o n e  b y  c o m p a r i n g  t h e  g r i d - t y p e  t e m p e r a t u r e  d a t a  o f  t h e  c e n t r a l  p a r t  o f  

K o r e a ,  w h i c h  i s  p r o v i d e d  b y  t h e  I P C C  D D C ,  w i t h  t h e  t e m p e r a t u r e  d a t a  o b s e r v e d  a t  S e o u l  

w e a t h e r  s t a t i o n .

A m o n g  t h e  s i m u l a t i o n  r e s u l t s  f r o m  e a c h  G C M  o f  2 0 c 3 m  w h i c h  s i m u l a t e s  t h e  1 9 9 0 s ,  t h e  

s t a t i s t i c s  o f  m o n t h l y  m e a n  t e m p e r a t u r e  ( m e a n ,  v a r i a n c e ,  a n d  d i s t o r t i o n )  o f  t h e  c e n t e r  o f  t h e  

K o r e a n  p e n i n s u l a  w a s  c o m p a r e d  w i t h  t h a t  o b s e r v e d  a t  S e o u l  s t a t i o n .  S i n c e  2 0 c 3 m  g e n e r a l l y  

s i m u l a t e s  t h e  t i m e  p e r i o d  f r o m  1 9 8 5  t o  1 9 9 9 ,  t h e  s t a t i s t i c s  o f  m o n t h l y  m e a n  t e m p e r a t u r e s  

f r o m  1 9 6 1  t o  1 9 9 9  w e r e  f i r s t l y  c a l c u l a t e d  a n d  c o m p a r e d  b y  t a k i n g  i n t o  a c c o u n t  t h e  

o b s e r v a t i o n  p e r i o d .  S e v e r a l  G C M  m o d e l s  i n  F i g u r e  1 ,  s u c h  a s  M I H R ,  C N C M 3 ,  F G O A L S  

w h i c h  a s s u m e  K o r e a  a s  l a n d ,  a n d  o t h e r  m o d e l s ,  w h i c h  d e s c r i b e  s o m e  p a r t  o f  K o r e a  a s  s e a ,  

w e r e  a d d i t i o n a l l y  r e v i e w e d  f o r  c o m p a r i s o n  a s  w e l l .



Drought Analysis Based on SPI and
SAD Curve for the Korean Peninsula Considering Climate C hange 197

Fig. 1. GCMs grid around  the Korea peninsular (a-BCM2, b-CGHR, c-CGMR, d-MIHR, e- 
CSMK3, Í-CNCM3, g-FGOALS, h-CFCM20, Í-CFCM21, j-GIAOM, k-GIEH, 1-GIER, m- 
HADCM3, n-HADGEM, 0-INCM3, P-IPCM4 )

Overall, three m odels - MIHR, CNCM3, an d  FGOALS -, w hich assum e Korea as land, 
sim ulate m onthly  m ean tem peratures of Korea relatively well. In the case of FGOALS, 
p roposed  m eteorological variables have sm all variances. Thus, considering the natu re  of 
SK-NN m ethod  that detects and  dow nscales the pa tte rn  of sim ilar m eteorological 
variables, it w as expected that a num ber of locations w ou ld  have several sam e 
precipitations. Therefore, this s tudy  had  to elim inate FGOALS. A m ong CNCM3 and  
MIHR left, CNCM3, w hich w as suggested  as the m ost appropria te  m odel for Korea in  
K young (2010), w as chosen, as the GCM for the analysis of d rough t on  the Korean 
Peninsula.
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Seoul -3.0 -0.7 5.0 11.6 18.0 21.0 25.6 25.5 20.8 14.3 6.8 -0.1

CNCM3 -3.3 -2.5 2.4 7.7 13.3 17.8 20.9 21.8 18.7 12.5 5.9 0.1
FGOALS -7.0 -4.4 1.3 8.2 14.5 18.8 21.3 22.2 18.0 10.7 2.4 -4.0

MIHR -3.3 -2.1 3.3 10.3 17.1 21.6 24.2 24.3 20.0 12.7 5.2 -0.4
GIAOM 18.0 18.6 20.0 22.0 24.2 25.8 26.4 26.3 25.0 23.0 20.7 19.5

GIEH 13.3 13.9 16.2 18.9 21.9 24.5 26.5 27.0 26.0 23.2 20.9 16.5
GIER 12.8 13.0 15.2 17.1 19.5 22.3 24.8 25.9 24.8 22.1 18.6 15.2

INCM3 4.4 5.8 10.3 15.5 20.8 24.8 26.8 26.8 24.5 19.3 12.8 6.6
IPCM4 14.9 14.2 15.6 18.5 21.9 24.9 26.7 27.1 26.1 23.6 20.6 17.4

MRCGCM -1.6 -0.1 4.6 9.5 14.3 18.7 21.6 21.7 18.2 12.6 6.4 0.9

Table 1. Com parison of m onthly m ean tem perature betw een observation and sim ulation 
from  GCMs

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Seoul 5.1 3.6 2.4 1.7 0.8 0.7 1.6 1.2 0.7 1.2 2.3 3.5

CNCM3 5.2 3.5 2.4 1.0 1.3 1.4 0.7 0.7 0.8 0.7 1.1 1.3
FGOALS 4.9 5.7 4.4 1.6 0.5 0.5 0.3 0.3 0.6 1.9 3.2 4.5

MIHR 2.5 1.7 1.3 0.8 0.5 0.6 0.5 0.5 0.5 0.6 1.1 1.3
GIAOM 0.6 0.8 1.1 1.5 1.2 0.4 0.1 0.2 0.9 1.5 1.7 0.4

GIEH 1.9 1.9 1.5 0.6 0.5 0.5 0.2 0.2 0.4 0.5 1.0 1.4
GIER 1.7 1.9 0.8 0.4 0.3 0.4 0.3 0.3 0.5 0.9 1.2 0.7

INCM3 4.4 6.0 3.8 1.6 1.3 0.4 0.2 0.2 0.5 1.0 1.5 3.6
IPCM4 1.0 1.0 1.5 1.0 0.7 0.5 0.3 0.3 0.3 0.6 0.7 0.9

MRCGCM 1.5 1.1 1.1 0.8 0.4 0.3 0.4 0.7 0.7 1.0 1.5 1.0

Table 2. Com parison of variance of m onthly m ean tem perature betw een observation and 
sim ulation from  GCMs

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Seoul -0.4 0.2 -0.6 0.9 0.2 0.0 0.7 -0.5 0.8 0.5 -0.1 -0.7

CNCM3 -2.2 -0.6 0.1 -0.6 -0.9 0.0 -1.4 0.1 0.4 -0.2 1.0 -0.1
FGOALS -0.3 0.0 0.2 -0.4 0.0 -0.2 -0.6 -0.4 0.3 0.6 -0.5 -0.2

MIHR -0.4 0.3 -0.8 0.1 0.3 -0.4 0.9 -0.5 0.5 0.3 0.7 -0.8
GIAOM -0.4 -0.5 -0.2 0.0 -0.1 -0.3 -0.1 -0.5 -0.2 0.0 -0.2 -0.9

GIEH -0.2 -0.1 -0.2 -0.4 -0.1 -0.1 0.2 0.1 0.2 0.2 -0.3 0.4
GIER -0.3 0.4 -0.3 0.3 0.2 0.2 0.2 0.1 -0.2 -0.6 0.2 0.4

INCM3 0.2 -0.3 -0.2 -0.3 -0.1 -0.5 0.0 0.2 0.5 -0.4 0.0 -0.6
IPCM4 0.1 0.4 0.4 0.3 0.6 -0.2 -0.4 -0.9 -0.4 0.5 -0.2 -0.3

MRCGCM -0.2 0.4 0.3 -0.3 -0.6 0.4 0.8 0.5 0.1 -0.1 -0.2 -0.1

Table 3. Com parison of skewness of m onthly m ean tem perature betw een observation and 
sim ulation from  GCMs
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2.2 Application o f dow nscaling technique

1) Selecting a climate change scenario

In this study, the SRES A1B scenario w as selected as a socioeconomic scenario to predict the 
precipitation changes in  Korea. This is because this study recognized the A1B scenario as the 
best m atch for circumstances under w hich the entire w orld  is exerting great efforts to 
maximize the efficiency of energy resources and  find alternative energy sources. A nd this 
study also exam ined how  drought and probability precipitation in  Korea can change, 
should the A1B scenario be considered on the basis of the 20c3m scenario used  as the initial 
conditions of the SRES scenario.
In order to predict the im pact of climate change on Korea in  the short, m edium , and long 

term , the tim e periods w ere divided as the followings:
CASE 1 (1980s) : 1970 ~  1999 (20c3m, Reference duration)
CASE 2 (2020s) : 2010 ~  2039 (A1B, Projection duration)
CASE 3 (2050s) : 2040 ~  2069 (A1B, Projection duration)
CASE 4 (2080s) : 2070 ~  2099 (A1B, Projection duration)

2) Adopting a spatial downscaling technique using the SK-NN m ethod

A general K-NN technique is m ainly used for short term  prediction after estim ating
param eters(cq, cf), a))) necessary for prediction by considering delay tim e(t) and
em bedding dimensions(m) in  a single tim e series. This K-NN m ethod, w hich w as proposed 
by Casdagli (1992), and  Casdaglli and W eigend (1994), is a m ethod prim arily applied  to 
Chaos time-series under the assum ption that past tim e-series patterns w ould  be repeated  in 
the future after converting the tim e series data of a  single variable into a set of vectors w ith  
the consideration of its delay tim e and em bedding dimension. This m ethod w as also used in 
studies of Young(1994), Laii and Sharma(1996), Laii et al. (1996), Rajagopalan and Laii(1999), 
Buishand and  Brandsma(2001), Yates et al. (2003), Sharif and Burn(2006).
This study dow nscaled data from  the meteorological variables p rovided m onthly to 
m onthly total precipitations observed by stations by applying the SK-NN (Simplest K- 
N earest Neighbor) m ethod, a  sim plest m ethod of K-NN. This w as based on the assum ption 
that under the condition of specific hydrom eteorological variables, the same precipitation 
can occur. Therefore, vectors w ere form ed by  using tem perature, specific hum idity, w ind 
speed and  sea level pressure w hich affect precipitation not using a single tim e series. Delay 
tim e w as excluded, because it is insignificant, given that m onthly m ean by  averaging 
original tim e series data is used. Em bedding dim ension w as assum ed to have four 
dim ensions of meteorological variables -  tem perature, specific hum idity, w ind  speed and 
sea level pressure -  used in  the downscale method.
Above all, for application, a set of vector needs to be constructed w ith  meteorological 
variables of the NCEP data, including tem perature, specific hum idity, w ind  speed and  sea 
level pressure, capable of affecting the precipitation w hich is in tended to be dow nscaled, as 
follows:

Yt = (at ,b t ,c t ,  ,n t )

Here, nis the num ber of meteorological variables affecting the variables to be downscaled, 
and  t show s that the variables are time-series data, im plying there t is num ber of vector Yt. 
In addition, in  order to  calculate the optim al num ber of nearest (k), provided vector Yt was
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divided by Training set, Yttra and  Prediction set, Y^j-g. In order to  investigate the similarity 
betw een Ytpre and  Yttra, this study calculated the distance betw een them , or ||Ytpre — Yttra 11. 
W hen the m ost similar Yttra w ith  Ytpre is identified th rough  the process, the precipitation 
w hich occurred under the condition of Yttra is inferred to occur again in  Y ĵ-g. Here, the 
num ber of nearest is determ ined by the num ber of w hich leads to a  optim al result, w hile it 
is changing the num ber of similar Yttra w ith  Ytpre in  order of its similarity. W ith the num ber 
of the nearest determ ined, Yt is identified as m any as the num ber of the nearest, then, 
precipitation at Yt .is calculated by getting arithm etic m eans of precipitation at Yt,
This study selected appropriate m eteorological variables like average tem perature, 
hum idity, southerly w ind  and  sea level pressure for the downscale m ethod, and 
dow nscaled precipitation data of 58 stations country-w ide relevant to  20c3m and A1B 
scenarios from  CNCM3 model.
This study initiated calibration and  validation of the SK-NN m odel by  using NCEP data and 
total precipitation data from  stations in  order for the application of SK-NN. To this end, the 
observed data w as divided into three parts -  Training set, Calibration set and V alidation set. 
The first step for calibration is to  find a  duration  that has the meteorological variable of 
NCEP value similar to the meteorological variables of NCEP -  average tem perature, 
hum idity , southerly w ind  and sea level pressure -  relevant to a calibration period. Then, the 
precipitation in  locations is designated as the precipitation for the calibration period. In this 
case, the estim ation of errors by  increasing the num ber of meteorological variable groups of 
Training set from  one to  tw enty, w hich are similar to  the meteorological variables of NCEP 
relevant to calibration period, m ay produce K, the num ber of optim al meteorological 
variable groups for SN-NN. In order to evaluate the application of estim ated value of K, the 
calibration w as proceeded as follows: (See Figure 2)

NCEP Station GCM/RCM Station

0000 o loooo o
0 0 0 0  ®  Calibration S e t
0000 o
0000 o Validation S e t  

0000 0
Predictor Predictant rreoicror

Fig. 2. Basic concept of Simplest K-NN m ethod as a dow nscaling technique
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W hen the application of the model is estim ated th rough  calibration and validation, it m ay 
be possible to get the precipitation of target locations of GCM by using the same 
meteorological variables w ith  those of NCEP -  average tem perature, hum idity , southerly 
w ind and sea level pressure -  suggested by  GCM. In other w ords, the precipitation values 
for GCM m ay be estim ated by  averaging the results of extracted K num ber of 
meteorological variable groups of NCEP -  average tem perature, hum idity, southerly w ind 
and sea level -  w hich have the same values w ith  those of GCM.

3) Bias Correction by using Quantité M apping

Those downscaled results from  GCM tend to show  some level of bias against observed 
outcom es in real. The m ost com monly used m ethod to correct such bias is Quantile 
m apping  suggested by Panofsy and  Brire (1963). The Quantile m apping  approach used as a 
w ay to correct runoff (Wood et al, 2004; Ham let et al, 2003; H ashino et al., 2007), and in 
regard  to climate change, GCM data in  Palmer et al(2004), Fowler et all(2007b), D urm an et 
al.(2001), Kim et al(2008), Kyoung et al(2009a, 2009b). The Quantile m apping 's general 
procedure is presented in  Figure 3.

O bserved CDF

After Q uantile Mapping

LL

O bservation
Raw Climate Simulation 
(Control run, 1C02)

model CDF

FuturePast
Probability

Fig. 3. Quantile m apping.

W ith the Q uantile m app ing  approach, this study  estim ated  the bias of observed data  and  
GCM , w ith  respect to bo th  the m onthly  total precip ita tion  of 20c3m(CASEl) scenario, 
w hich  w as dow nscaled  by SK-NN, an d  that of 58 stations operated  by the Korea 
M eteorological A dm inistration  (KMA). Then, the results w ere applied  to those 
dow nscaled  cases of A1B, CASE2, CASE3 an d  CASE4, to  correct m onthly total 
p recip ita tion  bias for each case.

4) KM ARCM

The National Institute of M eteorological Research (NIMR) in  Korea is providing downscaled 
RCM for the Eastern Asia region. It uses the IPCC SRES A1B, A2 and  BÍ, and  generates a 
global climate change scenario by  applying anthropogenic forcing to ESHO-G. It also 
generates a regionally dow nscaled climate change scenario for Korea by proceeding 
dynam ical dow nscaling of a  global climate change scenario w ith  a regional climate model, 
MM5. Finally, it offers a high resolution climate change scenario by using a statistical 
dow nscaling technique.
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3. Standardized precipitation index considering climate change

3.1 Standardized precipitation index
In this study, dow nscaled data for 58 stations w ere used to construct SPI for each of stations. 
SPI, w hich w as developed by Mckee et al. (1993), is a  relatively sim ple drought index based 
only on  precipitation. Table 4 show s the status of droughts in  accordance w ith  the scope of 
index.

SPI M oisture

more than 2.00 extrem ely w et
1.50 -1.99 severe w et
1.00 -1 .4 9 w et
-0.99 -  0.99 norm al
-1.49 -  -1.00 dry
-1.99 -  -1.50 severe dry

less than -2.00 extremely dry

Table 4. Classification of m oisture by SPI

The SPI is calculated from  the long term  record of precipitation in  each location (generally at 
least 30 years). Values of SPI are derived by com paring the total cum ulative precipitation for 
a particular station or region over a specific time interval w ith  the average cum ulative 
precipitation for that sam e time interval over the entire length of the record. The SPI w as

V
Fig. 4. Locations of Rainfall station, Korea
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designed to enhance the detection of onset and  m onitoring of drought conditions on a 
variety of tim e scales. A key feature of the SPI is the flexibility to m easure drought at 
different tim e scales. The data will be fitted to norm al d istribution and  be norm alized to a 
flexible m ultiple tim e scale such as 3-, 6-, 12-, 48-m onth and  etc. This tem poral flexibility 
allows the SPI to be useful in  bo th  short-term  agricultural and  long-term  hydrological 
applications.
F igure 4 and  Table 5 show  the location and  geographical designation  of p recip itation  
stations of Korea M eteorological A dm inistration  that p rov ided  data  for the calculation of 
the SPI. Finally, F igure 5 ~ Figure 8 show  the calculated SPI in  conjunction w ith  major 
locations.

No. Station No. Station No. Station No. Station

1 Sokcho 16 Daegu 31 Inje
2 Daegwallyong 17 Jeonju 32 H ongcheon 46 Sungsanpo
3 Chuncheon 18 Ulsan 33 Jecheon 47 Yeongju
4 G angneung 19 Gwangju 34 Boeun 48 M ungyeong
5 Seoul 20 Pusan 35 Cheonan 49 Y oungdong
6 In Cheon 21 Tongyeong 36 Boryeong 50 Uiseong
7 U lleungdo 22 M okpo 37 Buyeo 51 Gumi
8 Suwon 23 Yeosu 38 Buan 52 Yongcheon
9 Seosan 24 W ando 39 Imsil 53 Gochang

10 Uljin 25 Jeju 40 Jeongeup 54 H apcheon
11 Chongju 26 Seogwipo 41 N am w on 55 M iryang
12 Daejeon 27 Jinju 42 Suncheon 56 Sancheong
13 C hupungryong 28 G anghw a 43 Jangheung 57 Geoje
14 Pohang 29 Y angpyong 44 H aenam 58 N am hae
15 Gum san 30 Icheon 45 G oheung

Table 5. Rainfall stations

3.2 Assessm ent o f clim ate change effect on drought occurrence and frequency
This study calculated SPI for precipitation at dow nscaled 58 stations in order to assess 
climate change effect on drought, and  drought spell based on the estim ated SPI. The 
drought spell m ay be assessed by SPI and  using average precipitation index implies that SPI 
is constantly less than  zero and its m inim um  value is less than -1 (Dubrovsky et al, 2004). 
Building on droughts selected by such basis, climate change inducing a drought occurrence 
behavior w as analyzed, and for this, droughts w ith  the duration  of 6 m onths and 12 m onths 
w ere selected.
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GCM Station CASE1 1 CASE2 | CASE3 | CASE4 CASE1 1 CASE2 | CASE3 | CASE4
m ore than  6 m onth m ore than  12 m onth

KMA
RCM

Sokcho 1 2 5 3 0 0 0 0
Seoul 2 2 2 4 0 0 0 0

Daegu 0 4 4 2 0 0 0 0
Busan 3 1 4 3 0 0 0 0

CNCM3

Sokcho 3 3 5 2 0 0 2 2
Seoul 4 4 5 5 0 1 0 0

Daegu 3 3 3 4 0 1 1 1
Busan 4 3 2 2 1 2 1 0

Table 6. Frequencies of drought

Across those 58 stations, there are 138 droughts w ith  the six-m onth duration  in  CASE1, 68 in 
CASE2, 171 in  CASE3 and  121 in  CASE4. In other w ords, the num ber of drought 
occurrences decreases in  CASE2, and  increases in  CASE3, and then drops again. As for the 
CNCM s m odel, there are 185 droughts w ith  the six-month duration  in CASE1, 221 in 
CASE2, 190 in  CASE3, and  186 in  CASE4 across 58 stations, im plying that the num ber of 
droughts is likely to increase in  the future.
KMA RCM show ed that there are five droughts w ith  the 12-month duration  in  CASE1, zero 
in  CASE2, seven in  CASE3 and  three in  CASE$, representing that droughts w ith  a  longer 
duration  may not return. M eanwhile, CNCM3 show ed 50, 60, 38 and 35 tim es of d rought for 
each case. It is possible to predict that the drought w ith  the 12-month duration and  above 
m ay steadily decrease due to the effect of climate change. This may be explained by the fact 
that the effect of gradually increasing precipitation reduces the num ber of drought 
occurrences w ith  relatively a longer duration.
Table 7 shows the average severity of d rought in  major locations by drought duration  (six 
and  tw elve months).
The average severity of the droughts w ith  the duration  of m ore than  six m onths w as -1.16, -
0.95, -1.31, and -1.41 for each CASE in KMA RCM. For CASE4, as show ed in  Table 6, 
although the num ber of d rought occurrences decreases, their severity increases, 
representing a possibility of m uch severe drought in  the future. As for CASE2 of CNCM3, it 
w as expected that relatively severe drought is likely to occur in the south  central area, 
particularly Dae-gu, and  some part of the southern coastal area. For CASE3 and CASE4, 
some parts of the southern  coastal area and nearby inland areas w ere expected to be the 
m ain area affected by droughts though  the potential d rought areas m ay be reduced.
KMA RCM failed to simulate drought w ith  the duration of over 12 months. So, w hen 
analyzing the average severity of such drought based on the CNCM3 model that successfully 
sim ulated the num ber of observed drought occurrences, it w as predicted that droughts w ould 
occur mainly in the southern and eastern coastal area and G angwon province. It w as also 
predicted that such expected areas of drought w ould slightly decline through CASE3 and 
CASE4. In general, it can be predicted that drought w ith  the duration of 12 m onths or more 
w ould  slowly decrease because of climate change effects and this m ay be because drought 
w ith  relatively a  longer duration decreases as precipitation gradually increases.

4. Establishment of SAD curve

The em pirical orthogonal function (EOF) is m ainly used for indentifying major patterns of 
spatial variability. EOF analysis is w idely applied  to  w ater resources m anagem ent field
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(Sauquet et al., 2000; Benjamin, 2002; H isdal and Tallaksen, 2003; Yoo and Kim, 2004; Viron 
et al., 2006; Zveryaev and Arkhipkin, 2008; Perry and  N iem ann, 2008).

GCM Station
CASE1 CASE2 CASE3 CASE4 CASE1 CASE2 CASE3 CASE4

m ore than  6 m onth more than 12 m onth

KMA
RCM

Sokcho -1.7 -1.5 -1.6 -1.9 0 0 0 0
Seoul -1.4 -1.5 -1.8 -1.6 0 0 0 0

Daegu 0.0 -1.6 -1.7 -1.7 0 0 0 0
Busan -1.4 -1.7 -1.6 -1.5 0 0 0 0

CNCM3

Sokcho -1.5 -1.8 -1.5 -1.6 0.0 0.0 -1.61 -1.6
Seoul -1.4 -1.5 -1.4 -1.4 0.0 -1.8 0.0 0.0

Daegu -1.5 -1.9 -1.6 -1.7 0.0 -2.6 -1.9 -2.5
Busan -1.3 -1.6 -1.6 -1.4 -1.6 -1.9 -1.6 0.0

Table 7. Average severity for the occurred drought

In this study EOF analysis is applied to SPI in order to analyze quantitatively the regional 
behavior of drought. The individual EOFs are obtained by perform ing the SVD (single value 
decomposition) for the original data m atrix A and the equation is as follows;

A  = U x S x V T

w here colum ns of the m atrix U are the EOFs of A , and  each EOF is a m utually 
independent com ponent. D iagonal com ponents of the m atrix S are the eigen values of A , 
and  the sum  of them  is the variance of the original data. Each colum n of the m atrix V  is the 
coefficient of tim e series and represents the tem poral behavior of the corresponding EOF. 
The m atrix A is consisted of the num ber of locations ( M  ) and the tem poral length of SPI ( 
N  ), so its size is M x N  . The size of m atrix U has M x M  and that of m atrix S is M x N  . 
The m atrix V  is consisted of the size of N  x N  .
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The num ber of EOF is as m any as 58, w hich is the same num ber w ith  the stations used. In 
this study, every variance value from  each CASE w as arranged by all m odels presented 
here. Those variance values w ere m arked as the percentages(%) of the total variance values 
to present the variance values of each EOF.
As for KMA RCM, it w as expected that tw o strong spatial patterns w ould  appear in  CASE2 
followed by one pattern  of spatial variability w ith  a strong explanatory pow er in  CASE3. 
Then, CASE4 show ed various types of partial variability. In contrast, the CNCM3 model 
m aintained the pattern  of spatial variability w ith  an  apparen t explanatory pow er from  
CASE1 to CASE2 b u t overall, the spatial variability pattern  did not seem  to be significantly 
different in  CASE3. How ever, the variances of the first EOF are expected to show apparently  
different characteristic.
In order to  draw  the SAD curve, it is necessary to expand spatially each EOF. For the spatial 
expansion of each EOF, the kriging m ethod can be used. The w hole Korea is divided into 
10,000 (100x100) grids w ith  a w id th  and  length of six kilometers. H isdal and  Tallaksen 
(2003) also applied  the kriging m ethod to assign an  EOF's value at each grid point. Such 
spatially expanded EOFs are then inversely transform ed to  calculate SPI tim e series at each 
grid point. Finally, averaging spatially and  tem porally, one can calculate the m axim um  
spatio-tem porally averaged SPI value at a  specified tem poral and  spatial scale to draw  SAD 
curve. Figure 10 shows drought severity-affected area curves for the duration  of 1, 3, 6, 9 
and  12 months.
SAD curve serves as an  indicator show ing how  drought severity, w hich is estim ated by 
using SPI to assess the drought prone area, changes by area and  duration. As a result of 
generating the SAD curve for each model, it w as predicted that the smaller the affected area 
is, the higher the severity is likely to  be in  CASE2 representing the near fu ture w hile except 
for the drought w ith  the three m onth duration, behaviors sim ilar to  CASE1 w ere seen in 
CASE3. Since overall drought severity in  CASE4 becam e higher, d rought is expected to 
cause the m ost severe damage.

5. Summary and conclusions

In this study, the im pact of climate change on drought in  Korea w as evaluated. In order to 
consider such climate change impact, French GCM, CNCM3 and  RCM by National Institute 
of M eteorological Research (NIMR) under the Korea M eteorological A dm inistration w ere 
used. In addition, dow nscaled m onthly precipitation w as estim ated by using SK-NN, and 
NIM R's RCM w as used to calculate SPI for 58 stations in  Korea. The SPI w as used to 
com pare the num ber of drought occurrences and average severity of the total drought, and 
droughts bo th  w ith  the duration  of over six m onths and  over tw elve m onths. D rought 
severity by  spatial extent in  accordance w ith  duration  w as calculated, generating SAD curve 
by utilizing SPI. The analysis of this study shows that the risk of d rought in  Korea is 
growing. Therefore, it is im portant to come u p  w ith  responsive m easures for d rought from  a 
m id-and-long term  perspective.
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M exico

1. Introduction

W orldw ide m arine ecosystems are continuously responding to changes in  the physical 
environm ent at diverse spatial and tem poral scales. In addition  to the seasonal cycle, other 
natural patterns occur at the interannual scale, such as El Niño-La N iña Southern Oscillation 
(ENSO) w ith  a period of about three to  five years (W ang & Fiedler, 2006). W hen ocean 
conditions stay above or below  the long-term  average for periods of 10 to 20 years we 
recognize decadal fluctuations (M antua et al., 1997), and  those w ith  periods longer than  50 
years are know n as regim e (Lluch-Belda et al., 1989). O n the ocean, m arine populations 
respond to these variations in  different ways, such as changes in  their distribution and 
abundance. Evidence suggests that this m ulti-decadal scale climate variations are cyclic, 
w hich generates recurrent changes in  the production level of m arine ecosystems in  w ays 
that m ay favor one species or a group over another.
A brupt changes betw een m ulti-decadal phases are know n as regim e shifts (Overland et al., 
2008). The best docum ented regim e shift in  the N orth  Pacific occurred in  the mid-1970, w ith  
strong physical and biological signals, including ocean productivity  (Ebbesmeyer, et al., 
1991; Roemmich & McGowan, 1995), strong biom ass and distribution changes in sardine 
and  anchovy populations (Kawasaki, 1983; Lluch-Belda et al., 1989), and  several other fish 
populations (Beamish et al., 1993; M antua et al., 1997; H olbrook et al., 1997). These changes 
im pacted m arine food webs and ultim ately affected the distribution and survival of m arine 
top  predators such as seabirds and  m arine m am m als (Trites & Larkin, 1996; Veit et al., 1997; 
Trites et al., 2007). In this w ork  w e review  published reports on long te rm  m acro-fauna 
(nekton) m ovem ents as related to m ulti-decadal tem perature trends in  the N ortheastern 
Pacific.

2. Long term ocean surface variability on the southern California current 
system

The study area (Fig 1) is under the influence of the California C urrent System, where, 
several authors have observed environm ental and biological m ulti-decadal climate signals
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(Lluch-Belda et al., 1989; Ware, 1995; M antua et al., 1997). To describe the environm ental 
conditions on the California C urrent System, m onthly gridded (2x2 degree) sea surface 
tem peratures (from January 1900 to December 2010) w ere analyzed for the area lim ited by 
the 20-42°N latitude and 102-140°W longitude (Fig. 1). The d a tab ase  is know n as "Extended 
Reconstructed Sea Surface Tem perature" and  w as obtained from  the National Oceanic and 
Atm ospheric A dm inistration (NOAA) w eb site 
(h ttp ://lw f.n cd c .n o aa .g o v / oa /  c lim ate/resea rch / sst/ersstv3.php).

40°

32°

28°

24°

20°

1
-------- '--------- -------- ----------

, ' ^
---------i--------

Í i

\ ► * i

California(i

> y  Gu

J
K A I.............

•-

1
Califorr

Cl

ia
irre ni If of Califorr ia

1

System
i 16 a|

(Mex)

y  ......

1

1 Baj;a California JjA N ,
1

1---------

Peninsula (Mex)

1---------i 1--------- 1— —

1
m l

136° 128° 120° 112 ° 104°

Fig. 1. Study area; USA: United States of America; Mex: Mexico.

To isolate scales of variability from  the SST tim e series, w e com puted the long term  m ean 
and  the seasonal signal by  fitting annual and sem iannual harm onics to the 110-year m onthly 
m ean tim e series (Ripa, 2002). Then w e com puted SST anom alies as residuals containing 
sub-seasonal (meso-scale) and  low  frequency variability (interannual and large scales) after 
extracting the long term  m ean and  seasonal signals at each grid point. To analyze the 
regional m odes of SST anom alies over the study area (Fig. 1), an  em pirical orthogonal 
functions analysis (EOF) w as conducted using SST anomalies. The EOF decom poses the 
variability of the anom alies in  a set of N  uncorrelated orthogonal functions; each H-function 
represents an  independent "m ode of variability" (Björnsson & Venegas, 1997; Venegas, 
2001).
The first EOF m ode of SST anom alies explains 48% of the total variance over the study area. 
The spatial pattern  shows a typical distribution of a global m ode, w here the surface 
tem perature increase (decrease) in  the w hole area at the same tim e and  according to  the sign 
of the EOF tim e series, w hich explains u p  to 50% of the unseasonal SST variability off 
California and  Baja California Peninsula (Fig. 2, upper panel). This m ode shows a great 
interannual and m ulti-decadal variability in  its tim e series (Fig. 2, lower panel). Two long

http://lwf.ncdc.noaa.gov/
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w arm ing trends and tw o long cooling trends are evident. W arm ing trends occurred betw een 
the late 1910s and the end of the 1930s, and from  1975 until the end of the 1990s, w hile the 
cooling trend  occurred from  the beginning of the tw entieth  century to the late 1910s, and 
betw een the early 1940s and  1975. The strong w arm ing event at the end of the 1950s w as not 
considered as a long term  trend, because this w as caused by the strong El N iño 1958-59 
event, and  a few years later the SST recovered its cooling trend  until 1975. Also, our results 
suggested a new  cooling trend beginning w ith  the new  century. The origin of these multi- 
decadal trends is subject to debate. In this regard, several studies and  hypothesis have been 
developed to explain the physic m echanism s that are underly ing this m ulti-decadal 
variability, b u t are not the m atter of this work.
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Fig. 2. Local explained variance (%) and  tem poral patterns of the first EOF m ode of SST 
anomalies.

3. Long term macro-fauna movement

The California sardine (Sardinops sngnx caeruleus) is the m ost abundant fish species in  the 
northeast Pacific. It is a key com ponent of the California C urrent pelagic ecosystem, being 
the m ain prey  of several pelagic species such as seabirds, m arine m am m als, predatory  fishes 
and  squid (Bakun et al., 2010). This sardine has tw o core centers of distribution, one in  the 
w est coast of the Baja California Peninsula, and  the other inside the Gulf of California. From 
these centers, schools m ay expand into the surrounding  w aters w hen  environm ental
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conditions are suitable. This species tends to have large interannual fluctuations in  its 
abundance, due to strong variations in  recruitm ent related prim arily to environm ental 
variability in  their spaw ning areas (Lluch-Belda et al., 1986; H am m am  et al., 1998). In 
addition to these interannual fluctuations, this group has a not yet totally understood 
regim e shift tim e scale (~60 years) of global alternation betw een sardine and  anchovy 
populations, due to  the expansion and  contraction of their populations (Fig. 3; Kawasaki, 
1983; Lluch-Belda et al., 1989; Baum gartner et al., 1992; Chavez et al., 2003; Bakun et al., 
2010). These can be seen in  the com mercial landings of California state (USA) w aters (Fig. 4) 
and  in  fossil records over the last 2000 years (Baum gartner et al., 1992). Chavez et al (2003) 
related this regim e shift to the SST variability in the northeast Pacific. This relationship is 
evident in  the sardine landings (Fig. 4), w here increases are evident during  w arm ing trends 
(1920-1940 & 1975-2000) and  a  decrease during  the cooling trend  (1940-1975).
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120 ° 110 °  120 ° 110°

Fig. 3. Contraction (a) and  expansion (b) of California sardine populations in the N ortheast 
Pacific at the end of cooling and  w arm ing periods respectively (Bakun et al., 2010).
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Fig. 4. California sardine landings at California w aters (USA; thousands of tons) from  FAO 
(1997), and  for Gulf of California w aters (GOC; thousands of tons) from  SAG ARPA; jum bo 
squid landings at California w aters (USA; millions of pounds) from  NOAA w eb page 
(h t tp : / / w w w .pfeg .noaa.gov/research /c lim atem arine /cm ffish /cm ffishery.htm l), and  Gulf 
of California (GOC; thousands of tons) from  SAGARPA.

The Jum bo squid (Dosidicus gigns) is a large om m astrephid (up to 50 kg m ass and  overall 
length of 2.5 m) endem ic to  the Eastern Tropical Pacific. This squid is an  im portant 
com ponent of the m arine food w eb that prey  on small pelagic and  mesopelagic fishes, 
crustaceans and squids (M arkaida & Sosa-Nishizaki, 2003; Arm endáriz-Villegas, 2005; Field 
et al., 2007); being an  energy transfer from  the m esopelagic food w eb to  higher trophic level 
species as tunas, billfish, sharks, and  m arine m am m als (Galván-M agaña et al., 2006; Field et 
al., 2007). The jum bo squid m aintain the largest squid fishery in  the w orld, w hich operates 
off the coasts of Peru, Chile and  Central America, and in  the Gulf of California (Morales- 
Bojôrquez et al., 2001; W aluda & Rodhouse 2006). Recent scientific publications, anecdotal 
observations and fisheries landings pointed out a range expansion of jum bo squid 
th roughout the California C urrent and  southern  Chile over the past decade (Fig. 4 & 5; 
Cosgrove, 2005; Chong et al., 2005; W ing, 2006; Zeidberg & Robinson, 2007). This sustained 
range expansion has generated hypotheses related to changes in climate-linked 
oceanographic conditions and reduction in  their com peting top predators (Zeidberg & 
Robinson, 2007; W aters et al., 2008). H owever, the coincidence of the recent polew ard range 
expansions in  bo th  hem ispheres, and the reports of the increases in  the abundance off the 
w est coasts of N orth  and  South America in  the late 30s (Rodhouse, 2008), (just at the end of 
the 1910-1940 w arm ing trend), suggests a physically-induced forcing mechanism. This m ay 
be related w ith  long term  w arm ing trends and  the polew ard expansion of their prim ary 
habitat (Bazzino, 2008).

http://www.pfeg.noaa.gov/research/climatemarine/cmffish/cmffishery.html
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Fig. 5. Jum bo squid expansion during  m ulti-decadal environm ental trends.

The sperm  w hale (Physeter macrocephalus) is the largest odontocete, or toothed whale. This 
p redator can be found in  all w orld  oceans in deeper w aters, feeding largely on epi- and 
m esopelagic squid species (W hitehead, 2003). G roups of females and  im m atures are 
distributed  on tropical and tem perate w aters, w hile solitary m ales are distributed on polar 
w aters and  only go to lower latitudes to breed. In the California C urrent System, Barlow & 
Forney (2007) show ed that the abundance of sperm  w hales is tem porally variable, and the 
tw o most recent estim ates (2001 and  2005) w ere m arkedly higher than  the estim ates for 
1991-96. Related to this increased in  w hales abundance, Jaquet et al. (2003) noted that few 
sightings of sperm  w hales w ere reported  during  the 1980s along the Baja California 
Peninsula; then their abundance appeared to  increase since 1992. Actually these w hales 
occur into the Gulf of California year-round and the high proportion  of m ature females and 
first-year calves suggests that this area is an  im portant b reeding and  feeding ground for the 
sperm  w hale (Jaquet et al., 2003). As sperm  w hales are know n to forage on jum bo squid, 
these authors coincided that the increased in  the presence of sperm  w hale in  bo th  regions 
could be related w ith  the expansion of jum bo squid in  the California C urrent System and  in 
the Gulf of California during  the past tw o decades. Concurrently, a decrease in  sperm  w hale 
abundance in  the Galapagos Islands since the early 1990s has been observed (W hitehead et 
al., 1997), as well as anim als from  Galapagos have been spotted inside the Gulf (Jaquet et al., 
2003), suggesting a  northw ard  shift in  their distribution.
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The Pacific w hite-sided dolphin  (Lagenorhynchus obliquidens) is an average-sized oceanic 
dolphin  (from 2 to 2.5 m) found in tem perate w aters of the N orth  Pacific Ocean, feeding on 
small pelagic and mesopelagic fish and squid. In the eastern Pacific, large groups of this 
species are frequently seen in the California C urrent System (Leatherwood et al., 1984; 
Stacey & Baird, 1990; Keiper et al., 2005). The southern boundary  of the d istribution of 
Pacific w hite-sided dolphins is the Gulf of California, w here the species has been observed 
only in  its southw est area during  the w inter and spring (Aurioles et al., 1989). D uring the 
last 3 decades, Salvadeo et al. (2010) docum ented a decline in  the presence of this dolphin 
species in  the southw est Gulf of California, just during  the end of the last w arm ing trend in 
the California C urrent System (Fig. 2). Considering that the therm al environm ent is 
physiologically im portant to animals, the authors listed three evidences consistent w ith  a 
polew ard shift in their range: 1) The occurrence of this dolphin  has decreased by 
approxim ately 1 order of m agnitude per decade since the 1980s, (Table 1); 2) their m onthly 
contraction to cooler m onths of the year (Fig. 6); and 3) the occurrence of this dolphin  has 
increased on the w est coast of C anada from  1984 to 1998 (Morton, 2000).
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Fig. 6. Historical num bers of animals per m onth of Pacific w hite-sided dolphin  from  the 
southw est Gulf of California (Salvadeo et al. 2010).

Period Effort Sightings Animals M ean Min. Max. SD S ightings/hrs A nim als/h rs

1980s 252 10 647 65 2 200 67 0.039 2.56

1990s 1659 16 316 20 1 45 12 0.010 0.19

2000s 1986 2 50 25 20 30 7 0.001 0.03

Table 1. Pacific w hite-sided dolphin: accum ulated historical data from  the southw est Gulf of 
California for the last 3 decades. Effort (h); sightings: num ber of occasions w hen  the species 
was observed; mean, m inim um  (min.), m axim um  (max.), and SD for group size; sightings 
h-1 and  animals h-1: abundance relative to effort; 1980s: 1978-1988; 1990s: 1989-1999; 2000s: 
2000-2009 (Salvadeo et al„ 2010).
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The gray w hale (Eschrictius robustus) is a m edium  sized baleen w hale reach 14 m  in length 
and  w eigh of 45 metric tons. Some pods of gray w hales breed every boreal w inter at three 
lagoons along the Baja California Peninsula. At the end of the breed ing  season, the w hales 
m igrate to the feeding grounds in  the Bering and Chukchi Seas, w here they feed on benthic 
fauna (Rice & W olman, 1971). The population  of gray w hales seems to have reached 
carrying capacity, w ith  population  size fluctuating betw een 20,000 and  22,000 animals 
(Rugh et al., 2008). As the Pacific w hite-sided dolphin, the evidences pointed out a  possible 
polew ard shift of the gray w hale distribution related to the last w arm ing SST trend. These 
evidences are: 1) there is an  apparent long term  tendency in  the use of breeding lagoons, 
increasing at the northern  lagoon and  decreasing at the southern lagoon (Urbán et al., 
2003a); 2) the decrease in  the num bers of w hales at the breeding lagoons during  the last 
years, also observed from  shore-based surveys at Piedras Blancas during  the northbound 
m igration (Urbán et al., 2010); 3) an  increase in  calf sightings at California (USA) correlating 
w ith  w arm er sea surface tem perature anom alies (Shelden et al., 2004); 4) a range expansion 
into Arctic w aters (Moore and H untington, 2008); 5) during  w arm ing El N iño years the 
w hales tend to  use northern  areas m ore intensively than  in  norm al years (Gardner & 
Chávez-Rosales, 2000; U rban et al., 2003b); 6) the unusual sighting of a gray w hale in  the 
M editerranean Sea, it is another possible effect of their expansion to the north, w hich allows 
them  to cross the Arctic to the Atlantic (Scheinin et al., 2011); and  7) in  spite of having an 
increasing population of gray w hales in  the eastern Pacific, the observations of individuals 
inside the Gulf of California has been consistently declining (Salvadeo et al., 2011).

4. Conclusions

Two well defined long term  climate w arm ing trends w ere observed in the SST anomalies, 
these appear to be part of cyclical changes that include cooling trends over the study area 
(Fig 2). Changes in the SST are indicators of m ore com plex ocean processes related to 
alterations in  oceanic and  atm ospheric circulations, w hich ultim ately affect the enrichm ent 
of superficial waters. The biological responses to those ocean processes are com plex and not 
w ell understood.
There are evidences w hich indicate that d istribution shifts related to long term  ocean 
w arm ing had occurred for some species, including polew ard shifts (gray w hale and Pacific 
w hite-sided dolphin), range expansions (California sardine and jum bo squid) and 
redistribution (sperm  whale). The distributions of m ost species are defined by interactions 
betw een available environm ental conditions and  the ecological niches that they occupy on 
the ecosystem  (Macleod, 2009). For gray w hales and  Pacific w hite-sided dolphins the cause 
of their range shift is apparently  driven by the im portance of therm al environm ent for the 
species. This polew ard shift caused by  therm al niche w as also recorded in stranding records 
of dolphin  species in the north-eastern Atlantic Ocean (Macleod et al., 2005). For the sperm  
w hale it seems to be related w ith  a trophic link, because their redistribution appears to  be 
coupled w ith  the range expansion of their prim ary prey, the jum bo squid. M ulti-decadal 
range shift related w ith  trophic interactions w as also observed in  the north-eastern Atlantic 
Ocean, from  the subpolar gyre variability via plankton, to m arine top predators (H átún et 
al., 2009)
For the California sardine and  the jum bo squid, their range expansions appear to be related 
w ith  the extension of suitable habitat for their reproduction and  recruitm ent. These range 
shifts seems to be cyclical, w here their populations retract to subtropical areas during
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cooling trends and expand to tem perate areas during  w arm ing trends. For cetacean species, 
this cycle w as not observed yet, possibly due to  the lack of inform ation, so m aybe this could 
also happen. These recurrent populations' changes also w ere observed on small pelagic fish 
and  squids in  other w orld  oceans current systems (Fig. 7), and  show the links betw een 
m ulti-decadal global ocean climate variability and regional fish and  squid populations 
(Lluch-Belda et al., 1989; Schwartzlose et al., 1999; Sakurai et al., 2000; Tourre et al., 2007). 
These synchronous population  shifts are consequence of cyclic changes on the environm ent 
that affect the production  level of m arine ecosystems in  w ays that m ay favor one species or 
group of species over another, affecting the m arine food web structure and  function.

<* t C urrent direction 
- jA r  <  Small pelagic popula tions 

Squid popu la tions
r  1 i— 1 i— 1 f =  1 i — 1 i— *— h
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Fig. 7. Oceans current systems, w here distribution shift w ere recorded on small pelagic fish 
and  squid populations; ocean currents: California (CC), Canary (CaC), K uroshio (KC), 
H um boldt (HC) and  Benguela (BC); source: Lluch-Belda et al., 1989; Schwartzlose et al.,
1999; Sakurai et al., 2000; Tourre et al., 2007, Bazzino 2008.

In conclusion, there are evidences that distribution shift occurred for some species due to
long term  ocean w arm ing. Future scientific studies need to focus on understand  the 
m echanism s of these long term  cyclic variations and their effects on m arine fauna, and 
incorporate this know ledge into the m anagem ent and conservation approaches of the living 
m arine resources.
Finally, the first EOF m ode of SST anom alies show ed a cooling trend  for the last 10 years 
(Fig. 2). If the observed trends during  the past are replicated, w e should expect the 
beginning of a new  ecological cycle, forced by climate tendencies that will restrict the 
d istribution of California sardine to the w est coast of the Baja California peninsula; and will 
m ove the jum bo squid range southw ard, forcing low er squid population  levels at the w est 
coast of the Baja Peninsula and  the Gulf of California; related w ith  this, a subsequent
m ovem ent of sperm  w hales to  other areas of the Pacific w ou ld  occur, and  the return  of
w hite-sided dolphins and gray w hales as seasonal visitors of the Gulf of California.

5. Acknowledgment

We acknowledge the Consejo Nacional de Ciencia y Tecnología (CONACyT) and  the 
P rogram a Institucional de Formación de Investigadores from  the Instituto Politécnico



2 2 6 Climate C hange -  Geophysical Foundations and Ecological Effects

Nacional (PIFI-IPN) for the scholarships given to C. S. This w ork w as done under the project 
"Patrones de cambio climático en el océano y sus efectos ecológicos", financed by "SEP- 
CONACyT". We also thank Emilio Beier for his help in  the SST analysis, and  Dr. G erm an 
Ponce w ith  the SEMARNAT-CONACYT projetc N o 108270 for his support for the 
publication of this chapter.

6. References

Arm endáriz-Villegas, J. (2005). H ábitos alimenticios del Calam ar Gigante (Dosidicus gigas;
Orbigny, 1835), en el Centro del Golfo de California durante Ios años 2002 y 2003, 
Bachelor Thesis, U niversidad A utónom a de Baja California Sur, La Paz, B.C.S., 
México

Aurioles D. G., Gallo-Reynoso J. P., M uñoz E. L. & Ejido J. V. (1989). El delfín de costados 
blancos (Lagenorhynchus obliquidens, Gili 1865) (Cetacea: Delphinidae) residente 
estacional en el suroeste del Golfo de California, México. Anales del Instituto de 
Biología, Universidad Nacional Autónoma de México, Serie Zoología Vol.60, pp.459-472, 
ISSN 0368-8720

Bakun, A., Babcock, E. A., Lluch-Cota, S. E., Santora, C. & Salvadeo C. J. (2010). Issues of 
ecosystem-based m anagem ent of forage fisheries in  "open" non-stationary 
ecosystems: the exam ple of the sardine fishery in  the Gulf of California. Reviews in 
Fish Biology and Fisheries Vol.20, N o .l, pp. 9-29. ISSN 1573-5184 

Barlow, J. & Forney K. A. (2007). A bundance and  density of cetaceans in  the California 
C urrent ecosystem. Fishery Bulletin Vol.105, pp. 509-526. ISSN 0090-0656 

Baum gartner, T. R., Soutar, A. & Ferreira-Bartrina V. (1992). Reconstruction of the history of 
Pacific sardine and N orthern  Pacific anchovy populations over the past two 
m illennia from  sedim ents of the Santa Barbara basin. CalCOFI Reports Vol.33, pp.
24-40. ISSN 0575-3317

Bazzino, G. (2008). Estructura poblacional, m ovim ientos horizontales y migraciones 
verticales del calam ar gigante en el Golfo de California y en el Océano Pacífico 
frente a  la Península de Baja California. PhD. Thesis, Centro de Investigaciones 
Biológicas del Noroeste, La Paz, B.C.S., México. 126 pp.

Beamish, R. J. & Bouillon, D. R. (1993). Pacific salm on production  trends in  relation to 
climate. C anadian Journal of Fisheries and Aquatic Sciences Vol.50, pp. 1002-1016. 
ISSN 1205-7533

Björnsson, H. & Venegas S. A. (1997) A m anual for EOF and SVD analyses of climatic data, 
McGill University, Retrieved from  h ttp ://w w w .geog .m cg ill.ca /gec3 /w p- 
c o n te n t/u p lo a d s /2009/03/R eport-no.-1997-1.pdf 

Chavez F. P., Ryan J., Lluch-Cota S. E. & N iquen C. M. (2003). From  anchovies to sardines 
and back: m ulti-decadal change in  the Pacific Ocean. Science Vol.299, pp. 217-221. 
ISSN 1095-9203

Chong, J., O yarzun, C., Galleguillos, R., Tarifeño, E., Sepúlveda R. & Ibáñez, C. (2005).
Fishery biology param eters of jum bo squid, Dosidicus gigas (Orbigny, 1835) 
(Cephalopoda: O m m astrephidae), in  Central Chile coast (29°S-40°S) during 1993- 
1994. G ayana Vol. 69, No. 2, pp. 319-328. ISSN 0717-652X 

Cosgrove, J. A. (2005). The first specim ens of H um boldt squid in  British Columbia. PICES 
Press Vol.13, No.2, pp. 30-31. ISSN 1195-2512

http://www.geog.mcgill.ca/gec3/wp-


Review of Long Term Macro-Fauna
Movement by Multi-Decadal Warming Trends in the Northeastern Pacific 227

Ebbesmeyer, C. C., Cayan, D. R., McLain, D. R., Nichols, F. H., Peterson, D. H. & Redm ond 
K. T. (1991). 1976 step in  the Pacific climate: forty environm ental changes betw een 
1968-1975 and 1977-1984. Seventh annual Pacific climate (PACLIM) w orkshop, 
Asilomar, California, USA, April 1990 

FAO. (1997). Review of the state of w orld  fishery resources: m arine fisheries. FAO Fisheries 
Circular No.920 FIRM/C920, ISSN 0429-9329, Rome, Italy.

Field, J. C., Baltz, K., Phillips, A. J. & Walker, W. A. (2007). Range expansion and trophic 
interactions of the jum bo squid, Dosidicus gigas, in  the California Current. 
CalCOFI Reports Vol.48, pp. 131-146. ISSN 0575-3317 

Galván-M agaña, F., Olson, R. J., Bocanegra-Castillo, N. & Alatorre-Ramirez, V G. (2006).
C ephalopod prey of the apex predator guild in  the epipelagic eastern Pacific Ocean 
In: The role of squid in  open ocean ecosystems, Olson, R. J. & Young, J. W. (Eds.), 
pp. 45-48, GLOBEC international project, ISSN 1066-7881, H onolulu, Hawaii, USA 

G ardner, S. C. & Chávez-Rosales, S. (2000). Changes in  the relative abundance and 
distribution of gray w hales (Eschrichtius robustus) in  M agdalena Bay, Mexico 
during  an  El N iño event. M arine M am m al Science Vol.16, pp. 728-738, ISSN 0824- 
0469

H am m ann M. G., Nevárez-M artínez M. O. & Green-Ruíz, Y. (1998). Spaw ning habitat of the 
Pacific sardine (Sardinops sagax) in  the Gulf of California: Egg and larval 
d istribution 1956-1957 and  1971-1991. CalCOFI Reports Vol. 39, pp. 169-179, ISSN 
0575-3317

H átún, H., Payne, M. R., Beaugrand, G., Reid, P. C., Sande A. B., Drange, H., H ansen, B, 
Jacobsen, J. A. & Bloch D. (2009). Large bio-geographical shifts in  the north-eastern 
Atlantic Ocean: From  the subpolar gyre, via plankton, to blue w hiting  and pilot 
whales. Progress in  O ceanography Vol.80, pp. 149-162, ISSN 0079-6611 

Holbrook, S., Schmitt, R. & Stephens, J. (1997) Changes In An Assemblage of Tem perate Reef 
Fishes Associated W ith A Climate Shift. Ecological Applications Vol.7, pp. 1299- 
1310, ISSN 1051-0761

Jaquet, N., G endron, D. & Coakes, A. (2003). sperm  w hales in  the gulf of California: 
residency, m ovem ents, behavior, and the possible influence of variation in  food 
supply. M arine M am m als Science Vol.19, No.3, pp.545-562, ISSN 0824-0469 

Kawasaki, T. (1983). W hy do some pelagic fishes have w ide fluctuations in  their num bers? - 
biological basis of fluctuation from  the view point of evolutionary ecology, In: 
Reports of the Expert Consultation to Examine Changes in  A bundance and  Species 
Com position of Neritic Fish Resources. Sharp, G. D. & Csirke J. (eds.), pp. 1065- 
1080, FAO Vol. 91, No. 2-3, Rome, Italy 

Keiper, C. A., Ainley, D. G., Allen, S. G. & H arvey J. T. (2005). M arine m am m al occurrence 
and ocean climate off central California, 1986 to 1994 and 1997 to 1999. M arine 
Ecology Progress Series Vol.289, pp. 285-306. ISSN 1616-1599 

Leatherwood, S., Reeves, R. R., Bowles, A. E., Stewart, B. S. & Goodrich, K. R. (1984).
Distribution, seasonal m ovem ents and abundance of Pacific w hite-sided dolphins 
in  the eastern N orth  Pacific. Science Report W hales Research Institute Vol.35, pp. 
129-157

Lluch-Belda, D., M agallón, B. F. J. & Schwartzlose, R. A. (1986). Large fluctuations in  the 
sardine fishery in  the Gulf of California: possible causes. CalCOFI Reports Vol.27, 
pp. 136-140, ISSN 0575-3317



228 Climate Change -  Geophysical Foundations and Ecological Effects

Lluch-Belda, D., C raw ford R. J. M., Kawasaki, T., MacCall, A. D., Parrish, R. H., 
Schwartzlose, R. A. & Smith P. E. (1989). W orldw ide fluctuations of sardine and 
anchovy stocks: the regim e problem . South Africa Journal of M arine Science Vol.8, 
pp. 195-205, ISSN 1814-2338 

MacLeod, C. D. (2009) Global climate change, range changes and  potential im plications for 
the conservation of m arine cetaceans: a review  and  synthesis. Endangered Species 
Research Vol. 7, pp. 125-136, ISSN 1613-4796 

MacLeod, C. D., Bannon, S. M., Pierce, G. J., Schweder, C., Learm onth, J. A., Reid, R.J. & 
Herm an, J. S. (2005) Climate change and  the cetacean com m unity of northw est 
Scotland. Biological Conservation Vol.124, pp. 477-483,ISSN 0006-3207 

M antua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis. 1997. A Pacific decadal 
climate oscillation w ith  im pacts on salmon. Bulletin of the American 
Meteorological Society Vol.78, pp. 1069-1079, ISSN 0003-0007 

M arkaida U, Sosa-Nishizaki O (2003) Food and feeding habits of jum bo squid Dosidicus gigas 
(Cephalopoda: O m m astrephidae) from  the Gulf of California, Mexico. Journal of 
the M arine Biological Association of the U nited K ingdom  Vol. 83, pp. 507-522, ISSN
0025-3154

Moore, S. E., & H untington, H. P. (2008). Arctic m arine m am m als and  climate change: 
im pacts and  resilience. Ecological Applications Vol.18, pp. 157-165, ISSN 1051-0761 

Morales-Bojórquez, E., Cisneros-M ata, M. A., Nevarez-M artínez, M. O. & H ernández- 
H errera, A. (2001). Review of stock assessm ent and fishery biology of Dosidicus 
gigas in  the Gulf of California, Mexico. Fisheries Research Vol.54, pp. 83-94, ISSN 
0165-7836

M orton, A. (2000). Occurrence, photo-identification and  prey of Pacific w hite-sided dolphins 
(Lagenorhynchus obliquidens) in  the B roughton Archipelago, C anada 1984-1998. 
M arine M am m als Science Vol.16, pp. 80-93, ISSN 0824-0469 

O verland, J., Rodionov, S., Minobe, S., & Bond, N. (2008). N orth  Pacific regim e shifts: 
Definitions, issues and  recent transitions. Progress In O ceanography Vol.77, No.2-3, 
pp. 92-102, ISSN 0079-6611 

Rice, D. W., & W olman, A. A. (1971). The life history and ecology of the gray w hale 
(Eschrichtius robustus). American Society of M ammalogists, Special Publication 
No. 3 Stillwater, Oklahom a, USA 

Ripa, P. (2002). Least squares data fitting. Ciencias M arinas Vol.28, pp.79-105,ISSN: 0185- 
3880

Roemmich, D. & M cGowan, J. (1995). Climate w arm ing and the decline of Zooplankton in 
the California Current. Science Vol.267, pp. 1324-1326. ISSN 1095-9203 

Rodhouse P. G. (2008). Large-scale range expansion and variability in  om m astrephid squid 
populations: a review  of environm ental links. CalCOFI Reports Vol.49, pp. 83-89, 
ISSN 0575-3317

Rugh, D. J., Breiwick, J., M uto, M. M., Hobbs, R. C., Sheldon, K. W., D 'Vincent, C., Laursen,
I. M., Rief, S. L., M aher, S. L., & Nilson, S. D. (2008). Report of the 2006-2007 census 
of the eastern N orth  Pacific stock of gray whales. Alaska Fisheries Science Center, 
Retrieved from  www.afsc.noaa.gov/ Publications/ ProcRpt/ PR2008-03.pdf 

Sakurai, Y., Kiyofui, H., Saitoh, S., Goto, T. & Hiyam a, Y. (2000). Changes in  inferred 
spaw ning areas of Todarodes pacificus (Cephalopoda: O m m atrephidae) due to

http://www.afsc.noaa.gov/Publications/ProcRpt/PR2008-03.pdf


Review of Long Term Macro-Fauna
Movement by Multi-Decadal Warming Trends in the Northeastern Pacific 229

changing environm ental conditions. ICES Journal of M arine Science Vol.57, pp. 24- 
30, ISSN 1095-9289

Salvadeo C. J., Lluch-Belda, D., Gómez-Gallardo, A., Urbán-Ram írez, J. & MacLeod, C. D.
(2010). Climate change and  a polew ard shift in  the d istribution of the Pacific w hite­
sided dolphin  in  the northeastern  Pacific. Endangered Species Research Vol. 11, pp. 
13-19, ISSN 1613-4796

Salvadeo C. J., Lluch-Cota, S., M aravilla-Chavez, M. O., A lvarez-Castañeda S. T., Mercuri, 
M. & Ortega-Rubio, A. (2011). Impact of climate change on gray w hale populations, 
w hale w atching, and  conservation. Conservation Science Sym posium , Loreto, BCS, 
Mexico, May 25-28, 2011 

Scheinin, A. P., Kerem, D., MacLeod, C. D., Gazo, M., Chicote C. A. & Castellote, M. (2011).
Gray w hale (Eschrichtius robustus) in  the M editerranean Sea: anom alous event or 
early sign of clim ate-driven distribution change?. M arine Biodiversity Records 
Vol.4, e28, ISSN 1755-2672 

Schwartzlose, R. A., Alheit, J., Bakun, A., Baum gartner, T. R., Cloete, R.,. C raw ford, R. J. M., 
Fletcher, W. J., Green-Ruiz, Y. Hagen, E., Kawasaki, T., Lluch-Belda, D., Lluch- 
Cota, S., MacCall, A. D., M atsuura, Y., Nevarez-M artinez, M. O., Parrish, R. H., 
Roy, C., Serra, R., Shust, K. V., W ard, M. N. & Zuzunaga, J. Z. (1999). W orldw ide 
large-scale fluctuations of sardine and  anchovy populations. South Africa Journal 
of M arine Science, Vol. 21, pp. 289-347, ISSN 1814-2338 

Shelden, K. W., Rugh, D. J., & Schulman-Janiger, A. (2004). Gray w hales born  north  of 
Mexico: indicator of recovery or consequence of regim e shift? Ecological 
Applications Vol.14, pp. 1789-1805, ISSN 1051-0761 

Stacey, P. J. & Baird, R. W. (1990). Status of the w hite-sided dolphin, Lagenorhynchus 
obliquidens, in  Canada. C anadian Field-Naturalist Vol.105, pp. 219-232, ISSN 0008- 
3550

Tourre, Y. M., Lluch-Cota, S. E. & White, W. B. (2007). Global m ulti-decadal ocean climate 
and small-pelagic fish population. Environm ental Research Letters Vol.2, 
doi:10.1088/1748-9326/2/3/034005, ISSN 1748-9326 

Trites, A. W. & Larkin, P. A. (1996). Changes in  the abundance of Steller sea lions 
(Eum etopias jubatus) in  Alaska from  1956 to  1992: how  m any w ere there? Aquatic 
M am m als Vol.22, pp. 153-166, ISSN 0167-5427 

Trites, A. W., Deecke, V. B., Gregr, E. J., Ford, J. K. B. & O lesiuk P. F. (2007). Killer whales, 
w haling and  sequential m egafaunal collapse in  the N orth  Pacific: a com parative 
analysis of dynam ics of m arine m am m als in  Alaska and British Colum bia following 
commercial whaling. M arine M am m al Science Vol.23, pp. 751-765, ISSN 0824-0469 

U rbán, R. J., Rojas, L. B., Pérez-Cortéz, H., Gómez-Gallardo, A. U., Swartz, S. Ludw ing, S. & 
Brownell, L. (2003a). A review  of gray w hales on their w intering  grounds in 
Mexican w aters. Journal of Cetacean Research and M anagem ent Vol.5, pp. 281-295, 
ISSN 1561-0713

U rbán, R. J., Gómez-Gallardo, U. A. & Ludwig, S. (2003b). A bundance and m ortality of gray 
w hales at Laguna San Ignacio, Mexico, during  the 1997-98 El N iño and the 1998-99 
La Niña. Geofisica Internacional Vol.42, pp. 439-446, ISSN 0016-7169 

U rbán, R. J., Góm ez-Gallardo U. A., Rojas-Bracho, L. & Swartz S. L. (2010). Historical 
changes of gray w hales abundance in  San Ignacio and  Ojo de Liebre breeding 
lagoons, Mexico. IWC Scientific Com m ittee Paper, S C /62/BRG36, ISSN-0255-2760



230 Climate Change -  Geophysical Foundations and Ecological Effects

Venegas S. A. (2001). Statistical m ethods for signal detection in  climate. D anish Center for 
Earth System Science Report No.2, Retrieved from  
w w w .atm os.co losta te .edu/~davet/ A T 655/notes/V enegasN otes.pdf 

Veit, R. R., M cgowan, J. A., Ainley, D. G., W ahls, T. R., & Pyle, P. (1997). Apex m arine 
predator declines ninety percent in  association w ith  changing oceanic climate. 
Global Change Biology Vol.3, pp. 23-28, ISSN 1365-2486 

W aluda, C. M. & Rodhouse, P. G. (2006). Remotely sensed mesoscale oceanography of the 
central Eastern Pacific and  recruitm ent variability in  Dosidicus gigas. M arine 
Ecology Progress Series Vol.310, pp. 25-32. ISSN 1616-1599 

W ang, C. & Fiedler, P. C. (2006). ENSO variability and  the eastern tropical Pacific: A review.
Progress in  O ceanography Vol.69: 239-266. ISSN 1369-9350 

Ware, D. M. (1995). A century and a half of change in  the climate of the NE Pacific. Fisheries 
O ceanography Vol.4, pp. 267-277, IS N 1365-2419 

W aters, G. M., Olson, R. J., Field, J. C. & Essington T. E. (2008). Range expansion of the 
H um boldt squid w as not caused by tuna  fishing. PNAS Vol.105, No.3, E5, ISSN 
1091-6490

W hitehead, H. (2003). "Sperm Whales: Social Evolution in the Ocean." U niversity of Chicago 
Press, ISBN 9780226895178, Chicago USA 

W hitehead, H., Christal, J. & D ufault , S. (1997). Past and  distant w haling and  the rapid  
decline of sperm  w hales off the Galápagos Islands. Conservation Biology Vol. 11, pp. 
1387-1396, ISSN 0888-8892 

Wing, B. L. (2006). U nusual invertebrates and fish observed in  the Gulf of Alaska, 2004-2005.
PICES Press Vol.14, No.2, pp. 26-28 

Zeidberg L. D. and B. H. Robinson. 2007. Invasive range expansion by the H um boldt squid, 
Dosidicus gigas, in  the eastern N orth  Pacific. PNAS Vol.104, No.31, pp. 12948- 
12950, ISSN 1091-6490

http://www.atmos.colostate.edu/~davet/


12
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( V e s t i a r i a  c o c c i n e a ) ,  Currently a Common 
Bird of Upper Elevation Forests in Hawaii
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1. Introduction

The T iw i is one of 17 surviving H aw aiian honeycreepers (Fringillidae: Drepanidinae) of 37 
species know n historically and  55 extant prior to hum an arrival on H aw aii (Pratt 2009). Its 
closest relative is the extinct H aw aii M am o (Drepanis pacifica) (Pratt 2005). Disease and 
habitat loss are prim ary reasons for the decline of H aw aiian honeycreepers and  other native 
forest birds. Extinctions continue to  this day, w ith  the most recent being the Poo-uli 
(.Melamprosops phacosoma) in  2004.
The T iw i, a scarlet b ird  w ith  black w ings and  tail, and a long curved, salmon-colored bill, is 
generally placed in  the m onotypic genus Vestiaria. It is a largely nectarivorous species that 
occurs com m only in  closed canopy, high-stature native forests above 1500 m  elevation 
(Fancy and  Ralph 1998). T iw i breed  and  w inter prim arily in  mesic and  w et forests 
dom inated by native 'öhi'a (Metrosideros polymorpha) and  koa (Acacia koa) trees (Scott et al. 
1986). They often travel w idely in  search of 'ö h i'a  flowers and are im portant 'öh i'a  
pollinators (Mitchel et al. 2005). The b irds respond to seasonal flow ering patterns, often 
m oving to  lower elevations w here they are exposed to  deadly disease (Pratt 2005). The T iw i 
uses its long bill to  extract nectar from  decurved corollas of H aw aiian lobelioids, w hich have 
becom e far less com m on on H aw aii over the past century (Smith et al. 1995).
Female 'T iw i typically lay tw o eggs, and  they alone are thought to incubate eggs and  brood 
young (Mitchel et al. 2005). But m ales provision females w ith  food off the nest. Breeding 
takes place predom inantly  from  February to June, and  is usually associated w ith  peak 
flow ering of 'öhi'a (Fancy and  Ralph 1998).
For native H awaiians, the 'T iw i and  other forest b irds have a spiritual nexus. Feathered 
objects represented gods, ancestors, and  divine lineage (Am ante-Helweg and  Conant 2009). 
Red feathers of clothing, such as cloaks, capes, and  helmets, w ere predom inantly  from  
T iw i. Once a familiar sight on all m ain H aw aiian Islands, the 'T iw i rem ains an  icon of 
H aw aii's native forests.
Today T iw i occur in higher elevation habitats largely free of avian disease, to  w hich the 
species is highly susceptible. W ith climate change, these refugia m ay be lost entirely as 
pathogens and vectors advance upslope in  response to  higher am bient tem peratures. This 
prognosis points to the needs for swift rem edial action by  responsible U.S. federal and  State 
of H aw aii authorities to prevent the 'T iw i from  joining the tragically long list of extinct or 
feared extinct H aw aiian b irds (Banko and Banko 2009).
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2. Population status

The T iw i occurs on the H aw aiian islands of Kauai, Oahu, M aui, Molokai, and  H awaii 
(Gorresen et al. 2009). Once w idely distributed in  native forests on all major H aw aiian 
Islands, it is now  m ostly restricted to  elevations above 1250 m  because of avian diseases and 
habitat loss elsewhere (W arner 1968, Scott et al. 1986, Fancy and Ralph 1998, Pratt 2005).

K auai — 'k iw i num bers decreased by 62%, from  26,000 jT3,000 to  9,985 +.960, betw een 
the 1970s and  2000 (Foster et al. 2004, G orresen et al. 2009);. 'k iw i range contracted from  
140 to 110 sq km, consistent w ith  a shift in  its low elevation boundary  from  ~900 m  to
>1,100 m.________________________________________________________________________________
Oahu -  Few, if any, b irds rem ain; 8 individuals dispersed in  3 isolated locations w ere 
reported in  1994-1996 (VanderW erf and  Rohrer 1996).
M oloka i — Few b irds (1-3) w ere detected from  1988-2004 (Reynolds and Snetsinger 2001,
G orresen et al. 2009), contrasting w ith  12 in  1979 (Scott et al. 1986).______________________
M aui — About 19,000 + 2,000 individuals occurred in  restricted upper elevation habitats 
of east M aui (Scott et al. 1986); ~ 180 + 150 b irds w ere reported  in  isolated w est M aui 
prior to 1980 (Scott et al. 1986); the w est M aui population  persists today at a very low 
num ber (Gorresen et al. 2009).
H aw aii Island -  340,000 + 12,000 b irds w ere estim ated in  higher elevation range; ~1,000 
birds in  low er elevation Kohala and  P una areas (Scott et al. 1986); overall dow nw ard 
trends are evident in  recent decades (Camp et al. 2009a, G orresen et al. 2009); of 10 study 
locations, 'k iw i appear now  absent at one, declining at 5, stable at 3, w ith  no estim ate for 
1 (Gorresen et al. 2009).
Regional breakout of data for H awaii Island:_________________________________________
N ortheast area: For the H akalau Forest National Wildlife Refuge (Hakalau Unit; 1,500- 
2,000 m  elevation) population  trend  data vary from  stable (over a 21-year period) to 
declining (during a recent 9-year period), except for increasing num bers in  lim ited 
new ly restored upper elevation habitat (Camp et al. 2009a). Recent 'k iw i num bers w ere 
estim ated at ~61,000 birds.
Central w indw ard  area: 'k iw i frequency decreased 54% betw een late 1970s and  1986- 
2000 periods in  National Park and  H am akua areas, w ith  specific study area declines and 
evidence of upw ard  range contraction (Gorresen et al. 2005, Cam p et al. 2009b);'I'iwi 
show ed pronounced decline at low er elevations (East Rift, <1,000 m  elev., and 'O la 'a , 
~1,200-1,400 m, 1977-1994 data); m odest declines (Külani-Keauhou, 1,500-2,000 m, 1977- 
2003 data) or stability (M auna Loa Strip, ~1,500-2,000 m, 1977-1994 data) at higher 
elevations.
Southeast area: Lower 'k iw i density in the K a 'û  area (2002 and 2005 data) than 
previously (1976 and 1993 data) (Gorresen et al. 2009); recent estim ate of ~ 78,000 birds,
w ith  60% occurring above 1,500 m  (Gorresen et al. 2007)._______________________________
Leew ard (western) area: 'k iw i densities have dram atically declined in  the Hualâlai and 
Kona regions (1997-2000); they are decreasing at lower elevations (<1,500 m; Kona Forest 
Unit, H akalau Forest National Wildlife Refuge); stable only at upper elevations 
(Gorresen et al. 2009); 'k iw i range is contracting upslope, w ith  few occurrences below 
1,100 m  during  the breeding season (Camp et al. 2002)._________________________________

Table 1. 'k iw i population  estim ates for H aw aiian islands.
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'I 'iw i are declining everyw here in  Hawaii, except at high elevation on east M aui Island and 
northeast H aw aii Island (Gorresen et al. 2009) (Table 1), and population extinctions are 
im pending throughout the Islands (Banko and Banko 2009).
O n Kauai, in  the w estern  portion  of the species' range, 'I 'iw i num bers have declined sharply 
(Table 1). Risk of extirpation from  the island is of im m ediate concern because of severely 
dim inished disease-free habitat. Oahu, Molokai, and  the isolated w estern  area of M aui have 
small rem nant 'I 'iw i populations at high risk of extinction (Gorresen et al. 2009). 'I 'iw i are 
gone from  nearby Lanai. These four areas com prise the central portion of the species' 
geographic range.
O n east M aui and the Island of Hawaii, form ing the eastern part of the species' range, 'I 'iw i 
populations are restricted to h igh elevations (Table 1). W hile some populations are still 
large, they are at risk of fragm entation and  decim ation resulting from  the spread of avian 
disease driven by climate w arm ing (Pratt et al. 2009).
The 'I 'iw i population  of H aw aii has been estim ated at 360,000 b irds (Pratt et al. 2009), w ith  
the vast majority of b irds (~90%) occurring on H aw aii Island (Scott et al. 1986). Declines in 
'I 'iw i abundance corresponding w ith  reduced lower elevation range since the early 1970s 
are consistent w ith  anticipated im pacts of m osquito borne disease (Foster et al. 2004). The 
population  trend  is dow nw ard on all islands, w ith  some stability in  high elevation areas 
(Pratt et al. 2009). Climate change is now  setting the stage for w idespread disease 
transm ission at the highest elevations on M aui and  H aw aii Island (Benning et al. 2002; 
LaPointe et al. 2005).
'I 'iw i pairs are reported  to produce on average only 1.33 chicks per year, reflecting low 
productivity  characteristic of H aw aiian forest b irds in  general (W oodw orth and  Pratt 2009). 
H owever, the 'I 'iw i has the lowest annual survivorship reported  (55% + 12 SE for adults and 
9% + 5 for juveniles) for any extant species of honeycreeper, reflecting the im pact of m alaria 
and  avian pox a n d /o r  low re-sighting probabilities (Fancy and Ralph 1998; Pratt 2005).
'I'iwi populations have suffered from  fragm entation as well as reduced size and range. 
Small population  units are at risk of extinction from  random  dem ographic fluctuations, 
localized catastrophes (severe storms, w ild fire, disease outbreaks, volcanism, etc.), 
inbreeding depression, and  genetic drift (Primack 2006).

3. Forest habitat

Most of the T iw i's  original forest habitat has been cleared for food crops, livestock grazing, 
tree plantations, and land developm ent, w ith  habitat losses since hum an settlem ent ranging 
from  52% on H aw aii Island to  85% on O 'ahu (Fancy and Ralph 1998). The am ount of habitat 
available to the 'I 'iw i and  other forest b irds has declined over the past few decades as m any 
areas becom e dom inated by invasive non-native species (Price et al. 2009). O n the island of 
Hawaii, additional forest habitat loss results from  land developm ent, logging, and 
conversion to livestock pasture.
'I 'iw i habitat across H aw aii is prim arily threatened by destruction and  adverse modification 
by feral pigs and other exotic ungulates (goats, sheep, mouflon, deer, cattle) (USFWS 2006, 
Pratt et al. 2009). Alien anim als destroy forest understory  vegetation, eliminate food plants 
for birds, create m osquito breeding sites th rough ground disturbances, provide openings on 
the forest floor for w eeds, transport w eed seeds to  native forests, cause soil erosion, d isrupt 
seedling regeneration of native plants, and girdle young trees (Fancy and  Ralph 1998; Pratt 
2005; USFWS 2006). Spread of exotic ungulates that are especially difficult to  contain (i.e.,
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axis deer on M aui and  Molokai, black-tailed deer on Kauai, and  m ouflon sheep on Hawaii 
Island) represent a grow ing threat to 'I 'iw i habitat as these high-jum ping species invade 
areas even w ith  fencing designed to exclude feral pigs and  goats (Price et al. 2009). 
Browsing and  soil com paction by feral pigs, goats, and  deer in  Molokai has reduced 'öhi'a 
forest to grassy scrubland (Hess 2008).
H aw aiian forests are severely m odified by invasive alien p lant species that displace native 
plants used by foraging and nesting b irds (Scott et al. 1986; Foster et al. 2004) and  increase 
the frequency of forest fires (Pratt et al. 2009). H erbivory by  the introduced black rat on the 
flowers and  fruits of native plants m ay also reduce food resources for native b irds and 
im pact regeneration of native plants (Banko and Banko 1976). In troduced predatory  insects 
also m ay reduce or elim inate specialized native insects that are needed for pollination of 
plants im portant to 'I'iw i.
Introduced species of insects and  b irds can com pete w ith  native b irds for food and  other 
resources. 'I 'iw i m ay face com petition from  Japanese W hite-eye (Zosterops japonicas) 
(M ountainspring and Scott 1985), a m alaria resistant species, w hose num bers have increased 
at least on Kauai over the past 30 years (Foster et al. 2004). N egative correlations betw een 
'I 'iw i and  Japanese W hite-eye densities m ay stem  from  com petition for lim ited nectar 
resources (Fancy and  Ralph 1998). There are no current efforts to control com peting species 
w ith in  the recovery areas of endangered forest b irds (USFWS 2006). H abitat degradation  by 
non-native mam m als, plants, and  invertebrates will likely continue to result in  loss, 
m odification, and curtailm ent of 'I 'iw i habitat and  range.

4. Climate change

The 'I 'iw i survives in  habitat largely free of avian m alaria (Plasmodium reluctum) and  b ird  
pox (Aviapoxvirus). Such habitat is currently lim ited to 8.9 ha (22 acres) on Kauai, 2,632 ha 
(6,500 acres) on M aui, and 6,478 ha (16,000 acres) on H aw aii Island, w ith  virtually none on 
O ahu and  Molokai (Pratt et al. 2009). The elevational advance of these pathogens driven by 
climate change im m ediately endangers the smaller 'I 'iw i populations on Kauai, Oahu, 
Molokai, and  w est M aui, and threatens the larger ones on east M aui and  H aw aii Island.

4.1 'I'iw i is h ighly vu lnerable to  disease
Avian disease is a prim ary reason for the decline of I 'iw i and other H aw aiian honeycreepers 
(Pratt 2005, A tkinson and  LaPointe 2009). W arner (1968) dem onstrated high susceptibility of 
honeycreepers that died from  avian m alaria and  b ird  pox after experim ental exposure to 
m osquito infested lower elevations w here the b irds w ere absent. Van Ripper et al. (1986) 
also provided experim ental evidence of high susceptibility of I'iw i to  avian malaria. More 
recently, A tkinson et al. (1995) experim entally exposed several species of honeycreepers to a 
single bite of a m alaria infected m osquito and  found that effects w ere most severe in  'I 'iw i 
w ith  significantly higher m ortality and  clear m anifestations of m alaria disease at death. 
'I 'iw i w ere infected by either single (low-dose) or m ultiple (high-dose) m osquito bites. 
M ortality in  bo th  groups w as significantly higher than  in  uninfected controls, reaching 100% 
of high-dose b irds and  90% (9 of 10) in  low-dose birds.
W hile some individual I 'iw i are know n to have at least tem porarily survived m alaria, there 
is no evidence of population  level tolerance or resistance to the disease. A tkinson et al. 
(1995) found that the one 'I 'iw i that survived m alaria after a single experim ental bite from
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an  infected m osquito d id  not develop new  parasitem ia after m ultiple bites from  infected 
m osquitoes. This indicated that 'I 'iw i are capable of an  im m unological response at least to 
the adm inistered strain of malaria. Freed et al. (2005) discovered tolerance to m alaria in  tw o 
w ild  'I 'iw i that successfully b red  2-years post infection. How ever, broken head feathers in 
these b irds suggested physiological costs of m alarial tolerance that could reduce 
survivorship of w ild  birds. Studies of experim entally infected b irds indicate that tolerant 
b irds likely retain chronic infection for life (Atkinson et al. 2001, Valkiunas 2005). Challenges 
to  the im m une system  by  stress or excessive energy expenditure can result in  recrudescence 
of a chronic infection to  higher parasitem ia levels (Freed et al. 2005). Infected b irds lose 
w eight and suffer m alaria related pathologies (Atkinson et al. 2001), and w ould  be expected 
to  be m ore susceptible than healthy b irds to predation, com petition, avian pox, unfavorable 
w eather, and other stressors. A com parison of infection incidence in  'I 'iw i and  other H awaii 
forest b ird s suggests that few 'I 'iw i survive exposure in  the w ild  (A tkinson et al. 2005).
It is uncertain  if exiting larger populations of 'I 'iw i on M aui and  H aw aii Island could 
evolve tolerance rap id ly  enough  to  avoid  extinction from  increased m alaria parasitism . 
This w ou ld  depend  on exposure rap id ity , the extent of curren t disease tolerance, if any, 
the virulence of Plasmodium strains, patterns of selection and  genetic drift, rates of 
evolution  in  hosts, vector, and  pathogen, and  other factors. The avian  disease system  on 
H aw aii w ou ld  be further com plicated if new  reservoir hosts or vectors enter the p icture 
(A tkinson and  LaPointe 2009).
Lethal effects of avian  poxvirus have also b een  experim entally  dem onstrated  in  H aw aiian  
honeycreepers (Jarvi et al. 2008). Freed et al. (2005) found a dead 'I 'iw i in  the field w ith  
m assive poxvirus sores on its ankles. The b ird  also tested positive for malaria. A 
significantly high proportion  of H aw aiian forest b irds w ith  avian pox also had chronic 
m alaria, suggesting interaction betw een the tw o diseases (Atkinson et al. 2005).
The dow nw ard trajectory of 'I 'iw i populations (Table 1) indicates a pattern  of decline 
sim ilar to H aw aiian forest b irds already acknow ledged to be endangered and  very 
vulnerable to disease, and  dissim ilar to populations of the unlisted Amakihi (Hemignathus 
spp.) (Shehata et al. 2001, W oodw orth et al. 2005) and  A papane (Himatione sanguine) 
(Atkinson et al. 2005) w hich have show n some disease resistance and  population persistence 
at low er elevations.
A m ong the most endangered H aw aiian b ird  species, the 'O 'ü , (Psittirostra psittacea), like the 
'I 'iw i, w as w idespread on all m ain islands across a w ide range of habitats a  century ago 
(USFWS 2006). H owever, O 'ü  prim arily inhabited the lower to  m id-elevation forests w here 
the im pact of introduced m osquito-borne diseases w as first manifested. Today, the 'O 'ü  is 
probably extinct. Similar w idespread exposure of 'I 'iw i to avian diseases can be expected in 
com ing decades as a consequence of climate change.

4.2 Disease w ill spread o v e r 'I'iw i range as am bient tem peratures rise
Avian m alaria in  H aw aii has been m ostly confined to elevations below  1500 m  (van Riper et 
al. 1986) w here cool tem peratures lim it m osquito presence and  developm ent of the m alaria 
parasite (LaPointe 2000). Recent climate m odeling, how ever, has projected avian m alaria to 
reach elevations up  to  or beyond 1900 m  w ith in  this century, affecting most if not all 
rem aining forest b ird  habitat (Benning et al. 2002).
Benning et al. (2002) m odeled changes in  m alaria prevalence for H aw aiian honeycreepers at 
h igh quality habitat sites, assum ing a 2° Celsius (C) increase in  regional tem peratures (based
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on International Panel on Climate Change 2007 projections; see Meehl et al. 2007). C urrent 
low-risk habitat dim inished by 57% (665 to 285 ha) at the H anaw i N atural Area Reserve, 
Maui. Low-risk habitat at the H akalau National W ildlife Refuge on Haw aii Island declined 
by 96% (3,120 to 130 ha). O n Kauai (the Alakai Swamp), currently w ith  little or no m alaria 
free habitat, a 2° C w arm ing placed most habitat (84%) at highest risk for m alaria infection 
in  native birds. C urrent m ean am bient tem peratures are believed to already allow lim ited 
disease transm ission th roughout Kauai as all 'I 'iw i habitat occurs below  1600 m  elevation 
(LaPointe et al. 2005).
The effects of a 2° C w arm ing w ould  alm ost certainly elim inate the small 'I 'iw i populations 
from  the lower-elevation islands of Kauai, Molokai, and  Oahu, and  from  W est Maui. Larger 
populations on East M aui and H aw aii Island w ould  be expected to decline severely in  a 
m anner corresponding to  decreases (~60-96%) in  high elevation, disease-free refuges 
(Atkinson and  LaPointe 2009).
The prognosis for 'I 'iw i and  m any other native forest b irds appears w orse than  indicated by 
the Benning et al. (2002) model. The m odel assum ed an  increase of 2° C above current 
tem perature, corresponding to ~2.7° C increase above pre-industrial levels. H owever, recent 
analysis of global heating indicates that tem perature increases in  H aw aii and  elsewhere are 
unlikely to  be lim ited to 2° C in  this century. Increases in  global tem perature are currently 
on a trajectory to reach 2° C (above pre-industrial levels) by m id-century and about 5° C by 
2100 (M einshausen et al. 2009, Sokolov et al. 2009). Global greenhouse gas emissions w ould  
need to be halved by  2050 (from 1990 levels) to keep near the 2° C level w ith  a high 
probability (55-88%) (M einshausen et al. 2009). Unfortunately, under current m ulti-national 
policies regarding greenhouse gas emissions, there is virtually no chance of lim iting heating 
to 2° C even w ith  full policy im plem entation (Rogelj et al. 2009). For Hawaii, only a low 
global emissions scenario w ould  likely keep tem perature increases to 2° C (Karl et al. 2009). 
An added concern is the risk of abrupt increases in global tem perature unaccounted for in 
most m odeled climate projections (Lovelock 2009). For example, a  global climate model used 
by Sokolov et al. (2009) did not fully incorporate positive feedbacks that may occur, for 
example, if increased tem peratures cause a large-scale melting of permafrost in arctic regions 
and subsequently release large quantities of methane, a  very potent greenhouse gas (Rice 
2009). If these positive feedback loops should occur, and evidence in  m ounting that they will 
(McCarthy 2010), tem peratures are likely to increase to an  even greater degree in Hawaii.
For Hawaii, Giambelluca et al. (2008) docum ent a  long-term  increase in  tem perature and an 
accelerated rate of increase over the past few decades consistent w ith  global trends (0.04° C 
C / decade over an 88-year period, and about 0.2° C / decade since 1975). Moreover, since 1975 
higher elevation tem peratures exceeded average w arm ing (a 0.27° C / decade increase) w ith 
steepest increases in m inim um  (night time) tem perature (near 0.5° C /decade), w hich is likely 
the most lim iting for m alaria transmission. The recent surface tem perature trend in  Hawaii is 
only slightly lower than the overall global trend. Similar surface w arm ing has been detected 
elsewhere in the Pacific, and is associated w ith  an increase in sea surface tem peratures, upper 
ocean heat content, and sea level height (Richards and Tim m erm ann 2008).
In Hawaii, the upper lim it of m osquito presence appears to have increased substantially, 
from  about 600 m  in the late 1960s to 1100-1500 m  in recent decades (Pratt 2005). Freed et al. 
(2005) reported  that prevalence of m alaria in  H aw aiian forest b irds at 1900 m  on the island 
of H aw ai'i m ore than  doubled over a decade. A highly significant increase of m alaria in 
'I 'iw i w as associated w ith  m uch w arm er sum m ertim e air tem peratures. The 13° C 
threshold for m alaria developm ent projected for 1900 m  sites by the conservative Benning et
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aí. (2002) m odel w as surpassed in  2001 by  a w ide m argin (4.4° C; Freed et al. 2005). 
M easured tem peratures w ere believed to  exceed m odel expectations because the site w as 
strongly affected by  the island 's trade w ind  inversion layer related to  tropical air circulation. 
The altitude of the inversion has averaged 1900 m, above w hich cooler, drier conditions 
prevail (Atlas o f Hawaii, 3rd edition). The response of the inversion layer to  climate heating is 
uncertain (Pounds et al. 1999, Loope and Giam belluca 1998). If the inversion layer rises, 
disease epizootics could becom e com m onplace at higher elevations w ith  devastating short­
term  consequences for T iw i. If the inversion falls, and higher tem peratures become 
associated w ith  high-elevation drought, the effects w ould  be very dam aging to upper 
elevation H aw aiian forests and ultim ately to surviving honey creepers including the 'T iw i 
(Bertning et al. 2002). G iven that scenario, or if the inversion layer rem ains stable, high- 
elevation forest b ird  populations m ay be squeezed betw een expanding disease transm ission 
from  lower elevations and  the upper lim its of suitable habitat (Atkinson and  LaPointe 2009). 
Haw aii m ay see an  increased frequency of heavy rain  events and increased rainfall during 
sum m er m onths (Karl et al. 2009), conditions that, along w ith  increased tem perature, are 
likely to facilitate breeding of m alaria-carrying m osquitoes (A hum ada et al. 2004). At the 
same time, overall annual precipitation for the H aw aiian Islands m ay decline (Chu and 
C hen 2005) thereby affecting habitat quality (e.g., 'ö h i'a  forest) for the T iw i.

4.3 Confounding population stressors and threats
Ectoparasites, particularly chew ing lice (Phthiraptera), m ay im pact T iw i by  increasing 
m orbidity and  reducing the ability of b irds to survive environm ental challenges. Freed et al. 
(2008) docum ented an explosive increase in  the prevalence of chew ing lice in  all b ird  host 
species at a study site on H awaii Island. The num ber of major fault bars in  w ing and tail 
feathers, a  sign of nutritive stress, w as correlated w ith  intensity of infection, suggesting an 
indirect cost to parasitized birds. Poorer body condition preceded the outbreak indicating 
the synergistic effect of m ultiple stressors on forest birds. At a m inim um , chewing lice will 
increase food requirem ents of hosts. This indirect cost m ay be especially relevant because it 
can affect the ability of b irds to  m ount a sufficient im m une defense against diseases like 
avian m alaria and pox. Chew ing lice m ay also directly contribute to b ird  m ortality (Freed et 
al. 2008).
A dditional risks to T iw i from  disease include potential introductions of West Nile virus, 
new  avian m alaria vectors (such as tem perate varieties of Culex cjuincjuefaxiatus), or biting 
m idges (Culicoides) that transm it avian diseases.
Introduced rats are serious predators on adults and nests of H aw aiian forest birds, and  are 
abundant in  high elevation habitats (Atkinson 1977, Scott et al. 1986, Fancy and  Ralph 1998, 
VanderW erf and Smith 2002). Feral cats, introduced small Indian m ongoose, and  the native 
Short-eared Owl and  introduced Barn Owl m ay also im pact native H aw aiian b irds (Scott et 
al 1986; Kowalsky et al. 2002). P redator control efforts generally have not been conducted 
over areas large enough to  result in  significant im provem ent in  the status of im periled forest 
b irds (USFWS 2006). Logistical and other obstacles to predator control can be great, 
especially in  rugged b ird  habitat.
Epizootics involving av ian  m alaria or other pathogens could quickly elim inate rem aining 
'T iw i from  the low er elevation islands of Kauai, O ahu, and  M olokai, and  from  w est M aui 
in  the near term , an d  could d im in ish  and  fragm ent T iw i popu lations on h igher elevation 
east M aui an d  H aw aii Island. There is curren tly  no habitat on Kauai, O ahu, and  M olokai 
w here m ean am bient tem peratu re  entirely  restric ts m alaria developm ent (Benning et al.
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2002). These islands are vulnerable to av ian  m alaria at all elevations on a m ore or less 
ongoing basis. A recent avian  m alaria outbreak on H aw aii Island w as associated w ith  
increases in  sum m ertim e tem peratures related  to tropical inversion layer conditions 
(Freed et al. 2005). O utbreaks of m alaria can be triggered  by  w arm  periods linked to 
inversion layer dynam ics or El N iño events, and  w ill likely intensify an d  persist longer 
w ith  ongoing clim ate change.
H urricanes are know n for their devastating effects on island b irds (Foster et al. 2004). They 
reduce habitat by  blow ing dow n trees and  by creating forest openings that facilitate the 
spread of invasive alien plants. The 'T iw i decline on Kauai after a 1992 hurricane m ay have 
partially resulted from  the b irds seeking substitute nectar resources at low er elevations 
w here risk of m alaria transm ission is highest (Foster et al. 2004).
H urricanes are likely to intensify in  a w arm er climate (Meehl et al. 2007) in  term s of w ind 
speeds and  precipitation, though  the num ber of storm s m ay be fewer (Bengtsson et al. 2007). 
Infectious m osquitoes can be carried upslope in  strong w inds, a probable factor in  m alaria 
outbreaks on H aw aii above 1900 m  elevation (Freed et al. 2005).
O n H aw aii Island, volcanism  presents a potential threat to substantial acreage of forest bird  
habitat. For example, a large portion  of the U pper W aiäkea Forest Reserve, location of some 
of the last observations of 'O 'ü  and  considered prim e habitat for the species, w as inundated  
by the 1984 M auna Loa lava flow w hich destroyed thousands of acres of forest and  created a 
treeless corridor over 1 km  w ide (USFWS 2006).

5. Conservation

C urrent regulations by the U.S. governm ent and the State of H aw aii are inadequate to 
conserve high elevation forests needed to buffer the T iw i and other susceptible forest b irds 
against the upslope advance of avian diseases driven by global heating. W hile some 
progress has been m ade to re-forest form er upper elevation habitat areas w ith  native trees 
and  reduce or elim inate harm ful alien species from  existing ones, huge tracts of land needed 
for forest b ird  conservation in  H aw aii rem ain degraded or w ithout native tree cover 
(USFWS 2009). A preponderance of lands intended for forest b ird  recovery are not m anaged 
conservation lands (Pratt et al. 2009). M anagem ent actions identified in  existing forest b ird  
conservation plans have not been im plem ented at ecologically relevant scales, and 
successful efforts to restore higher elevation forests m ust occur across tens of thousands of 
areas, not hundreds (Scott 2009). O n the Island of Maui, for example, m ore than  half of the 
lands identified for forest b ird  recovery rem ain w ithout native forests, have only rem nant 
forest patches, or are dom inated by introduced tree species and other alien vegetation 
(personal observation). Yet restoration of h igh elevation k o a / 'ö h i 'a  forest to protect native 
b irds is clearly a  stated conservation priority  (Scott et al.1986, USFWS 2006)
At current rates, reforestation and  forest enhancem ent efforts for H aw aiian forest b irds will 
not achieve habitat conservation goals in  tim e to bu ild  and  expand populations robust 
enough to  w ithstand  avian m alaria and  other consequences of climate change. Of over 140 
actions for forest b ird  recovery relating to reforestation and  securing recovery areas (USFWS
2006), 61% have not begun, 37% are ongoing, and  only 2% are com plete or partially so 
(USFWS 2009). Likewise, of m ore than  160 actions designed to reduce or elim inate exotic 
ungulates and  m am m alian bird-predators, 71% are not yet underw ay, 27% are ongoing, and 
less than  2 % are com plete or partially complete.
Poor political and policy decisions are responsible for the current inadequacy of 
m anagem ent to prevent forest b ird  extinctions. The problem  includes conflicting



Global Heating Threatens the ' I'iwi (Vestiaria coccinea),
Currently a Common Bird of Upper Elevation Forests In Hawaii 239

m anagem ent goals and  policies, m ost notably involving state forest lands (USFWS 2006,
2009), and failure to  provide necessary funding (Leonard 2008).
Leonard (2009) discusses political obstacles to saving H aw aiian forest birds, including a 
state m andate to  provide public hunting  opportunities of exotic ungulates even w here 
incom patible w ith  conservation of native birds. Actions such as fencing and  ungulate 
control for b ird  conservation m ay result in  the loss of hunting  areas, w hich is very 
controversial w ith in  his state agency (Leonard 2008). Even proposals for protecting lim ited 
forest in  areas of little or no public access receive fierce opposition from  local hunters (San 
Nicolas 2010). N ative forest restoration is also ham pered by agency decisions favoring 
exotic tree species or leasing for livestock (USFWS 2006).
In term s of addressing climate change, existing international and U.S. regulatory goals to 
reduce global greenhouse gas emissions are clearly inadequate to safeguard the 'I 'iw i 
against climate related extinction. As discussed, severe shrinkage of habitat absent of or at 
low risk of avian disease is expected w ith  a 2° C rise in  am bient tem perature. W hile the 
2009 U.N. Climate Change Conference in  C openhagen called on countries to  hold the 
increase in  global tem perature below  2° C, the non-binding "C openhagen Accord" that 
em erged from  the conference fell w ay short of that goal. A sum m ary by  the Pew Center 
(2010) of four analytical reviews of the Accord found that collective national pledges to cut 
greenhouse gas emissions are inadequate to achieve the 2° C goal, and instead suggest 
em ission scenarios leading to a 3 to 3.9° C warm ing.
Economic grow th is the most significant factor driving projected increases in  carbon dioxide 
emissions, as the w orld  continues to rely on fossil fuels for most of its energy use (USEIA
2009). Yet the prevailing economic and  political fram ew ork for the U.S. and m ost other 
countries is to  maximize grow th as a priority. In a high grow th scenario, w orld  carbon 
dioxide em issions increase at an average rate of 1.8 percent annually  from  2006 to 2030, as 
com pared w ith  1.4 percent under standard  assum ptions (USEIA 2009).
The U nited States is responsible for over 20% of w orldw ide carbon dioxide emissions 
(USEIA 2004). W hile the U.S. Environm ental Protection Agency (EPA) currently has some 
authority  to regulate greenhouse gas emissions, the agency bends under political pressure 
(Bravender and Sam uelsohn 2010) and has not set targets or standards to protect the 'I'iwi or 
other wildlife. Prospects for regulations w ith in  the foreseeable future adequate to stem  the 
climate-change threat to the 'I 'iw i are very poor. For example, the U.S. Congress has failed 
to pass climate change legislation and, as of early 2011, is considering bills to block EPA 's 
lim ited authority  to regulate greenhouse gas emissions (New York Times 2011).
The nation 's top  wildlife agency, the US Fish and  W ildlife Service (USFWS), is focused on a 
climate adaptation  strategy for w ildlife in  general bu t w ith  little, if any, em phasis on 
regulation of greenhouse gas emissions (USFWS 2010). The agency has been u rged  to 
prom ote reductions in  emissions w hile expediting upper elevation habitat restoration in 
conservation plans for endangered H aw aiian forest b irds (Povilitis and  Suckling 2010).
The 'I'iwi is not included on the USFWS list of endangered species and therefore does not 
m erit the conservation provisions of the U.S. Endangered Species Act (ESA), such as the 
protection of its "critical habitat." Also, like other H aw aiian honeycreepers, it is not 
protected under the U.S. M igratory Bird Treaty Act. In 2010, a  form al request w as m ade to 
the USFWS to list the 'I'iwi under the ESA and  designate and  protect critical habitat for the 
species (Center for Biological Diversity 2010). W hile the listing of species endangered by 
climate change is controversial because of an  overall backlog of listing requests, new
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adm inistrative strategies or procedures will be needed if the U.S. is to  fulfill its com m itm ent 
to safeguard endangered w ildlife (Woody 2011).
The ESA defines the term  "critical habitat" to  m ean specific areas essential to the 
conservation of the species w hich m ay require special m anagem ent considerations or 
protection (ESA 1973). Critical habitat designation w ould  legally ensure that U.S. 
governm ent actions avoid jeopardizing the species and  prom ote its conservation. 
Designation w ould  alert federal and  state agencies and  private landow ners to the need for 
habitat m anagem ent and restoration actions in  areas essential for the 'I'iwi, and  require 
rem edies to institutional conflicts that underm ine habitat conservation. Specific m easures to 
reduce the climate change/d isease threat include reforestation, elim ination or control of 
alien species inimical to the survival of 'I 'iw i, and special m easures to m onitor and  reduce 
(or eliminate) occurrence of avian m alaria vectors. Program s to  re-establish native forests, 
reduce rat depredation, control w eeds, and fence out and rem ove ungulates are essential for 
forest b ird  recovery in  high elevation habitats that serve as native b ird  refugia (Gorresen et 
al. 2005). Reducing m ortality in  key habitat areas, such as that caused by  rodent predation, 
m ay lessen the threat from  disease by im proving survival and  reproduction of any birds 
w ith  disease tolerance or natural im m unity (VanderW erf and  Smith 2002). The evolutionary 
acceleration of disease resistance th rough rodent control is possible (USFWS 2006).
Critical habitat should include all areas needed to  provide sufficient forested habitat to 
support viable or potentially viable 'I 'iw i populations on Kauai, Oahu, Molokai, Maui, and 
Haw aii Island, as each island represents a significant portion  of the species' natural range. 
This should include areas on M aui and  H aw aii Island above the current lim it of tree grow th 
to  accom m odate any forest expansion resulting from  climate change. Critical habitat 
designation for 'I 'iw i w ould  extend habitat protection to other listed endangered H aw aiian 
birds, w here ranges overlap since most currently listed forest b irds do not have critical 
habitat designations.

6. Conclusion

The best available science indicates that global w arm ing  w ill allow  avian  diseases to 
spread  th roughou t m ost or all of the T iw i 's  geographic range. The 'I 'iw i is highly 
vulnerable to avian  diseases an d  cannot sustain  itself w here disease prevails. 'I 'iw i in  the 
central po rtion  of the species' range (Oahu, M olokai, an d  w est M aui) are critically 
endangered  because of small popu la tion  sizes an d  exposure to m alaria. Those to  the w est 
(on Kauai) are severely th rea tened  as disease free habitat is fast d isappearing. 'I 'iw i in  
the eastern  portion  of the range (east M aui an d  H aw aii Island) face further population  
declines and  eventual extinction w ith  ongoing clim ate change. The 'I 'iw i m erits 
p ro tection  un d er the US E ndangered  Species Act that includes designation  and  
conservation of critical habitat.
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1. Introduction

The predicted increase in  global tem peratures is expected to  affect ecosystem, hum an health 
and  society. In particular, a  longer grow ing period due to  climate w arm ing is expected to 
enhance the grow th and  reproduction  of some kinds of organism s (Kiritani, 2006; O hta & 
Kimura, 2007). N orthern  and  altitudinal shifts in  vector species that cause infectious 
diseases have been observed w orldw ide (Barker & Lindsay, 2000; Hales et al., 2002). 
Conversely, the endem icity of vector-borne diseases such as m alaria has decreased during 
the past century (Gething et al., 2010). The reason for this decrease is the economic 
developm ent and disease control during  this period (Hay et al., 2009; Gething et al., 2010). 
H owever, the recession of m alaria during  the last century d id  not correspond to  a reduction 
in  the ranges of vector species. Because of the complex relationship betw een m alaria and 
climate (M artin & Lefebvre, 1995), the potential distribution of vectors and  climate 
conditions of their habitats w ithout hum an interference need to be elucidated.
M alaria is the chief disease caused by vectors breeding on shallow surface waters. Because 
survival and reproduction  rates of m osquitoes are m ainly determ ined by the tem perature 
and  hum idity  of their habitats, climate factors determ ine w hether a location is suitable for 
the transm ission of a w ide range of infectious diseases. Projected changes in  tem peratures 
and  the hydrological cycle will cause changes in  the geographical distributions and 
population  dynam ics of vectors, thus altering the patterns of infectious disease transm ission 
(M artin & Lefebvre, 1995; M artens et al., 1999). In particular, one of the most interesting 
aspects is how  climate change could affect the geographical distributions and  incidence 
patterns of the diseases caused by mosquitoes.
H owever, m ost investigators assessing the im pacts of climate change on the incidence and 
geographical range of m alaria assum e that m osquito d istribution w ould  not change under 
future climate conditions (Martens et al., 1999; van Lieshout et al., 2004). These investigators 
assessed the risk of m alaria transm ission based on the geographical d istribution of 
particular m osquito species by  country or adm inistrative unit (W orld H ealth  Organization, 
1989; Jetten & Takken, 1994). H owever, m osquitoes are not always uniform ly distributed 
w ith in  a country, and  their range typically crosses national borders (Kashiwada & Ohta,
2010). M artin & Lefebvre (1995) developed the M alaria Potential Occurrence Zone model,
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w hich w as applied  w ith  outputs derived from  5 General C irculation M odels (GCMs) to 
provide first-order estim ations of the changes in  potential m alaria transm ission suitable for 
vectors; they revealed an  increased incidence of seasonal m alaria at the expense of perennial 
malaria. Rogers & R andolph (2000) assessed the current and future global distributions of 
m alaria by using parasite dynam ics w ith  a GCM output and  the estim ated changes in 
hum an population living in  m alaria-transm ission zones.
Most entomological studies are unable to incorporate a detailed d istribution of the vector 
m osquito species, even though it is the basis for the risk assessm ent of m alaria transm ission. 
M onsoon Asia has a few observation sites of Anopheles m osquitoes (Kashiwada & Ohta,
2010). Thus, m echanistic m odel estim ations of Anopheles d istribution are necessary to 
enhance the existing data  regarding their distribution. In addition, although vector 
d istribution in  Africa has been extensively studied, research on Anopheles in  Asia, consisting 
of m ore than  the half the entire hum an  population, is sparse. Bhattacharya et al. (2006) 
studied  the im pacts of climate on Anopheles and  m alaria in  India. Their study is the 
m eaningful one of very few researches in tended for Asian regions.
Therefore, w e studied the effects of future climatic changes on the m axim um  num ber of 
generations per year of Anopheles m osquitoes in  M onsoon Asia by using our m odel 
(Kashiwada & Ohta, 2010) and  climate data in  the absence of hum an  interference. First, we 
studied  the characteristics of changes in  the energy and  w ater balance of m osquito habitats 
ow ing to  future climate changes. Second, w e estim ated the changes in  the seasonal and 
geographical d istribution patterns of Anopheles m osquitoes and discussed the changes in  the 
potential distribution of m alaria risk in  M onsoon Asia under future climatic conditions.

2. Recent models for estimating vector distribution

Various types of approaches are used for estim ating a range of meteorological variables for 
the vector species, depending on the purpose such as establishing an  early w arning system  
for m alaria risk and m aking a high-resolution global m ap of the disease. Most studies use 
m eteorological data, w hich are essential for estim ating the vector d istribution and m alaria 
risk. H owever, meteorological records are usually obtained from  urban areas, and  coverage 
can be relatively sparse or inappropriate in  less-developed countries (M artens & Thomas, 
2005).

2.1 Integrated process-based epidem ic model
An integrated and  process-based m odel for estim ating the "transm ission or epidem ic 
potential" index of a m alaria-m osquito population  (Craig et al., 1999; M artens et al., 1999; 
van Lieshout et al., 2004) im proves the previous approaches by incorporating female 
m osquito density (a calculation of the basic reproduction  rate), associated favorable climate 
conditions, and  hum an population densities. This index approach is very useful for 
determ ining the risk of m alaria transm ission in  a com m unity w here no m osquito 
observations have been conducted. However, climate conditions suitable for adu lt female 
m osquitoes are not always optim al for the im m ature stages of m osquitoes. Bayoh & Lindsay 
(2003) concluded that the optim al tem perature range for Anopheles developm ent narrow s as 
the m osquito develops. Furtherm ore, the im m ature stages of m osquitoes live in  w ater 
environm ents such as puddles, pools, or stream s (Hoshen & Morse, 2005). Thus, the w ater 
tem perature range suitable for the grow th and  developm ent of the m osquitoes should be 
considered (Hopp & Foley, 2001; Kashiwada & Ohta, 2010).
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A lthough some issues relate to the life history of m osquitoes, these epidemiological m ethods 
are useful and  valuable for rapidly assessing m alaria risk. Recently, Billingsley et al. (2005) 
successfully in tegrated these entomological techniques and  com pared m alaria risk in 
different ecological and  epidemiological settings. Conner & M antilla (2008) attem pted to 
develop and  test integrated early w arning systems that aim  to provide early w arnings 
regarding changes in  epidem ic risk in  southern  Africa based on seasonal climate forecasts. 
H owever, Ebi (2009) suggested that increased climate variability render early w arning 
systems based on these variables m ore unreliable.

2.2 H igh-resolution m ap model
H ay et al. (2009) focused largely on m alaria parasites and  created a m ap of m alaria 
endem icity w ith in  previously defined stable spatial lim its of Plasmodium falciparum 
transm ission by using a m odel-based geostatistical procedure and hum an population  data. 
O n the other hand, M artin & Lefebvre (1995) developed the M alaria Potential Occurrence 
Zone m odel w ith  climate data that estim ates m alaria risk on the basis of the m inim um  and 
m axim um  tem peratures and hum idity  required for the vector species. In addition, some 
species of m osquitoes in  Africa have been m apped  using sim ple climate data (Lindsay & 
M artens, 1998; Lindsay et al., 1998; H ay et al., 2002). Recent studies m apping  vector species 
attem pted to  explain the geographic distribution of Anopheles and Aedes m osquitoes by 
analyzing climate variables for the m osquito observation sites by  using niche-based 
distribution m odels (Foley et al., 2008, M edley, 2010) or a  fuzzy logic m odel (Craig et al., 
1999; Ebi et al., 2005). These studies have generated high-resolution m aps of the vectors over 
large areas by using climate data; these m aps are good indicators of the present distributions 
of the vectors. H owever, these m aps do not represent the tem poral occurrence of the 
vectors, because the calculation tim e intervals in  these studies w ere typically at least 1 
m onth. M osquito developm ent and the life cycle during  the im m ature life stages occur at 
tim e scales ranging from  several days to  a  few weeks (H opp & Foley, 2001; D epinay et al., 
2004).

2.3 B iological model
The m ost popular biological m odel expresses m alaria parasites dynam ics by using climate 
factors such as tem perature (M artens et al., 1999; Rogers & Randolph, 2000). O ther 
ecophysiological and entomological approaches have been em ployed to explain the 
tem poral occurrence of vectors by  describing their life histories. These m odels calculate 
developm ent according to air tem perature at each developm ental stage of the insect, based 
on the assum ption that the grow th of an insect depends on the tem perature of its habitat 
(Hopp & Foley, 2001; Ikemoto, 2003; 2005; 2008; D epinay et al., 2004; Pascual et al., 2006). 
Tem perature affects the survival of the parasite only during  the life cycle of Anopheles 
m osquitoes. According to  experim ental data, the optim al air tem perature is betw een 22°C 
and  30°C; tem peratures exceeding this value affect the activity of Anopheles mosquitoes. 
A lthough such ecophysiological m odels can generally explain the tem poral population  
dynam ics of pest insects at a specific site, they are unable to estim ate the geographical 
d istribution of the Anopheles vector (Depinay et al., 2004; Ikemoto, 2005). Therefore, the 
quantities of the available w ater and tem peratures of the available aquatic habitats, w hich 
vary rapidly, m ust be incorporated into the model, because im m ature m osquitoes develop 
in  natural or artificial w ater bodies as m entioned above. H owever, the volum es and 
tem peratures of w ater in  the small puddles in  w hich im m ature m osquitoes live have not 
been m easured over a  b road  area.
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2.4 Habitat-oriented model
Besides sim ple climatic variables such as air tem perature and  precipitation, the activities of 
the m osquitoes depend on the variables of their native habitats such as w ater and  soil 
conditions. Lindsay et al. (1998) show ed that the activities of Anopheles gambiae and 
Anopheles arabiensis depend on the hum idity  index (the ratio of precipitation to potential 
evaporation during  the optim um  5 months). The M alaria Potential Occurrence Zone m odel 
(M artin & Lefebvre, 1995) is a num erical m odel based on physics and  biology and estim ates 
w hether environm ental conditions are favorable for bo th  the m alaria parasite and its 
vectors. A characteristic of this m odel is that it uses a  param eter for m inim um  atm ospheric 
m oisture, w hich is defined as the ratio of precipitation to potential evaporation obtained 
from  sim ple meteorological data. The w ater conditions in the abovem entioned studies are 
m onthly or annual m ean values. H opp & Foley (2001) expressed the tim e variation of the 
surface w ater balance and  soil m oisture content by using a sim ple bucket model. In 
addition, air tem perature instead of w ater tem perature has been used in  the model; this 
variable has been used to obtain the distribution oí Aedes m osquitoes (Hopp & Foley, 2001). 
To determ ine the distributions of mosquitoes, the sim ple bucket m odel of H opp  & Foley is a 
very effective tool for developing accurate data  for the daily w ater budget at the soil surface. 
This w ater balance m odel has been developed m ainly in  the fields of boundary-layer 
m eteorology and agricultural meteorology.

3. Model description

The abovem entioned review  study revealed that m any types of m odel construction require 
different data to estim ate the distributions of mosquitoes. In this study, w e selected the 
Anopheles m osquito, because some species live particularly in  M onsoon Asia. A lthough 
various Anopheles species are located at a  given site, w e used the physiological data of some 
species available from  references to  consider their broad-scale distribution. The life history 
of Anopheles m osquitoes is described as a  function of climate variables on the basis of an 
ecophysiological approach coupled w ith  m odels of the energy balance of surface w ater and 
soil.
We constructed a m odel consisting of 3 parts: the prim ary part of the m odel calculates the 
grow th of the m osquito (section 3.1), and  the 2 subprocesses of the m odel determ ine the 
m oisture conditions of the m osquito habitat (section 3.2) and calculate w ater tem perature 
(section 3.3). The calculation tim e interval for all 3 parts of the m odel is 1 day. M ethods 
using these m odels provide sim ultaneous spatial and tem poral distributions of Anopheles 
m osquitoes at a  fine resolution.

3.1 M osquito growth model
The daily developm ent of Anopheles m osquitoes w as calculated using the tem perature- 
dependent grow th rate w hen  the im m ature m osquitoes had  an  available w ater body to live 
in. This developm ental value w as sum m ed each day until the m ature-adult stage w hen  the 
Anopheles m osquitoes are capable of laying eggs (Fig. la). The soil m oisture content at root 
dep th  w as determ ined before developing the grow th m odel of the m osquito, as described in 
the next section. The threshold of soil m oisture content w as set at 70% of the value of the 
holding capacity (Dunne & Willmott, 1996) to exclude the em ergence of m osquitoes during 
the dry  season from  the validation process. W hen the soil m oisture content exceeded the 
threshold, the developm ental rate of the m osquitoes w as determ ined by  the tem peratures of
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the habitat. W ater tem perature w as used to calculate the developm ent of the egg, larval, and 
pupal stages; air tem perature w as used to calculate the developm ent of the adult m osquito 
(Fig. lb). The developm ent at a given tim e (in this study, this value w as assum ed as 1 day) 
can be described as follows:

Adk = — X Atk (1)

w here Adk is the developm ent at fcth day, D temp is the duration  for the com pletion of each 
developm ental stage (day) at a given constant tem perature (°C), and  Atk is the tim e unit of 
developm ent. The inverse of the Dtemp for each stage ranges from  0 to 1, w ith  0 representing 
no developm ent and  the am ount of developm ent increasing until the value approaches 1 
(Lardeux et al., 2008). Values for Dfemf) w ere obtained from  the results of laboratory studies 
and  field observations of some Anopheles species (Mogi & Okazawa, 1996; Bayoh & Lindsay, 
2003; H u et al., 2003; D epinay et al., 2004; Lardeux et al., 2008). The relationships betw een 
the tem perature threshold and m osquito developm ent at each developm ental stage w ere 
determ ined by the results obtained from  these studies (Kashiwada & Ohta, 2010). W ith 
reference to these relationships, the grow th begins w hen  the tem perature exceeds 15°C (Fig. 
la). The value of Adk w as sum m ed on a day-to-day basis to determ ine the am ount of 
developm ent. Cum ulative Adk w as determ ined separately in  each developm ental stage 
("stage" expressed in  Fig. la )  —egg, larva, pupa, and adult —as their developm ental rates are 
calculated differently. Each stage of developm ent is com pleted w hen the accum ulated 
developm ent is 1. The developm ental stage then proceeds w ith  the next one. The value of 
Adk for each developm ental stage w as sum m ed continuously as follows to determ ine the 
duration  of m osquito developm ent in  the life history of the mosquito:

m n o V

^ t o t d  ~  Adlarva,k + S  ̂ ^ p u p a ,k  adult,k (2)
k=l k= m+1 k= n+1 k=o+1

w here Ctotai is the cum ulative developm ent; I, m+1, n+1, and o+l, denote the start day of each 
developm ental stage; m, n, o, and p denote the end day of each developm ental stage; and 
Adegg'k, Adurva,k, AdpUpa,k, and  Adaduit,k , are the developm ent of eggs, larvae, pupae, and adults 
at the fcth day. The value of each Adk ranges from  0 to 1; hence, Ctotai ranges from  0 to 4 (Fig. 
le). Values betw een 0 and  1 w ere attributed to  em bryonic developm ent. Larval and pupal 
developm ent w as assigned values betw een 1 and 2, and  betw een 2 and  3, respectively. 
Values exceeding 3 w ere assigned after the em ergence of adults. Values exceeding 4 w ere 
attributed  w hen adult m osquitoes oviposited eggs. The alternation of generations w as 
counted over a 1-year period (G?: cjth generation), and the m axim um  num ber w as recorded 
as the m axim um  num ber of generations (Gmax) to estim ate the frequency of occurrence 
(Karitani, 2006; K ashiw ada & Ohta, 2010).

3.2 W ater balance model fo r m oisture conditions o f the m osquito habitat
The grow th and developm ent of im m ature m osquitoes can occur in  small w ater bodies such 
as puddles or artificial w ater containers. To consider the potential distribution oí Anopheles 
m osquitoes, the availability of a "natural" w ater surface w as assum ed in  this study. There 
w as no consideration of hum an  activities such as irrigation or sewerage systems. U nder 
natural conditions, the m osquito habitat w ould  be small pools in  m arshes or w etlands w ith
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Fig. 1. M odel procedures, (a) D eterm ination of m oisture conditions and m osquito growth;
(b) Relationship betw een life history and  tem peratures; (c) Calculation of m osquito growth.

some plant cover. Therefore, in  the present study, Anopheles m osquitoes w ere assum ed to 
develop in  a small w ater body w ith  soil, w hich is an  area of several tens of square meters. 
The soil m oisture content in  the m osquito habitat m ust be estim ated to  exclude areas that 
are too arid  for an im m ature m osquito to survive. Subsequently, soil m oisture content at the 
dep th  of p lant roots w as calculated using the w ater budget approach proposed by H opp & 
Foley (2001) and  Tao et al. (2003). The soil m oisture content w as calculated on the fth day 
(Wi) by  using the following equation:

Wj = min (Wi-t + Pi + Mj -  AEi or W*) (3)

w here WJ-i is the soil m oisture content at the end of the previous (i -  1) day, R, is the daily 
precipitation (mm), M, is the daily snow  m elt on the /th day, AE, is the actual 
évapotranspiration on the /th day, and  TV* is the holding capacity of soil m oisture, w hich 
reflects the types of soil texture as w ell as organic content and  plant root dep th  in soil, 
according to  D unne & W illmott (1996). W hen the W¡ value obtained from  these calculations 
w as larger than  W ,  W¡ w as equal to  W .  A  similar procedure by Tao et al. (2003) w as 
adopted  to define the value of AE, as a ratio of the available m oisture content to the potential 
évapotranspiration calculated using the FAO Penm an-M onteith  m ethod (Allen et al., 1998). 
Calculation of the potential évapotranspiration requires data for net radiation, air 
tem perature, air hum idity , and w ind  speed. N et radiation  w as calculated using an  energy 
balance equation  as described in  the next section (Ohta et al., 1993a; 1995; O hta & Kimura, 
2007), w ith  basic climate factors and  geographical data such as albedo and altitude. The 
values of air tem perature and  hum idity  w ere directly used in the model. In the present 
study, w ind  speed w as assum ed to be constant at 2 m  s-1, according to  Allen et al. (1998), 
because the w ind  speed in  m odeled p lant populations is uncertain.

3.3 Estim ation o f the tem perature o f w ater bodies inhabited by m osquitoes
A lthough the tem peratures of the w ater bodies in  w hich Anopheles m osquitoes live directly 
affect im m ature m osquito developm ent, w ater tem perature has unfortunately not been 
m easured w ith  fine resolution either spatially or tem porally, in  contrast to w hat has been 
perform ed for air tem perature and precipitation. M any researchers (e.g., H opp  & Foley, 
2001) often substituted air tem perature for w ater tem perature. How ever, the daily average
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w ater tem perature in  tem perate regions is 2-4°C low er than  the daily average air 
tem perature during  the period of insufficient net radiation  in  the w inter (Ohta et al., 1993a; 
O hta & Kimura, 2007). Conversely, the daily average w ater tem perature is 1-2°C higher 
than  the daily average air tem perature in  the spring (Ohta et al., 1993a; O hta & Kimura,
2007). Because these seasonal changes in  the differences betw een air and  w ater tem peratures 
are complex, it cannot be assum ed that air tem perature is equivalent to w ater tem perature. 
If these daily differences in  tem peratures are sum m ed during  the grow ing season of the 
m osquitoes, the calculation error w ill gradually increase.
The contribution of the energy fluxes in  the soil, stored per unit w ater column, to the energy 
balance of shallow w aters can be om itted if the energy balance is estim ated daily or for a 
prolonged period. Because the energy stored in  p lant biom ass is very small com pared to the 
other com ponents of the energy balance equation, the energy balance of shallow w aters 
w ithout the percolation and  flux of irrigation (Ohta et al., 1993a; 1995; O hta & Kimura, 2007) 
can be sim ply expressed using the following equation:

Rn = 15h (esat - e „ ) + h { T w - T„)  (4)

w here R n is the net radiation  at the w ater surface (W ir r2), h is the transfer coefficient for 
sensible heat, e¡at is the saturation vapor pressure at the w ater tem perature (kPa), ea is the 
w ater vapor pressure in  air (kPa), Tw is the w ater tem perature at a dep th  of 0.05-0.10 m  (K), 
and  Ta is the air tem perature (K). It is assum ed that the value of h w ithout the plants is 
nearly constant at 8.36 x IO-5 W ir r 2 K_1. In the presence of a relatively large difference 
betw een Tw and  T„, the net radiation affecting Tw can be given by

R n  =  R n a  -  hR (Tw -  T„ ) (5)

w here Rna is the net radiation  (W ir r2) to  be calculated assum ing that T„ equals TW/ hR (= 
4oT,,3) is the radiative heat transfer coefficient (W m -2), and  o is the Stefan-Boltzm ann 
constant (W n r 2 K~4). From  equations (4) and  (5), the daily m ean of Tw can be obtained 
num erically by  using the daily m eans of the basic climate observation values as described 
by O hta et al. (1993a; 1995) and  O hta & K im ura (2007).
This m odeled shallow w ater condition is nearly the same as the ideal habitat for the 
im m ature stages oí Anopheles m osquitoes considered in  the present study. Therefore, Tw w as 
estim ated using the sim ple energy balance m odel as well as w ith  the m ethods developed by 
O hta et al. (1993a; 1995) and  O hta & K im ura (2007). Calculation of Tw requires basic climate 
observation values, including air tem perature, solar radiation, cloud cover, and vapor 
pressure.

3.4 Validation o f the model
O ur m odel as described above w as validated using m any observations in  the study area 
obtained from  published data (Ono, 1992; Dev, 1996; K onradsen et al., 1998; Lee et al., 2002; 
C hen et al., 2002; O vergaard et al., 2002; Toma et al., 2002; Singh et al., 2004; Yeom et al., 
2005; C hen et al., 2006; Rueda et al., 2006). The m ain results of the m odel validation are 
sum m arized below.
If the value of the cum ulative developm ent ( C t o t a i )  calculated from  the fcth day w as greater 
than  3, w e defined the fcth day as the day of m osquito emergence. This calculation w as then 
conducted in  all cases w here the developm ental start day w as ls t-365 th  day of the year. As 
the m osquito could have em erged across different years, the calculation period included 2
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years. The first date of m osquito em ergence w as defined as the m osquito appearance date, 
and  the end date of m osquito em ergence w as defined as the m osquito disappearance date 
(Kashiwada & Ohta, 2010). The predicted em ergence or disappearance dates obtained from  
the m odel w ere concordant w ith  the observation data. A lthough the root m ean square errors 
betw een the observed and  m odeled values for these dates w ere approxim ately 25 days, the 
values w ere acceptable for sim ulating the potential m osquito distribution, because the 
m osquito occurrence observations w ere repeated over several w eeks to a few m onths, as 
described previously (Dev, 1996; K onradsen et al., 1998; O vergaard et al., 2002).
D uring com parison of the m ore detailed observation data at representative sites, w hich 
ranged from  tem perate to subtropical zones (Ono, 1992; K onradsen et al., 1998; Lee et al., 
2002; Toma et al., 2002), the m odel w as able to estim ate seasonal patterns of occurrence of 
m osquitoes w ith  reasonable accuracy (Kashiwada & Ohta, 2010). In addition, the 
geographical distributions of the northern  limit of the m osquitoes in  M onsoon Asia obtained 
from  this m odel w ere corroborated by the observed distributions in  sum m er (Kashiwada & 
Ohta, 2010).

4. Data used for calculation

4.1 Current clim ate data
D ata for the Asian m onsoon region (70-150° E, 10° S-50° N) w ere used in the model. All 
m eteorological data had a spatial resolution of 0.5° longitude x 0.5° latitude. The Climatic 
Research Unit — Global Climate Dataset, available th rough the IPCC D ata D istribution 
Center (New et al., 1999) w as used for the m odel calculations. M onthly data for air 
tem perature, precipitation, shortw ave radiation, vapor pressure, and  cloud cover w ere 
included in the dataset for 1961-1990 climate normals. If daily data w ere not available for 
the m odel, m onthly values w ere converted to daily data by  using linear interpolations or 
cubic spline, ensuring consistency of the daily values w ith  m onthly average or total values. 
Elevation data derived from  GTOPO30 (U.S. Geological Survey) w ere used to calculate 
vapor pressure and  longw ave radiation  in  the present study, as w ell as correction m ethods 
described in  O hta et al. (1993b). Elevation data in  GTOPO30 are regular at a  spatial 
resolution of 30 arcseconds (approxim ately 1 km); w e averaged and  converted them  to a 
spatial resolution of 30 arcminutes. The m onthly surface albedo (0-1) in  each 0.5° longitude 
x 0.5° latitude resolution (Ohta et al., 1993a) w as used. W hen the air tem perature w as less 
than  0°C, the value of surface albedo w as set to 0.7.

4.2 Future clim ate data
The fu ture climate variables used in  this study w ere obtained from  the climate projections of 
the C oupled General C irculation M odel (CGCM3.1) by  the C anadian Centre for Climate 
M odelling & Analysis, w hich contributed to the IPCC 4 th  Assessment Report (Flato et al., 
2000). The climate variables of the CGCM3.1/T63 involved daily m ean air tem perature, 
daily total precipitation, and daily accum ulated shortw ave radiation  on a spatial resolution 
of 2.81° longitude x 2.81° latitude. These values are outputs from  the IPCC 720 ppm  
stabilization experim ent (A1B scenario) using the CGCM3.1 for the years 2001-2100 
initialized from  a sim ulation experim ent starting from  the end of the 20th century. In the 
present study, the spatial resolution of the ou tput data from  CGCM3.1/T63 w as converted 
into a spatial resolution of 0.5° longitude x 0.5° latitude by  using the interpolation method.
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5. Energy and water balances of the habitat of mosquitoes

5.1 Net radiation at the w ater surface
Soil m oisture content an d  w ater tem peratu re w ere determ ined by  the net rad ia tion  
obtained from  equations (4) and  (5). In addition , because net rad ia tion  is the only energy 
source on w hich all life depends, it is essential to  d raw  the geographical d istribu tion  of 
net rad ia tion  to  estim ate the life history  of m osquitoes. Fig. 2 com pares the seasonal 
changes in  the geographical d istribu tion  of net rad ia tion  betw een  the curren t an d  fu ture 
climates.
In the curren t clim ate, the am ount of m onthly m ean net rad ia tion  in  w arm - and  cool- 
tem perate and  subarctic clim ate zones changes seasonally, reflecting the difference in  the 
characteristics of geographical location and  the effects of the A sian m onsoon. In 
subtropical and  tropical clim ate areas at la titudes below  20°N, hard ly  any seasonal 
changes in  net rad ia tion  occur th roughou t the year. In sum m er, the am ount of net 
rad ia tion  at la titudes above 20°N as w ell as in  subtropical and  tropical clim ate areas 
increases rapidly.
The am ount of net radiation in  areas w ith  alpine, ice, and  desert climates is negative, except 
in  summ er; this im plies the em ission of therm al radiation  from  underly ing surfaces into the 
atm osphere. In the fu ture climate conditions, areas w ith  negative net radiation  in  autum n, 
w inter, and  spring will decrease gradually. A notew orthy difference betw een the current 
and  future climates in  Eastern China is the increase in  the am ount of net radiation  from  June 
to October during  w hich the average am plitude of the increase is approxim ately 30 W ir r2. 
This is m ainly because the am ount of shortw ave radiation  during  the same period obtained 
from  the CCGM3.1 increases independently  of increases in  air tem perature.

5.2 M oisture conditions o f the m osquito habitat
Fig. 3 represents the seasonal changes in  geographical d istribution of soil m oisture 
conditions for the m osquito habitat under the present and fu ture climates. This value is 
expressed as the ratio of !V¿ /  TV*. The calculation w as conducted daily; the value of the 15th 
day of each m onth is indicated on the map. These m aps indicate that m any of the areas of 
the Asian m onsoon region generally have hum id  conditions. The values of !V¿ /  TV* in 
hum id  regions (e.g., the w hole areas in  subarctic, tem perate, and  subtropical or tropical 
zones), in  alpine regions (e.g., the Himalayas), and  in  the arid  belt (i.e., The Gobi, Takia 
M akan, and Great Indian Desert, and  the M ongol Plateau) do not change seasonally, and 
w ater conditions in  these areas are constant th roughout the year (Fig. 3a). In contrast, the 
values of !V¿ /  TV* in some areas, including in  the entire area of the Indian Peninsula and 
excluding the w est coast and  Indochina (i.e., M yanm ar, Thailand, Laos, Cam bodia, and 
Vietnam), change seasonally (Fig. 3a). Especially, from  December to April, the soil m oisture 
contents in these areas are rem arkably lim ited, reflecting the dry  season w ith  small 
precipitation.
These characteristics of soil m oisture content in  the m osquito habitat under the current 
climate conditions w ou ld  not change under the fu ture climate conditions (Fig. 3a and  3b). 
Thus, the increases in  évapotranspiration from  the soil surface due to the increases in  air 
tem perature, shortw ave radiation, and  net radiation  in  the future climate condition do not 
affect the soil m oisture content in  the m osquito habitat.
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Fig. 2a. Seasonal patterns of geographic distribution of m onthly net radiation at w ater
surfaces under current climate (W n r 2).
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Fig. 2b. Seasonal patterns of geographic d istribution of m onthly net radiation at w ater
surfaces under fu ture climate (W m-2).
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Fig. 3a. Seasonal patterns of geographic d istribution of the m onthly m ean soil m oisture
under current climate (%).
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Fig. 3b. Seasonal patterns of geographic d istribution of the m onthly m ean soil m oisture
under future climate (%).



260 Climate Change -  Geophysical Foundations and Ecological Effects

February

August

October December

F i g .  4 a .  S e a s o n a l  p a t t e r n s  o f  g e o g r a p h i c  d i s t r i b u t i o n  o f  t h e  d a i l y  m e a n  w a t e r  t e m p e r a t u r e  

u n d e r  c u r r e n t  c l i m a t e  ( ° C ) .  T h e  w h i t e  a r e a s  d e n o t e  t h e  s c a r c i t y  o f  s u r f a c e  w a t e r  o f  s o i l  

u n s u i t a b l e  f o r  m o s q u i t o e s .
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F i g .  4 b .  S e a s o n a l  p a t t e r n s  o f  g e o g r a p h i c  d i s t r i b u t i o n  o f  t h e  d a i l y  m e a n  w a t e r  t e m p e r a t u r e  

u n d e r  f u t u r e  c l i m a t e  ( ° C ) .  T h e  w h i t e  a r e a s  d e n o t e  t h e  s c a r c i t y  o f  s u r f a c e  w a t e r  o f  s o i l  

u n s u i t a b l e  f o r  m o s q u i t o e s .
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F i g .  5 a .  G e o g r a p h i c  d i s t r i b u t i o n  o f  b i m o n t h l y  a d u l t  m o s q u i t o  o c c u r r e n c e  u n d e r  c u r r e n t  

c l i m a t e .  G r a y  s h a d i n g  d e n o t e s  t h e  a r e a  i n  w h i c h  t h e  m a x i m u m  d e v e l o p m e n t  r e a c h e d  t h e  

a d u l t  s t a g e  ( w h e n  t h e  c u m u l a t i v e  d e v e l o p m e n t a l  s t a g e  (Ctotai) e x c e e d e d  4 ) .
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F i g .  5 b .  G e o g r a p h i c  d i s t r i b u t i o n  o f  b i m o n t h l y  a d u l t  m o s q u i t o  o c c u r r e n c e  u n d e r  f u t u r e  

c l i m a t e .  G r a y  s h a d i n g  d e n o t e s  t h e  a r e a  i n  w h i c h  t h e  m a x i m u m  d e v e l o p m e n t  r e a c h e d  t h e  

a d u l t  s t a g e  ( w h e n  t h e  c u m u l a t i v e  d e v e l o p m e n t a l  s t a g e  ( C tof„f) e x c e e d e d  4 ) .
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5.3 Temperature o f the water bodies inhabited by m osqu itoes
F i g .  4  s h o w s  t h e  c h a n g e s  i n  t h e  t e m p e r a t u r e  o f  t h e  w a t e r  i n  w h i c h  i m m a t u r e  m o s q u i t o e s  l i v e  

i n  t h e  f u t u r e  c l i m a t e  c o n d i t i o n s .  T h e  s m a l l e s t  d i f f e r e n c e  b e t w e e n  t h e  w a t e r  t e m p e r a t u r e s  i n  

t r o p i c a l  a n d  s u b a r c t i c  r e g i o n s  i s  f o u n d  i n  m i d - s u m m e r ;  t h e  d i f f e r e n c e  g r a d u a l l y  b e c o m e s  

l a r g e r ,  p e a k i n g  i n  w i n t e r  ( F ig .  4 ) .  T h e  s e a s o n a l  p a t t e r n s  o f  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  o f  

w a t e r  t e m p e r a t u r e s  i n  M o n s o o n  A s i a  s h o w  a  t r e n d  s i m i l a r  t o  t h o s e  o f  a i r  t e m p e r a t u r e s .  T h e  

t e m p e r a t u r e s  o f  p o n d e d  s h a l l o w  w a t e r  i n c r e a s e  b y  a p p r o x i m a t e l y  1 . 0 - 2 . 5 ° C  i n  t h e  f u t u r e  

c l i m a t e  ( F ig .  4 ) ,  s y n c h r o n i z i n g  t h e  c h a n g e s  i n  a i r  t e m p e r a t u r e s  o b t a i n e d  f r o m  t h e  C G C M 3 . 1 .  

H o w e v e r ,  t h e  m a g n i t u d e s  o f  i n c r e a s e  i n  w a t e r  t e m p e r a t u r e  i n  t h e  f u t u r e  c l i m a t e  a r e  

a p p r o x i m a t e l y  0 . 5 - 1 . 0 ° C  s m a l l e r  t h a n  t h e  m a g n i t u d e s  o f  i n c r e a s e  i n  a i r  t e m p e r a t u r e .  T h i s  i s  

b e c a u s e  t h e  t e m p e r a t u r e  r i s e  i s  s u p p r e s s e d  b y  t h e  e n e r g y  c h a r a c t e r i s t i c s  o f  w a t e r .

T h e  w h i t e  a r e a s  i n  F ig .  4  d e n o t e  t h e  s c a r c i t y  o f  s u r f a c e  w a t e r  o f  s o i l  u n s u i t a b l e  f o r  

m o s q u i t o e s .  A s  d e s c r i b e d  i n  s e c t i o n  3 .1 ,  b e c a u s e  m o s q u i t o  d e v e l o p m e n t  b e g i n s  w h e n  w a t e r  

t e m p e r a t u r e s  e x c e e d  1 5 ° C ,  t h e  b l u e  a r e a s  i n  F i g .  4  d e n o t e  t h e  s h o r t a g e  o f  t h e r m a l  r e s o u r c e s  

f o r  m o s q u i t o e s ,  a n d  t h e  r e d  a r e a s  i n  F ig .  4  r e p r e s e n t  t h e  g r o w i n g  p e r i o d  o f  m o s q u i t o e s  i n  

t e r m s  o f  w a t e r  t e m p e r a t u r e s .  O n  c o m p a r i n g  F ig .  4 a  a n d  4 b ,  i t  i s  a p p a r e n t  t h a t  t h e  r e d  a r e a s  

i n  s o u t h e a s t e r n  C h i n a  a l o n g  t h e  T r o p i c  o f  C a n c e r  e x t e n d  i n  A p r i l  a n d  D e c e m b e r .  

F u r t h e r m o r e ,  t h e  r e d  a r e a s  i n  e a s t e r n  C h i n a ,  e s p e c i a l l y  t h o s e  i n c l u d i n g  d e n s e l y  p o p u l a t e d  

c i t i e s ,  e x t e n d  i n  O c t o b e r .  T h e  w a t e r  t e m p e r a t u r e s  i n  t h e  s o u t h e r n  a n d  e a s t e r n  p a r t s  o f  C h i n a  

i n  t h e  f u t u r e  c l i m a t e  i n c r e a s e  b y  a p p r o x i m a t e l y  3 ° C  c o m p a r e d  w i t h  t h o s e  i n  t h e  c u r r e n t  

c l i m a t e .  W h e n  c o n s i d e r i n g  f u t u r e  m o s q u i t o  g r o w t h ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  t h a t  t h i s  

v a l u e  i n  C h i n a  i s  g r e a t e r  t h a n  t h a t  i n  t e m p e r a t e  r e g i o n s ,  t h e  e a s t e r n  p a r t  o f  I n d o c h i n a  

( a p p r o x i m a t e l y  2 ° C ) ,  a n d  i n l a n d  I n d i a  ( a p p r o x i m a t e l y  1 .5 ° C ) .

6. Spatiotemporal distribution of Anopheles mosquitoes
6.1 Shift o f sea so n a l ch a n g es in geographical distribution
T o  c l a r i f y  s e a s o n a l  v a r i a t i o n s  i n  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  o f  a d u l t  m o s q u i t o  a b u n d a n c e ,  

t h e  d e v e l o p m e n t a l  s t a g e  o f  t h e  m o s q u i t o e s  w a s  d e t e r m i n e d  u s i n g  t h e  m o d e l  d e s c r i b e d  i n  

s e c t i o n  3 . F i g .  5  s h o w s  t h e  a b u n d a n c e  o f  m o s q u i t o e s  w h e n  t h e  c u m u l a t i v e  d e v e l o p m e n t a l  

s t a g e  (Ctotai) r e a c h e d  4 .  T h e  m o s t  n o t a b l e  o b s e r v a t i o n  i n  F i g .  5 a  i s  t h a t  m o s q u i t o  e m e r g e n c e  

i n  t h e  p r e s e n t  c l i m a t e  i s  l i m i t e d  s e a s o n a l l y  i n  m o s t  a r e a s  o f  M o n s o o n  A s i a ,  i n c l u d i n g  

s u b a r c t i c  r e g i o n s ,  c o o l -  a n d  w a r m - t e m p e r a t e  r e g i o n s ,  a n d  t h e  I n d i a n  a n d  I n d o c h i n a  

P e n i n s u l a .  H o w e v e r ,  i n  l a r g e  a r e a s  o f  t r o p i c a l  r e g i o n s  i n  S o u t h e a s t  A s i a ,  i n c l u d i n g  S u m a t r a ,  

K a l i m a n t a n ,  S u l a w e s i ,  N e w  G u i n e a ,  a n d  t h e  P h i l i p p i n e s ,  t h e  a d u l t  e m e r g e n c e  o f  Anopheles 
o c c u r s  y e a r  r o u n d .  A d u l t  m o s q u i t o e s  i n  s e m i - a r i d  t r o p i c a l  c o u n t r i e s  s u c h  a s  T h a i l a n d  a n d  

M y a n m a r  a p p e a r e d  o n l y  f r o m  J u n e  t o  O c t o b e r .  I n  i n l a n d  I n d i a ,  m o s q u i t o e s  o n l y  a p p e a r e d  

f r o m  A u g u s t  t o  O c t o b e r .  T h e  a p p e a r a n c e  o f  a d u l t  m o s q u i t o e s  i n  t e m p e r a t e  r e g i o n s  s u c h  a s  

J a p a n ,  K o r e a ,  a n d  n o r t h e a s t e r n  C h i n a  w a s  l i m i t e d  t o  s u m m e r .

I n  t h e  f u t u r e  c l i m a t e  ( F ig .  5 b ) ,  a l t h o u g h  t h e r e  i s  l i t t l e  c h a n g e  i n  a d u l t  e m e r g e n c e  i n  

t e m p e r a t e  r e g i o n s  i n  s p r i n g ,  t h e  n o r t h e r n  d i s t r i b u t i o n  l i m i t  o f  a d u l t  m o s q u i t o e s  i n  m i d ­

s u m m e r  c o u l d  s h i f t  a p p r o x i m a t e l y  2 0 0 - 3 0 0  k m  n o r t h .  I n  a u t u m n ,  t h e  n o r t h e r n  d i s t r i b u t i o n  

l i m i t  o f  a d u l t  e m e r g e n c e  i n  s u b t r o p i c a l  r e g i o n s  s u c h  a s  s o u t h e r n  C h i n a  c o u l d  s h i f t  

a p p r o x i m a t e l y  1 0 0  k m  n o r t h .  I n  a d d i t i o n ,  Anopheles c o u l d  s t i l l  p o t e n t i a l l y  a p p e a r  e v e n  i n  

w i n t e r .  T h i s  s u g g e s t s  t h a t  t h e  a r e a s  w h e r e  m o s q u i t o e s  a r e  a b l e  t o  a p p e a r  y e a r  r o u n d  c o u l d  

e x p a n d  i n  t h e  s u b t r o p i c a l  r e g i o n s  o f  s o u t h e r n  C h i n a .  O n  t h e  o t h e r  h a n d ,  t h e  e m e r g i n g  

p a t t e r n  o f  Anopheles i n  t r o p i c a l  r e g i o n s ,  e x c l u d i n g  t h e  s o u t h w e s t e r n  c o a s t a l  a r e a s  o f  t h e
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I n d i a n  P e n i n s u l a ,  i n  t h e  f u t u r e  c l i m a t e  a r e  u n c h a n g e d ,  c o m p a r e d  t o  t h a t  i n  t h e  c u r r e n t  

c l i m a t e .

6.2 C hanges in the average developm ental length and geographical distribution o f the  
maximum number o f generations o f Anopheles m osqu itoes
T h e  d u r a t i o n  o f  m o s q u i t o  d e v e l o p m e n t  f r o m  e g g  h a t c h i n g  t o  a d u l t  w a s  c o u n t e d  f r o m  t h e  

d a y  w h e n  t h e  e g g  s t a g e  b e g a n  t o  t h e  d a y  o f  o v i p o s i t i o n  a c t i v i t y .  T h i s  d u r a t i o n ,  w h i c h  i s  

r e q u i r e d  f o r  t h e  d e v e l o p m e n t  o f  t h e  a d u l t  m o s q u i t o ,  w a s  d e f i n e d  a s  t h e  d e v e l o p m e n t a l  

l e n g t h  i n  t h e  p r e s e n t  s t u d y .  T h e  a v e r a g e  d e v e l o p m e n t a l  l e n g t h  ( D aven,g e /  d a y )  d u r i n g  a  y e a r  

w a s  c a l c u l a t e d  a s  f o l l o w s :

fG mx ^ (  i  ■)

^average T D,
U =1

X GV max J

w h e r e  D ? i s  t h e  d e v e l o p m e n t a l  l e n g t h  ( d a y )  o f  t h e  i j t h  g e n e r a t i o n  f r o m  e g g  h a t c h i n g  t o  a d u l t  

e m e r g e n c e ,  cj i s  t h e  n u m b e r  o f  g e n e r a t i o n s ,  a n d  Gmax i s  t h e  m a x i m u m  n u m b e r  o f  g e n e r a t i o n s  

a s  d e s c r i b e d  i n  s e c t i o n  3 .1 .  D ,Wem ge  i n d i c a t e s  t h e  n e c e s s a r y  d u r a t i o n  o f  d e v e l o p m e n t  f r o m  a n  

e g g  t o  t h e  a d u l t  m o s q u i t o .  M o d e l  e s t i m a t i o n s  o f  D aVem ge  i n  t h e  c u r r e n t  c l i m a t e  o b t a i n e d  u s i n g  

e q u a t i o n  (6 )  r a n g e  f r o m  a p p r o x i m a t e l y  2  w e e k s  t o  m o r e  t h a n  1  m o n t h  ( F ig .  6 ) .  T h e  D aVem ge 

v a l u e  i n  t h e  r e g i o n s  w i t h  t h e  s h o r t a g e s  o f  w a t e r  a n d  t h e r m a l  r e s o u r c e s  i s  h i g h e r  t h a n  t h a t  i n  

t h e  r e g i o n s  s u i t a b l e  f o r  t h e  g r o w t h  o f  m o s q u i t o e s .  W h e n  t h e  D a v m ,g e i n  t h e  c u r r e n t  c l i m a t e  i s  

l e s s  t h a n  2 0  d a y s ,  t h e  D ,Wem ge  i n  t h e  f u t u r e  c l i m a t e  i s  a p p r o x i m a t e l y  2  d a y s  s h o r t e r  t h a n  t h a t  

i n  t h e  c u r r e n t  c l i m a t e ;  w h e n  t h e  D , Wem ge  i n  t h e  c u r r e n t  c l i m a t e  i s  m o r e  t h a n  2 0  d a y s ,  t h e  

Davemge i n  t h e  f u t u r e  c l i m a t e  i s  a p p r o x i m a t e l y  3  d a y s  s h o r t e r  t h a n  t h a t  i n  t h e  c u r r e n t  c l i m a t e  

( F ig .  6 ) .
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F i g .  6 . T h e  a v e r a g e  d u r a t i o n  o f  m o s q u i t o  d e v e l o p m e n t  ( d a y )  u n d e r  c u r r e n t  a n d  f u t u r e  

c l i m a t e s .
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F i g .  7 . G e o g r a p h i c  d i s t r i b u t i o n  o f  t h e  m a x i m u m  n u m b e r  o f  g e n e r a t i o n s  u n d e r  c u r r e n t  a n d  

f u t u r e  c l i m a t e s .

T h e s e  s m a l l e r  D nuernge v a l u e s  i n  t h e  f u t u r e  c l i m a t e  i n c r e a s e  t h e  m a x i m u m  n u m b e r  o f  

s u c c e s s i v e  g e n e r a t i o n s  (Gmnx) i n  m o s t  a r e a s  a n d  i n c r e a s e  t h e  f r e q u e n c y  o f  m o s q u i t o  

o c c u r r e n c e  ( F ig .  7 ) .  F i g .  7  i n d i c a t e s  t h a t  Gmnx d e p e n d s  o n  t h e  a v a i l a b i l i t y  o f  m o i s t u r e  ( F ig .  3 )  

a n d  o n  w a t e r  t e m p e r a t u r e  ( F ig .  4 ) .  T h e  v a l u e s  o f  G,mx i n  t e m p e r a t e  r e g i o n s  a n d  i n l a n d  I n d i a  

w e r e  a p p r o x i m a t e l y  6  t o  8  g e n e r a t i o n s  i n  t h e  c u r r e n t  c l i m a t e .  T h e  Gmax i n  t h e  e a s t e r n  p a r t  o f  

I n d o c h i n a  a n d  s o u t h e r n  C h i n a  w e r e  a p p r o x i m a t e l y  1 4  t o  1 6  g e n e r a t i o n s .  T h e  Gmax v a l u e s  i n  

t r o p i c a l  r e g i o n s  w e r e  m o r e  t h a n  2 0  g e n e r a t i o n s .

I n  t h e  f u t u r e  c l i m a t e  c o n d i t i o n s ,  t h e  Gmax i n  t r o p i c a l  r e g i o n s  a n d  s o u t h e r n  a n d  s o u t h e a s t e r n  

C h i n a  w o u l d  i n c r e a s e  b y  a p p r o x i m a t e l y  3  g e n e r a t i o n s  u n d e r  w a r m e r  c l i m a t e  c o n d i t i o n s .  

T h e  Gmax i n  t e m p e r a t e  r e g i o n s  w o u l d  i n c r e a s e  b y  a p p r o x i m a t e l y  2  g e n e r a t i o n s ,  a n d  t h e  Gmnx 
i n  i n l a n d  I n d i a  w o u l d  i n c r e a s e  b y  a p p r o x i m a t e l y  1 - 2  g e n e r a t i o n s ,  a l t h o u g h  t h e  g r o w i n g  

p e r i o d  o f  t h e  m o s q u i t o e s  i s  s t i l l  l i m i t e d  t o  t h e  p e r i o d  f r o m  A u g u s t  t o  O c t o b e r .  H o w e v e r ,  t h e  

i n c r e a s e  i n  t h e  Gmax i n  e a s t e r n  I n d o c h i n a  w o u l d  b e  s l i g h t l y  l e s s  t h a n  1 g e n e r a t i o n  i n  t h e  

f u t u r e  c l i m a t e  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  Gmax i n  s o u t h e r n  T h a i l a n d  w o u l d  d e c r e a s e  b y  1 

g e n e r a t i o n .

7. Discussion and conclusions

T h e  p r e s e n t  m o d e l ,  d r i v e n  b y  s i m p l e  m e t e o r o l o g i c a l  d a t a ,  w a s  a b l e  t o  p r e d i c t  t h e  e f f e c t s  o f  

f u t u r e  c l i m a t e  c h a n g e  o n  t h e  t e m p o r a l  v a r i a t i o n s  a n d  t h e  p o t e n t i a l  d i s t r i b u t i o n  o f  t h e  

Anopheles m o s q u i t o  t h a t  p o s s i b l y  t r a n s m i t s  m a l a r i a  i n  M o n s o o n  A s i a .  F o u r  m a i n  c o n c l u s i o n s  

c a n  b e  d r a w n  f r o m  t h e  r e s u l t s .

F i r s t ,  a l t h o u g h  t h e  Gmax v a l u e s  i n  t h e  f u t u r e  c l i m a t e  w o u l d  n o t  i n c r e a s e  i n  r e g i o n s  w h e r e  

w a t e r  r e s o u r c e s  a r e  a  l i m i t i n g  f a c t o r  f o r  t h e  g r o w t h  o f  m o s q u i t o e s ,  t h e  f u t u r e  Gmax v a l u e s  

w o u l d  g e n e r a l l y  i n c r e a s e  b y  a p p r o x i m a t e l y  2 - 3  g e n e r a t i o n s  ( F ig .  7 ) .  T h i s  i s  b e c a u s e  t h e  

f u t u r e  c l i m a t e  p r o j e c t e d  b y  t h e  C G C M 3 . 1  w o u l d  i m p r o v e  t h e  c u r r e n t  t h e r m a l  e n v i r o n m e n t  

i n  r e g i o n s  w i t h  s h o r t a g e  o f  t h e r m a l  r e s o u r c e s  ( F ig .  2 ) ,  e s p e c i a l l y  i n c r e a s e d  w a t e r  

t e m p e r a t u r e  s u i t a b l e  f o r  t h e  g r o w t h  o f  m o s q u i t o e s  ( F ig .  4 ) .  H o w e v e r ,  t h e  w a t e r  r e s o u r c e s  i n
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s e m i - a r i d  r e g i o n s  w o u l d  r e m a i n  u n c h a n g e d  i n  t h e  f u t u r e  c l i m a t e  ( F ig .  3 ) .  C o n s e q u e n t l y ,  t h e  

G m a x  v a l u e s  i n  t h e  f u t u r e  c l i m a t e  i n c r e a s e  b y  t h e  f u n c t i o n  o f  s m a l l e r  D aVem ge  v a l u e s  ( F ig .  6 )  

o w i n g  t o  t h e  i n c r e a s e  i n  w a t e r  t e m p e r a t u r e  ( F ig .  4 ) .  A c c o r d i n g l y ,  t h e  s o u t h e r n  p a r t  o f  C h i n a  

w i l l  e x p e r i e n c e  t h e  m o s t  r e m a r k a b l e  c h a n g e s  i n  v e c t o r  d i s t r i b u t i o n  i n  f u t u r e  c l i m a t e  

c o n d i t i o n s .  T h e  n o r t h e r n  l i m i t  o f  t h e  c u r r e n t  d i s t r i b u t i o n  o f  t r o p i c a l  Plasmodium falciparum  
m a l a r i a  i n  M o n s o o n  A s i a  c o u l d  s h i f t  a p p r o x i m a t e l y  1 0 0  k m  n o r t h ,  e s p e c i a l l y  i n  a u t u m n  ( F ig .  

5 ) .  A n o t h e r  r e g i o n  w i t h  d i s t i n c t  c h a n g e s  i n  v e c t o r  d i s t r i b u t i o n s  i n  f u t u r e  c l i m a t e  c o n d i t i o n s  

i s  t h e  e a s t e r n  p a r t  o f  C h i n a ,  w h i c h  c u r r e n t l y  h a s  a  l o w  d e n s i t y  o f  t h e  c u r r e n t  v e c t o r  s p e c i e s .  

T h e  n o r t h e r n  l i m i t  o f  t h e  c u r r e n t  d i s t r i b u t i o n  o f  t e m p e r a t e  Plasmodium vivax  m a l a r i a  i n  

M o n s o o n  A s i a  c o u l d  s h i f t  a p p r o x i m a t e l y  2 0 0 - 3 0 0  k m  n o r t h ,  e s p e c i a l l y  i n  s p r i n g  ( F ig .  5 ) .  T h e  

s u r v i v a l  o f  t h e  m o s q u i t o e s  i n  t h e  s o u t h w e s t e r n  c o a s t a l  r e g i o n s  o f  I n d i a  i n  e a r l y  s u m m e r  

w o u l d  b e  l i k e l y  i n  t h e  f u t u r e  c l i m a t e  c o n d i t i o n s  ( F ig .  5 ) ,  r e f l e c t i n g  i m p r o v e d  s o i l  m o i s t u r e  

c o n d i t i o n s  ( F ig .  3 ) .

S e c o n d ,  t h e  s h i f t s  i n  t h e  s e a s o n a l  p a t t e r n s  o f  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n s  o f  v e c t o r s  

p r o j e c t e d  i n  t h i s  s t u d y  a r e  c o n c o r d a n t  w i t h  t h o s e  o f  t h e  m a l a r i a  p o t e n t i a l  o b t a i n e d  f r o m  

o t h e r  s t u d i e s  ( M a r t e n s  e t  a l . ,  1 9 9 9 ;  R o g e r s  &  R a n d o l p h ,  2 0 0 0 ;  v a n  L i e s h o u t  e t  a l . ,  2 0 0 4 ;  

B h a t t a c h a r y a  e t  a l . ,  2 0 0 6 ) .  T h e  i n t e g r a t e d  m o d e l  w i t h  s o c i o e c o n o m i c  p r o c e s s e s  p r e d i c t s  t h e  

e x p a n s i o n  o f  t r o p i c a l  m a l a r i a  i n  s o u t h e r n  C h i n a  ( R o g e r s  &  R a n d o l p h ,  2 0 0 0 ;  v a n  L i e s h o u t  e t  

a l . ,  2 0 0 4 ) .  A c c o r d i n g  t o  M a r t e n s  e t  a l .  ( 1 9 9 9 ) ,  t h e  t e m p e r a t e  r e g i o n s  w h e r e  m a l a r i a  c a n  o c c u r  

w o u l d  e x t e n d  i n  t h e  f u t u r e  c l i m a t e  i n  e a s t e r n  C h i n a ;  t h i s  p r e d i c t i o n  i s  c o n c o r d a n t  w i t h  o u r  

r e s u l t s .  I n  a d d i t i o n ,  t h e  f u t u r e  g e o g r a p h i c a l  d i s t r i b u t i o n s  o f  v e c t o r s  i n  t h e  s o u t h w e s t e r n  

c o a s t a l  r e g i o n s  o f  I n d i a  m e n t i o n e d  a b o v e  c o n f o r m  t o  t h e  p r o j e c t e d  e n d e m i c  r e g i o n s  

o b t a i n e d  f r o m  t h e  s i m u l a t i o n  w i t h  a  r e g i o n a l  c l i m a t e  m o d e l  ( B h a t t a c h a r y a  e t  a l . ,  2 0 0 6 ) .  

I n t e r e s t i n g l y ,  t h e  n o r t h e r n  l i m i t  o f  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  o f  t h e  v e c t o r s  e s t i m a t e d  i n  

t h e  p r e s e n t  s t u d y  i s  l e s s  t h a n  t h a t  e s t i m a t e d  b y  M a r t i n  &  L e f e b v r e  ( 1 9 9 5 )  w h o  s t u d i e d  t h e  

a n n u a l  p o t e n t i a l .  A l s o ,  i t  m u s t  b e  n o t e d  t h a t  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n s  o b t a i n e d  f r o m  

t h e s e  s t u d i e s  i n d i c a t e  t h e  e p i d e m i c  p o t e n t i a l  o f  m a l a r i a  ( H a y  e t  a l . ,  2 0 0 9 ;  G e t h i n g  e t  a l . ,  2 0 1 0 )  

a n d  n o t  t h a t  o f  t h e  v e c t o r .  A l t h o u g h  l o n g - t e r m  t r e n d s  f o r  m a l a r i a  t r a n s m i s s i o n  w e r e  n o t  

s i g n i f i c a n t l y  a s s o c i a t e d  w i t h  a  r e c e n t  c l i m a t e  w a r m i n g  ( G e t h i n g  e t  a l . ,  2 0 1 0 ) ,  i t  w a s  f o u n d  

f r o m  t h i s  s t u d y  t h a t  t h e  p o t e n t i a l  r a n g e s  o f  v e c t o r  s p e c i e s  c o u l d  c h a n g e  d u e  t o  f u t u r e  

c l i m a t i c  c o n d i t i o n s .

T h i r d ,  t h e  p r e s e n t  m o d e l  t h a t  d e s c r i b e d  t h e  d e v e l o p m e n t a l  p r o c e s s e s  o f  a  r e p r e s e n t a t i v e  

Anopheles m o s q u i t o  i s  u n a b l e  t o  a d e q u a t e l y  o r  p r e c i s e l y  i n d i c a t e  t h e  t e m p o r a l  p a t t e r n s  o f  t h e  

m o s q u i t o  e m e r g e n c e ,  e s p e c i a l l y  i n  t r o p i c a l  r e g i o n s .  U s i n g  t h e  o r i g i n a l  c o n c e p t  o f  " i n t r i n s i c  

o p t i m u m  t e m p e r a t u r e  f o r  d e v e l o p m e n t "  a n d  a  t h e r m o d y n a m i c s  m o d e l ,  I k e m o t o  ( 2 0 0 5 )  

c o n c l u d e d  t h a t  t h e  g r o w t h  o f  Anopheles  m o s q u i t o e s  i s  s u p p r e s s e d  a n d  s t r e s s e d  b y  

t e m p e r a t u r e s  e x c e e d i n g  3 0 ° C .  A c c o r d i n g  t o  o u r  p r o j e c t i o n s ,  t h e  f u t u r e  G m ax  v a l u e s  i n  t h e  a l l  

t h e  t r o p i c a l  r e g i o n s  w o u l d  i n c r e a s e  b y  2  g e n e r a t i o n s .  H o w e v e r ,  c o n s i d e r i n g  t h a t  h i g h  

t e m p e r a t u r e s  i n j u r e  m o s q u i t o e s  ( D e p i n a y  e t  a l . ,  2 0 0 4 ;  I k e m o t o ,  2 0 0 5 ;  2 0 0 8 ) ,  i t  i s  p o s s i b l e  t h a t  

t h e s e  i n c r e a s e s  i n  G m ax  i n  t r o p i c a l  r e g i o n s  w i l l  n o t  o c c u r .  T h e  p o s s i b i l i t y  o f  a  s u b s e q u e n t  

g e n e r a t i o n  i s  o n l y  o n e  o f  t h e  f a c t o r s  f o r  d e t e r m i n i n g  t h e  m a g n i t u d e  o f  a  p o p u l a t i o n .  T h i s  

m i g h t  l e a d  t o  o v e r e s t i m a t i o n s  i n  t r o p i c a l  r e g i o n s .  T h e r e f o r e ,  a  p o p u l a t i o n  d y n a m i c s  m o d e l  

t h a t  c a n  s i m u l a t e  t h e  g r o w t h  o f  m a n y  i n d i v i d u a l  m o s q u i t o e s  s t o c h a s t i c a l l y  s h o u l d  b e  

a p p l i e d  t o  p r e d i c t  t h e  f u t u r e  d i s t r i b u t i o n  o f  m o s q u i t o e s .  T h e  m o d e l  b a s e d  o n  p o p u l a t i o n  

d y n a m i c s  p r o v i d e s  u s e f u l  d a t a  r e g a r d i n g  t h e  m a g n i t u d e s  o f  a  m o s q u i t o  p o p u l a t i o n  i n  f u t u r e  

c l i m a t e  c o n d i t i o n s  a s  w e l l  a s  t h e  m a x i m u m  n u m b e r  o f  g e n e r a t i o n s  f o r  t h e  r i s k  a s s e s s m e n t  o f  

m a l a r i a .  P a s c u a l  e t  a l .  ( 2 0 0 6 )  s u g g e s t s  t h a t  t h e  o b s e r v e d  t e m p e r a t u r e  c h a n g e s  w o u l d  b e
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s i g n i f i c a n t l y  a m p l i f i e d  b y  t h e  m o s q u i t o  p o p u l a t i o n  d y n a m i c s  w i t h  a  d i f f e r e n c e  i n  t h e  

b i o l o g i c a l  r e s p o n s e  a t  l e a s t  1  o r d e r  o f  m a g n i t u d e  l a r g e r  t h a n  t h a t  i n  t h e  e n v i r o n m e n t a l  

v a r i a b l e .

F i n a l l y ,  t h e  p r o b a b i l i t y  o f  o u r  r e s u l t s  r e g a r d i n g  c h a n g e s  i n  Gmax m a y  i n c r e a s e  o r  d e c r e a s e  t h e  

r a n g e  o f  t h e  m o s q u i t o e s  o w i n g  t o  d i f f e r e n t  c l i m a t e  m o d e l s  o r  f u t u r e  s c e n a r i o s  f o r  

g r e e n h o u s e  g a s  e m i s s i o n s .  T o  e l u c i d a t e  t h e  p r o b a b i l i t y  o f  t h e  p r o j e c t i o n  r a n g e ,  m o s q u i t o  

a b u n d a n c e  m u s t  b e  s i m u l a t e d  u s i n g  o u r  m o d e l  w i t h  a  v a r i e t y  o f  f u t u r e  e m i s s i o n  s c e n a r i o s  

a n d  c l i m a t e  m o d e l s .
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1. Introduction

D i s t r i b u t i o n s  a n d  a b u n d a n c e s  o f  i n s e c t  s p e c i e s  d e p e n d  o n  a  v a r i e t y  o f  f a c t o r s ,  b u t  w h e t h e r  

w e  f o c u s  o n  f o o d  p l a n t s  a n d  a v a i l a b i l i t y ,  e n v i r o n m e n t a l  n i c h e s  a n d  s h e l t e r s ,  p r e d a t o r s  o r  

p a r a s i t e s ,  b y  f a r  t h e  m o s t  i m p o r t a n t  l i m i t i n g  f a c t o r  i s  c l i m a t e .  S h i f t s  i n  i n s e c t  c o m m u n i t y  

s t r u c t u r e  h a v e  s u c c e s s f u l l y  b e e n  c o r r e l a t e d  w i t h  g l a c i a l  a n d  i n t e r - g l a c i a l  p e r i o d s  ( C o o p e  

1 9 9 5 ;  A s h w o r t h  1 9 9 7 ;  M o r g a n  1 9 9 7 ) ,  b u t  h a v e  a l s o  a t t r a c t e d  t h e  a t t e n t i o n  o f  r e s e a r c h e r s  

c o n c e r n e d  w i t h  c u r r e n t  c l i m a t e  t r e n d s .  P a r m e s a n  ( 2 0 0 1 )  a n d  F o r e s t e r  e t  a l .  ( 2 0 1 0 )  e x a m i n e d  

e x a m p l e s  f r o m  N o r t h  A m e r i c a  a n d  E u r o p e  a n d  e m p h a s i z e d  t h a t  p r e d i c t i o n s  o f  r e s p o n s e s  t o  

a  w a r m e r  c l i m a t e  m u s t  i n c o r p o r a t e  o b s e r v a t i o n s  o n  h a b i t a t  l o s s  o r  a l t e r a t i o n ,  l a n d  

m a n a g e m e n t  a n d  d i s p e r s a l  a b i l i t i e s  o f  t h e  s p e c i e s  i n  q u e s t i o n .

F o r  t h e  U n i t e d  K i n g d o m ,  H i l l  e t  a l .  ( 2 0 0 1 )  h a v e  s u m m a r i z e d  d a t a  o n  c h a n g e s  i n  t h e  

d i s t r i b u t i o n  o f  s p e c i f i c a l l y  t h r e e  b u t t e r f l y  s p e c i e s  (Pararge aegeria, Aphantopus hyperantus, a n d  

Pyronia tithonus). T h e s e  a u t h o r s  r e p o r t  t h a t  t h e  t h r e e  s p e c i e s  h a v e  b e e n  s h i f t i n g  n o r t h w a r d  

s i n c e  t h e  1 9 4 0 s  a n d  t h e y  p r e s e n t  m a p s  o f  s i m u l a t e d  b u t t e r f l y  d i s t r i b u t i o n s  f o r  t h e  p e r i o d  

2 0 7 0 - 2 0 9 9 ,  b a s e d  o n  t h e  c h a n g e s  s e e n  s i n c e  t h e  1 9 4 0 s .  A c c o r d i n g  t o  t h a t  s c e n a r i o  I c e l a n d  w i l l  

s e e  s o m e  c o l o n i e s  o f  t h e s e  t h r e e  s p e c i e s  i n  l e s s  t h a n  a  h u n d r e d  y e a r s .  M o n i t o r i n g  s p e c i f i c a l l y  

m o t h  d i s t r i b u t i o n s  h a s  b e e n  l e s s  p o p u l a r  ( C h e n  e t  a l .  2 0 0 9 ;  P a r k  e t  a l .  2 0 0 9 ) ,  a n d  e s p e c i a l l y  

m i c r o l e p i d o p t e r a n  s p e c i e s  h a v e  n o t  r e c e i v e d  t h e  a t t e n t i o n  t h e y  d e s e r v e ,  s o  t h a t  f e w  d e t a i l e d  

o b s e r v a t i o n s  o n  t h e i r  d i s t r i b u t i o n  p a t t r e r n s ,  c o v e r i n g  l o n g e r  p e r i o d s ,  e x i s t .

S ö d e r m a n  ( 1 9 9 4 )  r e p o r t s  t h a t  a  p r o g r a m m e  t o  m o n i t o r  m o t h  a b u n d a n c e  a n d  s p e c i e s  

c o m p o s i t i o n  h a s  b e e n  d e v e l o p e d  a n d  r u n  a s  a  N o r d i c  p r o j e c t  s i n c e  t h e  m i d d l e  o f  t h e  1 9 9 0 's .  

A t  t h e  m o m e n t  t h e  f o l l o w i n g  c o u n t r i e s  a r e  i n v o l v e d  i n  t h i s  M o t h  M o n i t o r i n g  S c h e m e  

( M M S ) :  D e n m a r k ,  F i n l a n d ,  I c e l a n d ,  S w e d e n ,  ( a t  r e g i o n a l  l e v e l ) ,  E s t o n i a ,  L a t v i a ,  L i t h u a n i a  

a n d  R u s s i a  ( r e s t r i c t e d  t o  K a r e l i a ,  t h e  S t . P e t e r s b u r g  r e g i o n ,  a n d  t h e  P s k o v  r e g i o n ) .  T h e  

m e t h o d s  r e c o m m e n d e d  a n d  e x p l a i n e d  f u r t h e r  b e l o w  a r e  m e a n t  t o  b e  u s e d  b y  a l l
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p a r t i c i p a n t s  o f  t h e  p r o j e c t .  T o  o u r  d i s a p p o i n t m e n t ,  h o w e v e r ,  m o t h  m o n i t o r i n g  i n  t h e  o t h e r  

N o r d i c  c o u n t r i e s  h a s  n o t  p r o g r e s s e d  a t  t h e  s a m e  l e v e l  t h a t  i t  h a s  i n  F i n l a n d ,  w h i c h  i s  w h y  

w e  f o c u s  o n  t h e  F i n n i s h  d a t a  i n  t h i s  a r t i c l e .

C o l l e c t i n g  b u t t e r f l i e s  a n d  m o t h s  h a s  a  l o n g  t r a d i t i o n  i n  F i n l a n d  a n d  t h e  b a s i c  k n o w l e d g e  o f  

t h e  d i s t r i b u t i o n  o f  t h e  F i n n i s h  m a c r o l e p i d o p t e r a n  s p e c i e s  i s  r a t h e r  g o o d ,  e s p e c i a l l y  t h a n k s  t o  

t h e  c o m p r e h e n s i v e  w o r k s  b y  K a i s i l a  ( 1 9 6 2 ) ,  M i k k o l a  ( 1 9 7 9 )  a n d  H u l d é n  e t  a l .  ( 2 0 0 0 ) .  

S y s t e m a t i c ,  r e g u l a r  m o n i t o r i n g  o f  m o t h s  i n  F i n l a n d  s t a r t e d  i n  1 9 9 3  ( S o m e r m a  e t  a l  1 9 9 3 )  a n d  

h a s  i n v o l v e d  a  n e t w o r k  o f  l i g h t  t r a p s  l o c a t e d  a l l  o v e r  t h e  c o u n t r y .

T h e  c o n t r i b u t i o n  o f  t h e  P r o v i n c e  o f  K a i n u u  t o  t h a t  p r o j e c t  h a s  b e e n  s i g n i f i c a n t  ( s e e  f u r t h e r  

b e l o w )  a n d  h a s  h e l p e d  u s  t o  c r e a t e  a  s o l i d  b a s e  t o  n o t i c e  c h a n g e s  i n  t h e  F i n n i s h  m o t h  f a u n a .  

I n  t h e  K a i n u u  a r e a  w e  h a v e  n o t  o n l y  c a r r i e d  o u t  s o m e  e x t r a  c o l l e c t i n g ,  e m p l o y i n g  m e t h o d s  

a d d i t i o n a l  t o  t h o s e  u s e d  e l s e w h e r e  i n  F i n l a n d  ( c f . ,  M a t e r i a l  a n d  M e t h o d s ) ,  b u t  w e  h a v e  a l s o  

b e e n  p a y i n g  p a r t i c u l a r  a t t e n t i o n  t o  t h e  m i c r o l e p i d o p t e r a .  B a s e d  o n  t h e  t w o  s e t s  o f  d a t a  

( f r o m  F i n l a n d  g e n e r a l l y  a n d  K a i n u u  P r o v i n c e  i n  p a r t i c u l a r ) ,  w e  w e r e  a b l e  t o  d e t e c t  c h a n g e s  

i n  t h e  c o m p o s i t i o n  o f  t h e  m o t h  f a u n a  a t  l o c a l  c o u n t y  l e v e l  a s  w e l l  a s  t h e  w i d e r ,  

b i o g e o g r a p h i c a l  r e g i o n ,  n a m e l y  t h e  e n t i r e  t e r r i t o r y  o f  F i n l a n d .

1.1 Characteristics o f the study area
T h e  b i o g e o g r a p h i c a l  p r o v i n c e  o f  K a i n u u  l i e s  i n  t h e  e a s t e r n  p a r t  o f  M i d d l e  F i n l a n d  ( F ig .  1 )  

a n d  i n c l u d e s  L a k e  O u l u j ä r v i  a n d  a  s t r e t c h  o f  t h e  r i v e r  O u l u j o k i .  T h e  l a k e  b a s i n  a n d  s m a l l e r  

r i v e r s  a r e  d e f i n i n g  c h a r a c t e r s  o f  t h e  p r o v i n c e ' s  t w o  e a s t e r n m o s t  a r e a s .  T h e  m i d d l e  p a r t s  o f  

K a i n u u ,  i . e . ,  P u o l a n k a ,  H y r y n s a l m i  a n d  S o t k a m o ,  a r e  r i c h  i n  h i l l s  r e a c h i n g  h e i g h t s  o f  2 0 0 -  

3 0 0  m  a b o v e  s e a  l e v e l .  I n  t h e  v i c i n i t y  o f  w a t e r  t h e r e  a r e  a l s o  m a n y  e s k e r s  r u n n i n g  f r o m  

n o r t h w e s t  t o  s o u t h e a s t  a n d  t h e  m o s t  r e m a r k a b l e  e s k e r  s e r i e s  i s  o n e  t h a t  p a s s e s  t h r o u g h  

S o t k a m o - V u o k a t t i -  O u l u j ä r v i  - R o k u a .

T h e  n a t u r a l  s u r r o u n d i n g s  o f  K a i n u u  a r e  c h a r a c t e r i z e d  b y  n u m e r o u s  b o d i e s  o f  w a t e r ,  w i d e  

f o r e s t  a r e a s ,  e s k e r s ,  h i l l s  a n d  b o g s .  T h e  l a r g e  f o r e s t s  g i v e  t h e  a r e a  a  s t a m p  o f  p r i s t i n e  

w i l d e r n e s s .  O v e r  8 0 %  o f  t h e  l a n d  a r e a  o f  K a i n u u  i s  c o v e r e d  b y  f o r e s t s .  I n  t h e  s o u t h w e s t e r n  

a n d  w e s t e r n  p a r t s  o f  t h e  p r o v i n c e  b o g s  d o m i n a t e  t h e  l a n d s c a p e .  E s p e c i a l l y  l a r g e  b o g g y  

a r e a s  o c c u r  i n  t h e  v i c i n i t y  o f  V a a l a .  T h e  t o t a l  a r e a  o f  K a i n u u  i s  2 4  4 5 6  k m 2',  o f  w h i c h  t h e  l a n d  

a r e a  a l o n e  a m o u n t s  t o  2 1  5 7 1  k m 2. T h e  p r o v i n c e  b o r d e r s  o n  t h e  f o l l o w i n g  t e r r i t o r i e s :  K a r e l i a  

b o r e a l i s  i n  t h e  s o u t h e a s t ,  S a v o n i a  b o r e a l i s  i n  t h e  s o u t h ,  O s t r o b o t h n i a  b o r e a l i s  i n  t h e  w e s t ,  

K u u s a m o  i n  t h e  n o r t h e a s t  a n d  R u s s i a  i n  t h e  e a s t .  T h e  n u m b e r  o f  h u m a n  i n h a b i t a n t s  i s  

a r o u n d  8 5  0 0 0  (w w w . K a i n u u . f i  ).

1.2 The Kainuu moth fauna
T h e  m a c r o l e p i d o p t e r o u s  f a u n a  o f  t h e  b i o g e o g r a p h i c a l  p r o v i n c e  o f  K a i n u u  h a s  b e e n  w e l l  

d o c u m e n t e d  t h a n k s  t o  s t u d i e s  i n  t h a t  a r e a  t h a t  b e g a n  i n  t h e  m i d d l e  o f  t h e  1 9  t h  c e n t u r y  

( T e n g s t r ö m  1 8 6 9 ) .  A d d i t i o n a l  i n f o r m a t i o n ,  i n c l u d i n g  f a u n a l  c o m p o s i t i o n  o f  K a i n u u  m o t h s ,  

h a s  c o m e  f r o m  i n v e s t i g a t i o n s  b y  A r o  ( 1 9 0 0 ) ,  V a l l e  ( 1 9 1 0 ) ,  H e i k i n h e i m o  ( 1 9 3 9 )  a n d  M i k k o l a  

( 1 9 5 5 ) .  I n  1 9 9 3  L e i n o n e n  ( 1 9 9 3 )  g a t h e r e d  t o g e t h e r  a l l  t h e  i n f o r m a t i o n  a v a i l a b l e  u p  t o  t h a t  

d a t e  a n d  a d d e d  h i s  o w n  o b s e r v a t i o n s .  C o n s e q u e n t l y ,  i n f o r m a t i o n  s p e c i f i c a l l y  o n  t h e  

m a r o l e p i d o p t e r o u s  m o t h  f a u n a  o f  K a i n u u  h a s  b e e n  k e p t  a t  a  h i g h  l e v e l  u n t i l  t h e  b e g i n n i n g  

o f  t h e  l a s t  d e c a d e  o f  t h e  2 0  t h  c e n t u r y .  A n  u p d a t e d  c o m p i l a t i o n  o f  t h e  m a c r o l e p i d o p t e r a  f o r  

t h e  w h o l e  o f  F i n l a n d  u p  t o  1 9 9 7  w a s  p u b l i s h e d  b y  H u l d é n  e t  a l  ( 2 0 0 0 ) ,  a l s o  i n c l u d i n g  t h e  

t h e n  l a t e s t  a v a i l a b l e  d a t a  f r o m  t h e  K a i n u u  a r e a .

http://www.Kainuu.fi
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F i g .  1 .  L o c a t i o n  o f  K a i n u u  b i o g e o g r a p h i c a l  p r o v i n c e  i n  e a s t e r n  M i d d l e  F i n l a n d  f r o m  
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O n  t h e  o t h e r  h a n d ,  t h e r e  w e r e  n o  p u b l i s h e d  F i n l a n d - w i d e  d a t a  o n  t h e  m i c r o l e p i d o p t e r o u s  

f a u n a  e v e n  t h o u g h  l i s t s  o f  c a p t u r e s  o r  s i g h t i n g s  o f  m i c r o l e p i d o p t e r a n  s p e c i e s  w e r e  a v a i l a b l e  

f r o m  F i n l a n d  a t  c o u n t y  l e v e l .  B a s i c a l l y  t h e  m o s t  u p - t o - d a t e  w o r k  o n  F i n n i s h  

m i c r o l e p i d o p t e r a  i s  t h a t  b y  K y r k i  ( 1 9 7 8 ) ,  w h o s e  s t u d y  m a t e r i a l  c a m e  f r o m  m u s e u m s  a n d  

s e v e r a l  p r i v a t e  c o l l e c t i o n s .  A t  t h a t  t i m e  4 3 3  m i c r o l e p i d o p t e r o u s  s p e c i e s  w e r e  k n o w n  f r o m  

t h e  K a i n u u  a r e a  a l o n e .  T w o  a d d i t i o n s  s u p p l e m e n t e d  t h e  e a r l i e r  p u b l i c a t i o n  ( K y r k i  1 9 7 9 ;  

K y r k i  &  T a b e l l  1 9 8 4 )  a n d  e v e n  m o r e  r e c e n t  u p d a t e s  w e r e  p u b l i s h e d  b y  K e r p p o l a  e t  a l  ( 1 9 9 5 )  

a n d  K u l l b e r g  e t  a l .  ( 2 0 0 2 ) .  T h u s ,  m a t e r i a l  t o  c o m p a r e  t h e  p r e s e n t  K a i n u u  m i c r o l e p i d o p t e r o u s  

f a u n a  w i t h  o l d e r  c o m p i l a t i o n s  d o e s  e x i s t ,  b u t  a  t h o r o u g h  i n v e s t i g a t i o n  i n t o  t h e  q u e s t i o n  o f  

t h e  c o m p o s i t i o n a l  o r i g i n s  o f  t h e  m i c r o l e p i d o p t e r o u s  f a u n a  h a d  n o t  b e e n  c a r r i e d  o u t  u n t i l  

w e  s t a r t e d  o u r  r e s e a r c h  i n  1 9 8 7 .  W e  h a v e  r e c e n t l y  p u b l i s h e d  r e s u l t s  o n  t h e  m o t h  f a u n a  o f  t h e  

F r i e n d s h i p  N a t u r e  R e s e r v e ,  a  j o i n t  p a r k  b e t w e e n  R u s s i a  a n d  F i n l a n d  ( L e i n o n e n  e t  a l .  1 9 9 7 ) .  

T h e  F i n n i s h  p a r t s  o f  t h e  p a r k  l i e  n e a r  t h e  e a s t e r n  b o r d e r  o f  K a i n u u  p r o v i n c e  a n d  m o s t  o f  t h e  

f i n d s  t h a t  t h i s  r e p o r t  d e a l s  w i t h  w e r e  m a d e  b y  u s  i n  t h e  s a m e  a r e a  a n d  a r e  i n c l u d e d  i n  t h e  

a b o v e  m e n t i o n e d  c a t a l o g u e s .

2. Material and methods

2.1 Equipment used  and areas visited
O n e  o f  t h e  l a r g e s t  m o n i t o r i n g  e x e r c i s e s  i n  F i n l a n d  i s  t h e  N o c t u r n a l  M o t h  M o n i t o r i n g  

( N M M )  p r o j e c t ,  w h i c h  s t a r t e d  i n  1 9 9 3  ( S o m e r m a  e t  a l  1 9 9 3 ,  S ö d e r m a n  1 9 9 4 )  a n d  s t i l l  

c o n t i n u e s  ( S ö d e r m a n  e t  a l  1 9 9 4 , 1 9 9 5 , 1 9 9 7 , 1 9 9 9 ,  N i e m i n e n  1 9 9 6 ,  L e i n o n e n  e t  a l  1 9 9 8 a ,  1 9 9 9 ,  

2 0 0 0 ,  2 0 0 3 ) .  I n  t h i s  p r o j e c t  t h e  n u m b e r s  o f  s p e c i e s  a n d  i n d i v i d u a l s  o f  t h e  s o - c a l l e d  

m a c r o l e p i d o p t e r a  a r e  r e c o r d e d .  F u r t h e r m o r e  t h e  d i s t r i b u t i o n  o f  t h e  s e x e s ,  n u m b e r  o f  

g e n e r a t i o n s  p e r  y e a r  a n d  a n y  n o t e w o r t h y  c h a n g e s  h a v e  b e e n  r e c o r d e d .  F r o m  t h e  K a i n u u  

s t u d y  s i t e s  w e  a l s o  h a v e  i d e n t i f i e d  a n d  c o u n t e d  t h e  s o - c a l l e d  m i c r o l e p i d o p t e r a  ( L e i n o n e n  &  

I t ä m i e s ,  u n p u b l i s h e d  d a t a ) .

F o r  F i n l a n d ' s  N M M  p r o j e c t ,  a l t o g e t h e r  2 0 5  l i g h t  t r a p s  a r o u n d  t h e  c o u n t r y  h a v e  b e e n  i n  

o p e r a t i o n  f o r  a t  l e a s t  o n e  c o l l e c t i n g  p e r i o d  e v e r  s i n c e  t h e  p r o j e c t  s t a r t e d  ( F ig .  2 ) .  B a s i c  

a u t o m a t i c  a n d  p a s s i v e  c o l l e c t i n g  h a s  i n v o l v e d  J a l a s  l i g h t - t r a p s  ( J a l a s  1 9 6 0 ) .  T h e  t r a p s  w e r e  

i n i t i a l l y  e q u i p p e d  w i t h  1 6 0  W  m i x e d  l i g h t  l a m p s  a n d  l a t e r  w i t h  1 2 5  W  m e r c u r y  v a p o u r  

l a m p s .  T h e  t r a p s  w e r e  e m p t i e d  o n c e  a  w e e k  a n d  a l l  s o - c a l l e d  m a c r o l e p i d o p t e r o u s  s p e c i e s  

w e r e  i d e n t i f i e d ,  c o u n t e d  a n d  s e x e d .  A s  w i t h  s o m e  b u t t e r f l i e s  ( e . g . ,  Pieris napi: M e y e r -  

R o c h o w  a n d  J ä r v i l e h t o ,  1 9 9 7 )  i n  s o m e  s p e c i e s  o f  m o t h s  d i f f e r e n t  c o l o u r  m o r p h s  w e r e  

n o t i c e d  a n d  r e c o r d e d .  I d e n t i f i c a t i o n s  w e r e  m a d e  b y  t h e  m e m b e r s  o f  t h e  F i n n i s h  

L e p i d o p t e r o l o g i c a l  S o c i e t y  a n d  t h e  d a t a  w e r e  f e d  i n t o  t h e  H e r t t a - d a t a b a s e  a n d  p r e s e r v e d  i n  

s e p a r a t e  f i l e s  f o r  e a c h  y e a r  a t  t h e  F i n n i s h  E n v i r o n m e n t  I n s t i t u t e .  A t  t h i s  m o m e n t  t h e  

d a t a b a s e  i n c l u d e s  a l m o s t  s i x  m i l l i o n  r e c o r d s .

T h e  n u m b e r  o f  t r a p s  u s e d  o v e r  t h e  y e a r s  h a s  f l u c t u a t e d  ( T a b l e  1 ) .  T h e r e  w e r e  5  s i t e s  w h e r e  a  

t r a p  w a s  i n  o p e r a t i o n  e v e r y  y e a r  s i n c e  1 9 9 3  a n d  i n  t h e  t o w n  a r e a  o f  K a j a a n i  o n e  t r a p  w a s  i n  

o p e r a t i o n  f o r  2 1  y e a r s  b e t w e e n  1 9 8 4 - 2 0 0 5 .  A l l  l i g h t  t r a p  m a t e r i a l  i s  i n c l u d e d  i n t o  t h e  d a t a  o f  

t h e  N M M  p r o j e c t .  A d d i t i o n a l l y ,  b a i t - t r a p p i n g  h a s  b e e n  u s e d  e x t e n s i v e l y  i n  c o n n e c t i o n  w i t h  

t h e  O u l u - m o d e l  t r a p  ( F ig .  3 ) ,  a c c o r d i n g  t o  L a a k s o n e n  e t  a l .  ( 2 0 0 6 ) .  M o r e  r a n d o m l y  w e  h a v e  

a l s o  m a d e  u s e  o f  m a l a i s e ,  p h e r o m o n e  a n d  c o l o u r  t r a p s .  D u r i n g  t h e  f i r s t  y e a r s  o f  m o n i t o r i n g  

t h e  l e p i d o p t e r a n  f a u n a s  i n  t h e  F r i e n d s h i p  P a r k  a r e a  o f  K u h m o  a n d  S u o m u s s a l m i ,  w e  u s e d  

b a i t e d  t r a p s  o f  t h e  " J a l a s  t y p e " ,  b u t  l a t e r  w e  u s e d  t h e  " O u l u - m o d e l " .  T h e  l a r g e s t  b a i t
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F ig .  2 .  T h e  l i g h t  t r a p p i n g  n e t w o r k  o f  t h e  F i n n i s h  N o c t u r n a l  M o t h  M o n i t o r i n g  p r o j e c t .  K e y  t o  

s y m b o l s :  b l a c k  c r o s s  =  t r a p  h a s  b e e n  i n  u s e  < 1 5  y e a r s ;  r e d  c i r c l e  =  t r a p  h a s  b e e n  i n  u s e  >  1 5  

y e a r s .
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F i g .  3 . T h e  O u l u - m o d e l  b a i t  

K a i n u u  a r e a .

t r a p  (c f .  L a a k s o n e n  e t  a l .  2 0 0 6 )  u s e d i n  t h e  m o t h  m a p p i n g  o f  t h e

l i g h t b a i t m a l a i s e p h e r o m o n e c o lc u

1 9 8 7 1

1 9 9 0 1

1 9 9 1 2 3

1 9 9 2 4 2 0

1 9 9 3 1 2 1 8

1 9 9 4 1 5 1 9

1 9 9 5 1 7 2 9 3 0

1 9 9 6 1 8 1 1 7 1 8

1 9 9 7 1 5 3 1 2 7

1 9 9 8 1 0 5 1 1 5 1 8

1 9 9 9 1 1 1 5 2 3

2 0 0 0 1 0 6 1 1 8 2 1

2 0 0 1 1 0 1 1 2 2 9 ? 2 1

2 0 0 2 1 0 7 4 1 7 1 8

2 0 0 3 1 1 1 9 4 2 1

2 0 0 4 6 1 4 1 1 8

2 0 0 5 7 9 5 1 0

2 0 0 6 6 2 2

2 0 0 7 6 3 3 1

2 0 0 8 6 2 2 6 2

2 0 0 9 6 1 2 1 5 3

2 0 1 0 6 1 3 1 5 3

T a b l e  1 . L i s t  o f  y e a r l y  n u m b e r s  a n d  t y p e s  o f  t r a p s  u s e d  i n  t h e  K a i n u u  a r e a  i n  t h e  y e a r s  1 9 8 7  

a n d  1 9 9 0 - 2 0 1 0 .
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t r a p p i n g  w a s  c a r r i e d  o u t  i n  t h e  y e a r s  2 0 0 1 - 2 0 0 3 ,  w h e n  o v e r  o n e  h u n d r e d  b a i t  t r a p s  w e r e  

u s e d  i n  t h e  j o i n t  a r e a  o f  K a i n u u  a n d  R u s s i a n  K a r e l i a .  T h i s  s t u d y  o n  t h e  i m p a c t  o f  t h e  

p r i m e v a l  f o r e s t  a r e a  o f  V i e n a n  K a r e l i a  w a s  c a r r i e d  o u t  t o  a s s e s s  t h e  a n i m a l  p o p u l a t i o n s  o f  

o l d  K a i n u u  f o r e s t s  ( i n c l u d i n g  L a n d s c a p e  E c o l o g y  o f  m o t h s  i n  R u s s i a n  K a r e l i a  a n d  t h e  

a d j a c e n t  F i n n i s h  p r o v i n c e  K a i n u u ) ,  w i t h  s p e c i a l  a t t e n t i o n  g i v e n  t o  t h e  i n f l u e n c e  o f  h u m a n  

a c t i v i t y  u p o n  t h e  l o c a l  m o t h  f a u n a  ( V á r k o n y i  &  L e i n o n e n  2 0 0 4 ) .

O u r  t h o r o u g h  m a p p i n g - e x e r c i s e s  w e r e  b a s e d  o n  a c t i v e  s e a r c h i n g ,  e i t h e r  b y  v i s i t i n g  n e w  

s i t e s  o r  b y  c o l l e c t i n g  m o t h s  f r o m  c e r t a i n  f o o d  p l a n t s .  E m p h a s i s  h a s  b e e n  o n  s p e c i e s  n o t  

p r e v i o u s l y  r e p o r t e d  f r o m  t h e  K a i n u u  a r e a .

2.2. Groups o f Lepidoptera investigated
W e  h a v e  k e p t  m i c r o s  ( M i c r o p t e r i g i d a e - P t e r o p h o r i d a e )  a n d  m a c r o s  ( P a p i l i o n i d a e - N o c t u i d a e )  

s e p a r a t e ,  b u t  t h e  g e n e r a l  l e v e l  o f  k n o w l e d g e  r e g a r d i n g  s p e c i e s  i n  t h e s e  g r o u p s  v a r i e s  f r o m  

r e g i o n  t o  r e g i o n .  I n  F i n l a n d  t h e r e  a r e  m a n y  p e o p l e  w h o  o c c u p y  t h e m s e l v e s  w i t h  m a c r o s ,  b u t  

m u c h  f e w e r  e n t h u s i a s t s ,  p e r h a p s  o n e  t e n t h ,  i n v o l v e  t h e m s e l v e s  w i t h  m i c r o s .  T h e  f i r s t  t a s k ,  

t h e r e f o r e ,  w a s  t o  i d e n t i f y  t h e  n e w  a r r i v a l s  t o  t h e  r e g i o n .  W e  u s e  t w o  d i f f e r e n t  t e r m s  a n d  

d i s t i n g u i s h :  a )  n e w  p r o v i n c i a l  f i n d s  ( n p f ) ,  w h i c h  m e a n s  a  s p e c i e s  o c c u r r i n g  i n  t h e  p r o v i n c e  

o f  K a i n u u ,  b u t  n o t  h a v i n g  b e e n  r e p o r t e d  e a r l i e r  f r o m  t h e r e ,  a n d  b )  s p e c i e s  t h a t  c a n  b e  

c o n s i d e r e d  n e w  t o  t h e  r e g i o n  a n d  t h e r e f o r e  r e p r e s e n t  n e w  a r r i v a l s  ( n a r ) .  J u d g m e n t s  o n  w h a t  

i s  a n d  i s  n o t  a  n e w  p r o v i n c i a l  f i n d  o r  a  n e w  a r r i v a l  a r e  b a s e d  l a r g e l y  o n  p u b l i s h e d  r e p o r t s .  

T h e  i n t e r p r e t a t i o n  o f  w h a t  c o n s t i t u t e s  a  n e w  a r r i v a l  i s  d e p e n d e n t  o n  o u r  e x p e r i e n c e  a n d  a l s o  

o n  r e p o r t s  o f  e v e n t s  f r o m  o t h e r  p r o v i n c e s  o f  F i n l a n d .  I n  m a n y  c a s e s  i d e n t i f i c a t i o n  w a s  n o t  a t  

a l l  d i f f i c u l t ,  b u t  t h e r e  w e r e  a l s o  c o n t r o v e r s i a l  c a s e s .  T h e  f i r s t  d i f f i c u l t y  s t e m s  f r o m  t h e  h u g e  

y e a r l y  f l u c t u a t i o n s  o f  m o t h  c a t c h e s ,  o b v i o u s l y  i n c r e a s i n g l y  p r o n o u n c e d  a s  w e  m o v e  f u r t h e r  

n o r t h w a r d s  ( s e e  e . g . ,  M a r t t i l a  1 9 9 2 ,  I t ä m i e s  &  P u l l i a i n e n  2 0 0 6 ) .  W e  h a d  t o  e x a m i n e  d a t a  

c o v e r i n g  p e r i o d s  o f  f i v e  t o  s i x  y e a r s  i n  o r d e r  t o  o b t a i n  a  b a s i c  i d e a  o f  t h e  m o t h  f a u n a  i n  t h e  

s t u d y  a r e a .  H o w e v e r ,  t h e r e  w e r e  s o m e  r a t h e r  c l e a r  c a s e s  t h a t  c o u l d  i m m e d i a t e l y  b e  

r e c o g n i z e d  a s  n e w  a r r i v a l s  e v e n  d u r i n g  t h e  f i r s t  t w o  y e a r s  o f  s t u d y ,  b a s e d  o n  o u r  o w n  

e x p e r i e n c e  a n d  t h e  i n f o r m a t i o n  a v a i l a b l e  f r o m  n u m e r o u s  p u b l i c a t i o n s  a n d  c a t a l o g u e s .

2.3 Additional information
A n o t h e r  p r o b l e m  p r e s e n t e d  t h e  g r o u p  o f  s p e c i e s  t h a t  w a s  r e t r i e v e d  t h r o u g h  a c t i v e  

s e a r c h i n g .  W e  c o u l d  n o t  b e  a b s o l u t e l y  c e r t a i n ,  i f  a  s p e c i e s  c o l l e c t e d  f r o m  t h e  K a i n u u  a r e a  

h a d  a l r e a d y  b e c o m e  e s t a b l i s h e d  t h e r e  o r  r e p r e s e n t e d  a  r e c e n t  a n d  f l e e t i n g  v i s i t o r .  

P r o b l e m a t i c  s p e c i e s  s u c h  a s  t h e s e  w e r e  r o u t i n e l y  l e f t  o u t  o f  t h e  g r o u p  o f  n e w  a r r i v a l s .  W e  

c a n  i l l u m i n a t e  t h e s e  p r o b l e m s  b y  s o m e  e x e m p l a r y  s p e c i e s .  Notocelia roboraría w a s  n o t  

i n c l u d e d  a s  a  n e w  a r r i v a l ,  a l t h o u g h  i t  w a s  n o t  r e c o r d e d  f r o m  K a i n u u  u n t i l  2 0 0 3 .  I t  d e p e n d s  

o n  r o s e  b u s h e s ,  w h i c h  m e a n s  t h a t  i t  i s  m o r e  o r  l e s s  b o u n d  t o  c u l t u r a l  s u r r o u n d i n g s .  T h e r e  i s  

o f  c o u r s e  a  s m a l l  p o s s i b i l i t y  t h a t  i t  h a d  a r r i v e d  r e c e n t l y ,  b u t  e v e n t s  i n  o t h e r  c o u n t i e s  d o  n o t  

s u p p o r t  t h i s  i d e a .  I t  s e e m s  t o  h a v e  b e e n  o v e r l o o k e d  e a r l i e r .  R a t h e r  s i m i l a r  i s  t h e  c a s e  w i t h  

Eucosma hohenwartiana, f i r s t  r e p o r t e d  i n  2 0 0 2 .  I t  i s  a n  i n h a b i t a n t  o f  m e a d o w s  w i t h  Centaurea 
s p e c i e s ,  w h i c h  i n  t h e  K a i n u u  a r e a  a r e  e x t r e m e l y  r a r e .  T h e  s p e c i e s  s e e m s  t o  e x p a n d  i t s  r a n g e ,  

b u t  w e  l e f t  i t  o u t  o f  t h e  g r o u p  o f  a r r i v a l s ,  b e c a u s e  w e  b e l i e v e  i t  m u s t  h a v e  b e e n  o v e r l o o k e d  

e a r l i e r .

I n  o r d e r  t o  e s t a b l i s h  w h i c h  k i n d s  o f  s p e c i e s  a r e  i n d e e d  i n v a d i n g  t h e  n o r t h e r n  r e g i o n s  o f  

F i n l a n d ,  w e  g r o u p e d  s p e c i e s  t o g e t h e r  a c c o r d i n g  t o  t h e i r  h a b i t a t  p r e f e r e n c e s  ( s e e  A p p e n d i x ) .
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O n e  s p e c i e s  c o u l d  b e  l i s t e d  i n  m o r e  t h a n  o n e  h a b i t a t ,  i f  i t  w a s  a b l e  t o  e x i s t  i n  s e v e r a l  

b i o t o p e s .  T h i s  m e a n s  t h a t  t h e  t o t a l  n u m b e r  o f  s p e c i e s  d e e m e d  t o  r e p r e s e n t  n e w  a r r i v a l s ,  m a y  

b e  s o m e w h a t  l a r g e r  t h a n  t h e  r e a l  n u m b e r .  W e  t h e r e f o r e  a s s i g n e d  " h a b i t a t  p o i n t s "  t o  e a c h  

s p e c i e s .  T h e  h a b i t a t  c l a s s i f i c a t i o n  u s e d  w a s  a s  f o l l o w s :  d f  =  d e c i d u o u s  f o r e s t ;  c f =  c o n i f e r o u s  

f o r e s t ;  c =  c u l t u r a l  s u r r o u n d i n g s ,  i . e .  h a b i t a t s  m a d e  b y  m a n  l i k e  y a r d s ,  g a r d e n s ,  p a r k s  e t c . ;  

m =  m e a d o w s ;  d m  = d r y  m e a d o w s ;  r =  r u d e r a l  a r e a s ;  b =  b o g s ,  f e n s  a n d  m a r s h e s ;  d h =  

e x t r e m e l y  s u n  e x p o s e d  h e a t h s  a n d  s l o p e s ;  b u =  b u s h e s ,  a l l  k i n d  o f  b o r d e r  a r e a s  o f  f o r e s t s ,  

m e a d o w s  a n d  r o a d s  w i t h  r i c h  d e c i d u o u s  b u s h e s ;  c c =  c l e a r  c u t s .

I n  a d d i t i o n ,  t w o  c o l u m n s  w e r e  a d d e d  t h a t  p r o v i d e d  i n f o r m a t i o n  o n  t h e  t y p e  o f  t a r g e t e d  

s e a r c h i n g ,  i . e . ,  d  =  a c t i v e l y  s e a r c h e d ,  a n d  p h = c o l l e c t e d  b y  p h e r o m o n e s .  I n  t h e  l a s t  c o l u m n  

t h e  n u m b e r  o f  m i g r a t o r y  m o t h  s p e c i e s  i s  g i v e n .  T h e s e  w e r e  a d d e d  t o  t h e  a r r i v a l s ,  b u t  t h e y  

w e r e  n o t  a s s i g n e d  t o  a n y  o f  t h e  h a b i t a t  g r o u p s .  F i n a l l y ,  i n  o u r  c o m p r e h e n s i v e  t a b l e  

( A p p e n d i x )  w e  h a v e  u s e d  a  t h r e e - s t e p - s c a l e  t o  e v a l u a t e  t h e  p r e s e n t  s t a t u s  o f  t h e  a r r i v a l s  a s  

t o  t h e i r  s u c c e s s  i n  s e t t l i n g  i n  t h e  K a i n u u  p r o v i n c e .

A n o t h e r  a s p e c t  f o r  w h i c h  w e  w a n t e d  t o  o b t a i n  i n f o r m a t i o n ,  w a s  r e l a t e d  t o  t h e  a r r i v a l s '  

h i b e r n a t i o n  c h a r a c t e r i s t i c s .  T o w a r d s  t h i s  e n d ,  g r o u p i n g s  o f  m a c r o l e p i d o p t e r a  w e r e  b a s e d  o n  

t h e  r e s u l t s  o f  M i k k o l a  &  J a l a s  ( 1 9 7 7 ,  1 9 7 9 ) ,  a n d  M i k k o l a  e t  a l .  ( 1 9 8 5 ,  1 9 8 9 )  w h i l e  t h o s e  

i n v o l v i n g  m i c r o l e p i d o p t e r a  w e r e  b a s e d  o n  S c h ü t z e  ( 1 9 3 1 ) ,  E m m e t  ( 1 9 7 9 )  a n d  S v e n s s o n  

(1 9 9 3 ) .  N o m e n c l a t u r e  f o l l o w s  t h a t  o f  K u l l b e r g  e t  a l .  ( 2 0 0 2 ) .

3. Results

D u r i n g  t h e  y e a r s  1 9 8 7 - 2 0 1 0  a l t o g e t h e r  2 5 8  s p e c i e s  o f  m o t h s  w e r e  d e t e r m i n e d  a s  n e w ,  i . e . ,  n o t  

r e c o r d e d  u n t i l  t h e n  f r o m  t h e  b i o g e o g r a p h i c a l  p r o v i n c e  o f  K a i n u u .  O f  t h e s e  s p e c i e s  1 8 7  w e r e  

r e p r e s e n t a t i v e s  o f  m i c r o  a n d  7 1  o f  m a c r o l e p i d o p t e r a .  A l t o g e t h e r  3 8  s p e c i e s  w e r e  t h e  r e s u l t s  

o f  t a r g e t e d  s e a r c h i n g  a n d ,  a s  c o u l d  b e  e x p e c t e d ,  t h i s  p a t t e r n  o f  n e w  r e c o r d s  o c c u r r e d  a t  t h e  

b e g i n n i n g  o f  o u r  s t u d y  p e r i o d  ( F ig .  4 )  a n d  o n  t h e  o t h e r  h a n d  m o s t  o f  t h e m  (3 7 )  w e r e  

m i c r o l e p i d o p t e r a .  I t  s h o u l d  n o t  s u r p r i s e  t h a t  w i t h  t h e  k i n d  o f  m a s s i v e  c o l l e c t i n g  t h a t  t o o k  

p l a c e  a t  t h a t  t i m e ,  i n c r e a s i n g  n u m b e r s  o f  n e w  p r o v i n c i a l  f i n d s  h a p p e n e d  m a i n l y  d u r i n g  t h e  

f i r s t  f e w  y e a r s .

W h e n  w e  a r b i t r a r i l y  d i v i d e  t h e  s e r i e s  i n t o  t h r e e  p e r i o d s  ( 1 9 8 7 - 9 5 , 1 9 9 6 - 2 0 0 0  a n d  2 0 0 1 - 2 0 1 0 ) ,  

m o r e  i n t e r e s t i n g  f e a t u r e s  c a n  b e  r e v e a l e d .  T h e  h u g e  p e a k  o f  n e w  s p e c i e s  i s  s t i l l  o b v i o u s  f o r  

t h e  f i r s t  p e r i o d  ( 1 0 8  s p e c i e s ) ,  b u t  o n e  a l s o  n o t i c e s  t h a t  t h e  l a s t  p e r i o d ,  e s p e c i a l l y  t h e  f i r s t  

s e v e n  y e a r s  o f  i t ,  w e r e  a l m o s t  e q u a l l y  p r o f i t a b l e  i n  t h a t  9 7  n e w  s p e c i e s  w e r e  r e c o r d e d  o v e r  

t h a t  t i m e .  T h e r e  s e e m s  t o  b e  s o m e  k i n d  o f  c o l l a p s e  d u r i n g  t h e  l a s t  t h r e e  y e a r s  o f  t h e  t h i r d  

p e r i o d ,  b u t  o n l y  f u t u r e  o b s e r v a t i o n s  w i l l  b e  a b l e  t o  t e l l  u s  w h e t h e r  t h i s  s i g n i f i e s  a  p e r m a n e n t  

f e a t u r e  o r  h a s  t o  b e  r e g a r d e d  a s  a  t e m p o r a r y  e v e n t .  I n  t o t a l  7 7  s p e c i e s  w e r e  i d e n t i f i e d  a s  n e w  

a r r i v a l s  a n d  t h e  g r e a t e s t  b u l k  o f  t h e s e  a r r i v e d  d u r i n g  t h e  l a s t  p e r i o d  ( F ig .  4 ) .

3.1 Habitat distribution
W e  d i s t i n g u i s h e d  1 1  h a b i t a t  g r o u p s  t o  w h i c h  t h e  s p e c i e s  c o u l d  b e  a s s i g n e d  ( s e e  M a t e r i a l  

a n d  M e t h o d s ) .  M o s t  s p e c i e s  w e r e  f o u n d  t o  b e l o n g  t o  t h e  d e c i d u o u s  f o r e s t  g r o u p .  W h e n  

w e  a d d e d  t o  t h a t  g r o u p  s p e c i e s  l i v i n g  i n  v a r i o u s  b u s h y  h a b i t a t s ,  w e  s e e  t h a t  t o g e t h e r  t h e y  

r e a c h  1 2 3  p o i n t s .  M e a d o w s  a n d  d r y  m e a d o w s  f o l l o w  w i t h  9 8  p o i n t s .  A  r a t h e r  l a r g e  

n u m b e r  o f  s p e c i e s  a l s o  o c c u r r e d  i n  c u l t u r a l  s u r r o u n d i n g s  ( 4 9 )  a n d  o n  r u d e r a t e s  ( 2 2 ) .  V e r y  

f e w  n e w  s p e c i e s ,  h o w e v e r ,  w e r e  c o l l e c t e d  f r o m  b o g s  ( 1 4 )  a n d  f r o m  s u n - e x p o s e d  d r y  

h e a t h s  (7 ) .
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F i g .  4 .  H a b i t a t  d i s t r i b u t i o n  o f  n e w  p r o v i n c i a l  f i n d s  ( n p f )  a n d  n e w  a r r i v a l s  ( a r r )  o f  

m i c r o l e p i d o p t e r a  ( m i )  a n d  m a c r o l e p i d o p t e r a  ( m a )  i n  t h e  p r o v i n c e  o f  K a i n u u  f o r  t h e  y e a r s  

1 9 8 7  a n d  1 9 9 0 - 2 0 1 0  c o m b i n e d .  F o r  a b b r e v i a t i o n s  o f  h a b i t a t s  o n  t h e  a b s c i s s a  s e e  M a t e r i a l  a n d  

M e t h o d s .  T h e  o r d i n a t e  s h o w s  t h e  n u m b e r  o f  s p e c i e s .

W h e n  w e  i n s p e c t  m o r e  c l o s e l y  t h e  h a b i t a t  d i s t r i b u t i o n  o f  t h e  a r r i v a l s  v e r s u s  o t h e r  n e w  

p r o v i n c i a l  f i n d s ,  w e  c a n  e x t r a c t  s o m e  f e a t u r e s  f r o m  t h e  m a t e r i a l  ( F ig .  5 ) .  S p e c i e s  l i v i n g  i n  

m a n - m a d e  s u r r o u n d i n g s  (c  a n d  r )  s e e m  t o  b e  m o s t  a c t i v e l y  e x p a n d i n g  i n t o  t h e  K a i n u u  

r e g i o n .  M e a d o w  h a b i t a t s  a r e  a l s o  w e l l  i n h a b i t e d  b y  n e w  a r r i v a l s ,  b u t  t h e  p r o p o r t i o n  o f  

d e c i d u o u s  f o r e s t  s p e c i e s ,  f o r  i n s t a n c e ,  i s  m u c h  l o w e r  t h a n  i n  o t h e r  n e w  f i n d s .  B o g s  a n d  d r y  

h e a t h s  d i d  n o t  c o n t a i n  a n y  n e w  a r r i v a l s ,  a l t h o u g h  o t h e r  n e w  f i n d s  w e r e  p r e s e n t  i n  t h e s e  

h a b i t a t s .  T h r o u g h  a c t i v e  s e a r c h i n g  w e  c o u l d  h a r d l y  f i n d  a n y  n e w c o m e r s ,  b u t  s p e c i e s  

h i t h e r t o  o v e r l o o k e d  w e r e  r e a d i l y  d i s c o v e r e d  w i t h  t h i s  k i n d  o f  p l a n n e d  s e a r c h i n g .  A  s i m i l a r  

r e s u l t  w a s  o b t a i n e d  w h e n  p h e r o m o n e - t r a p s  w e r e  u s e d .  H o w e v e r ,  i t  c a n  b e  e x p e c t e d  t h a t  i f  

w e  h a d  k e p t  t h e s e  t r a p s  y e a r  a f t e r  y e a r  i n  t h e  s a m e  p l a c e ,  w e  s h o u l d  h a v e  b e e n  a b l e  t o  s h o w  

s o m e  n e w c o m e r s  a l s o  b y  t h i s  m e t h o d ,  b u t  t h i s  w a s  u n f o r t u n a t e l y  n o t  d o n e .
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■  m a a r r

F i g .  5 . Y e a r l y  c a t c h  o f  n e w  p r o v i n c i a l  f i n d s  ( n p f )  a n d  n e w  a r r i v a l s  ( a r r )  o f  m i c r o l e p i d o p t e r a  

( m i )  a n d  m a c r o l e p i d o p t e r a  ( m a )  i n  t h e  b i o g e o g r a p h i c a l  p r o v i n c e  o f  K a i n u u  f o r  t h e  y e a r s  

1 9 8 7  a n d  1 9 9 0 - 2 0 1 0  c o m b i n e d .  T h e  o r d i n a t e  s h o w s  n u m b e r  o f  s p e c i e s ;  t h e  a b s c i s s a  d e p i c t s  

t h e  y e a r  o f  m o n i t o r i n g .

3.2 Hibernation p h ases
H i b e r n a t i o n  a s  l a r v a e  w a s  m o s t  c o m m o n  a m o n g s t  a l l  o f  t h e  n e w c o m e r s  ( F ig .  6 )  i r r e s p e c t i v e  

a s  t o  w h e t h e r  w e  s i n g l e d  o u t  m i c r o  a n d  m a c r o l e p i d o p t e r a  . A m o n g  t h e  m a c r o l e p i d o p t e r o u s  

s p e c i e s ,  h o w e v e r ,  t h e r e  w e r e  a l s o  m a n y  t h a t  h i b e r n a t e d  i n  t h e  e g g  s t a g e  a n d  a l s o  w i n t e r i n g  

o v e r  a s  p u p a e  w a s  n o t  e x a c t l y  r a r e  e i t h e r .  O f  t h e  n e w  a r r i v a l  m i c r o l e p i d o p t e r a n  s p e c i e s ,  

t h r e e  w e r e  h i b e r n a t i n g  a s  i m a g i n e s ,  b u t  n o n e  o f  t h e  n e w  a r r i v a l  m a c r o s  w e r e  i n  t h e  g r o u p  o f  

a d u l t  o v e r w i n t e r e r s .  T h e  h i b e r n a t i o n  p h a s e s  o f  t h e  l a t t e r  w e r e  r a t h e r  e v e n l y  d i s t r i b u t e d  

b e t w e e n  e g g ,  l a r v a  a n d  p u p a ,  b u t  f o r  t h e  m i c r o l e p i d o p t e r a n  n e w  a r r i v a l  s p e c i e s  l a r v a l  

h i b e r n a t i o n  w a s  t h e  r u l e ,  a l t h o u g h  e g g  h i b e r n a t o r s  w e r e  m o d e r a t e l y  r e p r e s e n t e d  a s  w e l l .
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F i g .  6 . H i b e r n a t i n g  p h a s e s  o f  n e w  p r o v i n c i a l  f i n d s  a n d  n e w  a r r i v a l s  o f  m o t h s  i n  t h e  K a i n u u  

a r e a ,  b a s e d  o n  d a t a  f r o m  1 9 8 7  a n d  1 9 9 0 - 2 0 1 0  c o m b i n e d .  E x p l a n a t i o n  o f  s y m b o l s  o n  t h e  

a b s c i s s a :  o  =  o v u m ;  1 =  l a r v a ;  p  =  p u p a ;  i  =  i m a g o .  T h e  o r d i n a t e  s h o w s  n u m b e r  o f  s p e c i e s ;  

n p f  =  n e w  p r o v i n c i a l  f i n d ;  a r r  =  n e w  a r r i v a l ;  m i  =  m i c r o l e p i d o p t e r a ;  m a  =  m a c r o l e p i d o p t e r a .  

T h e  o r d i n a t e  s h o w s  n u m b e r  o f  s p e c i e s .
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3.3 Settling down and becom ing established
N o n e  o f  t h e  e l e v e n  m i g r a t o r y  s p e c i e s  a p p e a r  t o  h a v e  b e c o m e  r e g u l a r s  i n  t h e  a r e a ,  a l t h o u g h  

s o m e  o f  t h e m  w e r e  c o l l e c t e d  i n  m o r e  t h a n  j u s t  o n e  y e a r ,  l i k e ,  f o r  e x a m p l e ,  A grius convolvuli 
( F i g .  7 ) .  S e t t l e m e n t  h i s t o r y  o f  o t h e r  n e w c o m e r s  h a s  v a r i e d  g r e a t l y .  M a n y  o f  t h e m  w e r e  

c o l l e c t e d  o n l y  o n c e ,  b u t  s o m e  h a v e  e x p a n d e d  t h e i r  r a n g e  c o n s i d e r a b l y .  W e  c a n  n a m e  a s  t h e  

m o s t  s u c c e s s f u l  n e w c o m e r s  Gracillaria syringella ,  On cocerá semirubella,  Crypto cala chardinyi, 
Araschnia levana a n d  A rgynnis paphia. T o  d a t e  a l t o g e t h e r  1 7  n e w  a r r i v a l s  s e e m  t o  h a v e  m o r e  

o r  l e s s  s u c c e s s f u l l y  c o l o n i s e d  t h e  K a i n u u  a r e a  a n d  b e c o m e  e s t a b l i s h e d  t h e r e  ( A p p e n d i x ) .

F ig .  7 . A grius convolvuli, a  t y p i c a l  m i g r a t o r y  h a w k  m o t h  r e p o r t e d  a  c o u p l e  o f  t i m e s  a l s o  f r o m  

t h e  K a i n u u  a r e a  d u r i n g  t h e  l a s t  f e w  y e a r s .  P h o t o  R e i m a  L e i n o n e n .

3.3.1 Observed ch an ges in the moth fauna Finland-wide
T h e  a v a i l a b l e  g e n e r a l  i n f o r m a t i o n  o n  t h e  F i n n i s h  l e p i d o p t e r o u s  f a u n a  s t e m s  f r o m  t h e  l a r g e  

n e t w o r k  o f  a m a t e u r s  a n d  t h e i r  o b s e r v a t i o n s  a n d  f r o m  p r o f e s s i o n a l  r e s e a r c h  e f f o r t s  a t  

v a r i o u s  F i n n i s h  u n i v e r s i t i e s .  T h e  F i n n i s h  L e p i d o p t e r o l o g i c a l  S o c i e t y  h a s  o v e r  a  t h o u s a n d  

m e m b e r s ,  w h i c h  g i v e s  a  g o o d  i d e a  a b o u t  t h e  b r e a d t h  o f  t h e  h o b b y  o f  b u t t e r f l y  a n d  m o t h  

c o l l e c t o r s  i n  F i n l a n d  w i t h  i t s  5 . 4  m i l l i o n  i n h a b i t a n t s .  M o r e o v e r ,  c h i l d r e n  l e a r n  a l r e a d y  a t  

s c h o o l  f a c t s  a b o u t  F i n n i s h  b u t t e r f l i e s  a n d  m o t h s  ( M e y e r - R o c h o w  2 0 0 8 ) .  D u r i n g  t h e  l a s t  f e w  

y e a r s  i n c r e a s i n g l y  m o r e  a t t e n t i o n  h a s  b e e n  p a i d  t o  c h a n g e s  i n  t h e  n a t u r a l  s u r r o u n d i n g s .  O n e  

o f  t h e  l a r g e s t  m o n i t o r i n g  e x e r c i s e s  i n  F i n l a n d  i s  t h e  N o c t u r n a l  M o t h  M o n i t o r i n g  p r o j e c t  

( a b b r e v i a t e d  N M M ) ,  w h i c h  s t a r t e d  i n  1 9 9 3  ( S o m e r m a  e t  a l  1 9 9 3 ,  S ö d e r m a n  1 9 9 4 )  a n d  s o m e  

c o n c l u s i o n s  p r e s e n t e d  i n  t h i s  c h a p t e r  a r e  b a s e d  o n  t h a t  m a t e r i a l ,  r e p r e s e n t i n g  a  s h o r t  r e v i e w  

o f  t h e  r e s u l t s  o f  1 7  y e a r s  o f  m o n i t o r i n g .  Y e a r - b y - y e a r  s u m m a r i e s  o f  t h i s  p r o j e c t  h a v e  b e e n  

p r e s e n t e d  q u i t e  r e g u l a r l y  ( S ö d e r m a n  e t  a l  1 9 9 4 ,  1 9 9 5 ,  1 9 9 7 ,  1 9 9 9 ,  N i e m i n e n  1 9 9 6 ,  L e i n o n e n  

e t  a l  1 9 9 8 a , 1 9 9 9 ,  2 0 0 0 ,  2 0 0 3 )  a n d  s p e c i f i c  s u r v e y s  b a s e d  o n  t h o s e  m a n y  y e a r s  o f  d a t a  h a v e  

a l s o  b e e n  p r e s e n t e d  a t  v a r i o u s  s e m i n a r s ,  i n  c o n f e r e n c e  a b s t r a c t s  a n d  r e v i e w  a r t i c l e s  l i k e  t h e  

m o s t  r e c e n t  o n e  b y  L e i n o n e n  e t  a l  ( 2 0 1 1 ) .

F o r  c o l l e c t i n g  o f  p r o p e r  m a t e r i a l  s e e  c h a p t e r  2 .3 .  a b o v e .
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3.3.2 Observed ch an ges in the moth fauna o f northern Finland
I n  t h e  r e s u l t s  o f  t h e  N M M  w e  f i n d  e v i d e n c e  i n  s u p p o r t  o f  t h e  n o r t h w a r d  s p r e a d  o f  s e v e r a l  

s p e c i e s ,  s u g g e s t i n g  t h a t  t h i s  n o r t h w a r d  e x p a n s i o n  c o u l d  b e  t h e  r e s u l t  o f  a n  i n c r e a s i n g l y  

w a r m e r  c l i m a t e .  N u m e r o u s  n e w  a r r i v a l s  h a v e  b e e n  r e c o r d e d  f r o m  F i n l a n d  a n d  m a n y  

s o u t h e r n  s p e c i e s  h a v e  e x p a n d e d  t h e i r  r a n g e s  n o r t h w a r d .  E x a m p l e s  o f  s o u t h e r n  s p e c i e s  

s p r e a d i n g  i n t o  n o r t h e r n  r e g i o n s  a r e  t h e  f o l l o w i n g  o n e s :  Allophyes oxyacanthae ( F ig .  8 ) ,  

Protodeltote pygarga a n d  Cosmia trapezina. Cn/ptocala chardimji i s  o n e  o f  t h e  m o s t  i l l u m i n a t i n g  

s p e c i e s  w h e n  i t  c o m e s  t o  t h e  r a p i d  e x p a n s i o n  o f  d i s t r i b u t i o n  a r e a  i n  F i n l a n d  ( F ig .  9 ) .

T h e  o p p o s i t e  p h e n o m e n o n  t o  t h e  a b o v e  m e n t i o n e d  s c e n a r i o  i s  t h a t  t h e r e  a r e  i n d i c a t i o n s  t h a t  

c e r t a i n  s p e c i e s  h a v e  s t a r t e d  t o  w i t h d r a w  f r o m  s o u t h e r n  F i n l a n d  o r  a t  l e a s t  t h e i r  p o p u l a t i o n  

s i z e s  h a v e  b e e n  d w i n d l i n g .  W e  c a n  m e n t i o n ,  f o r  e x a m p l e ,  t h e  f o l l o w i n g  s p e c i e s :  Entephria 
caesiata, Xanthorhoe annotinata  a n d  Dasypolia temple. M a p s  b a s e d  o n  t h e  s i t u a t i o n  a t  t h e  

b e g i n n i n g  o f  N M M  a n d  a f t e r  f i f t e e n  y e a r s  s h o w  t h e  o b v i o u s  t r e n d  h a p p e n i n g  i n  t h e  a r e a  o f  

t h i s  m o t h  ( F ig .  1 0 ) .

F i g .  8 . Allophyes oxyacanthae, o n e  o f  n u m e r o u s  m o t h  s p e c i e s  p r e s e n t l y  e x t e n d i n g  i t s  r a n g e  

n o r t h w a r d  i n  F i n l a n d .  P h o t o  R e i m a  L e i n o n e n .

T h e  s t r u c t u r e  o f  t h e  s p e c i e s  c o m p o s i t i o n  h a s  a l s o  u n d e r g o n e  c h a n g e .  P o p u l a t i o n s  o f  s p e c i e s  

e a r l i e r  k n o w n  t o  b e  a b u n d a n t  h a v e  v i s i b l y  d e c r e a s e d .  S p e c i e s  c o m p o s i t i o n s  h a v e  s t a r t e d  t o  

r e s e m b l e  m o r e  a n d  m o r e  t h o s e  t y p i c a l  o f  C e n t r a l  E u r o p e ,  w h e r e  t h e  n u m b e r  o f  s p e c i e s  i s  

h i g h  b u t  t h e  n u m b e r s  o f  i n d i v i d u a l s  a r e  r e l a t i v e l y  l o w .  A t  t h e  s a m e  t i m e  t h e  p o p u l a t i o n s  o f  

s o m e  s p e c i e s  h a v e  i n c r e a s e d  d r a m a t i c a l l y  a n d  w e  c a n  t a l k  a b o u t  p e s t  r i s k s .  H e r e  w e  c a n  t a k e  

Lymantria monacha a s  a n  e x a m p l e  o f  a  s p e c i e s  w h i c h  m a y  i n  t h e  n e a r  f u t u r e  b e  s o  a b u n d a n t  

a s  t o  b e  a b l e  t o  c a u s e  f o r e s t  d i s a s t e r s  e v e n  i n  F i n l a n d  l i k e  i t  h a s  d o n e  i n  C e n t r a l  E u r o p e .

I n  t h e  n o r t h e r n m o s t  p a r t  o f  F i n l a n d ,  i n  L a p l a n d ,  t h e  g e o m e t r i d  m o t h  Epirrita autumnata 
( F ig .  1 1 )  i s  k n o w n  t o  h a v e  m a s s  o u t b r e a k s  w i t h  i n t e r v a l s  o f  a p p r o x i m a t e l y  t e n  y e a r s ,  w h e n  i t  

s e v e r e l y  a f f e c t s  m o u n t a i n  b i r c h  f o r e s t s .  T h e  t r e e s  w i l l  s t a n d  a  o n e - y e a r - d i s a s t e r ,  b u t  i f  t h e  

c a t a s t r o p h e  g o e s  o n  f o r  s e v e r a l  y e a r s ,  t h e  t r e e s  a r e  l i k e l y  t o  d i e .  T h e  e g g s  o f  E. autumnata  a r e
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F i g .  9 . M a p  s h o w i n g  t h e  i n c r e a s e  i n  t h e  d i s t r i b u t i o n  a r e a  o f  Cn/ptocnln chardim/i i n  F i n l a n d  

b a s e d  o n  d a t a  f r o m  t h e  F i n n i s h  N o c t u r n a l  M o t h  M o n i t o r i n g  p r o j e c t .
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F i g .  1 0 .  M a p s  s h o w i n g  t h e  n o r t h w a r d  w i t h d r a w a l  o f  Dasi/polia templi i n  F i n l a n d  b a s e d  o n  

d a t a  f r o m  t h e  F i n n i s h  N o c t u r n a l  M o t h  M o n i t o r i n g  p r o j e c t .

F i g .  1 1 .  Epirrita autumnata ,  a  g e o m e t r i d  m o t h  w h i c h  i n  n o r t h e r n m o s t  F i n l a n d  h a s  m a s s i v e  

o u t b r e a k s  i n  m o u n t a i n  b i r c h  f o r e s t s  (Batilla pubescens) a n d  w h i c h  i n  t h e  f u t u r e  m a y  o c c u r  

m o r e  o f t e n ,  i f  t h e  w i n t e r s  g e t  m i l d e r  d u e  t o  g l o b a l  c l i m a t e  w a r m i n g .
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vulnerable to very low tem peratures, i.e. if they encounter tem peratures of -40°C, all bu t 
approxim ately 2 % w ill die. How ever, if tem peratures stay above -35°C, then up  to 96% of 
the eggs will survive. M ild w inters due to global climate w arm ing m ay thus prom ote 
disasters in  northern  m ountain  b irch  forests.
One of the clearest indications of climate w arm ing in  our NM M  data is the increase of 
second annual generations. This has been observed in  a grow ing num ber of species and  in 
m ore and  m ore northern  localities. Gt/mnoscelis rufifnscintn is an  extrem e example of this 
phenom enon, because it has now adays even a th ird  generation quite regularly in  some areas 
of southern Finland (Fig. 12). H aving second or even th ird  generations in regions as far 
north  as Lapland or northern  Finland generally is not necessarily beneficial to the species, 
for it can be a  risk to the population. If the species does not get ready for hibernation, that 
part of population  will be lost and in  the long ru n  the species m ay even becom e endangered.

133
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Fig. 12. The num ber of species w ith  second generations per annum  has steadily been 
increasing w ith  Gt/mnoscelis rufifnscintn, a  geom etrid m oth representing the ultim ate example 
of an increase in annual generations in Finland to tw o or even three generations during  the 
last few years, based on the m aterial of the Finnish N octurnal M oth M onitoring project.

3.4 A lpha-diversities
As to the diversity index, w e used the data of the FMM and  calculated the so called alpha- 
index. At the beginning of m onitoring activities in  1993 the value w as a little above 60, while 
at the same tim e for L ithuania it w as, for instance, close to  one hundred. At present the 
alpha-indices are close to  a hund red  in  certain parts of southern Finland. This reflects the 
increase of species num bers and  that the observed specim en num bers are closer to each 
other, i.e. the huge mass occurrences of individual species are lacking. In northern  Finland



2 8 8 Climate Change -  Geophysical Foundations and Ecological Effects

the alpha-values stay still low m ainly due to tw o reasons. The effectiveness of light traps is 
w eak around  m idsum m er in  Lapland due to the continuous sum m er daylight and  the 
species num bers are originally low to start with. Secondly, in  the north  w e still have species 
that exhibit quite regular m ass outbreaks, thus keeping alpha-values low.

4. Discussion
It is not unusual to find that insect populations peak and decline in  cycles and  that the cycles 
can have periodicities varying from  one to m any years. This is one major difficulty in  trying 
to  draw  conclusions on insect abundances in  relation to climate change (Meyer-Rochow 
2008). Therefore, it is essential that one has data on population  densities and  species 
com positions over long tim e spans for a defined geographic region; another equally 
im portant requirem ent is that one has reliable w eather records over m any years for the 
region in  question. O ur investigation m eet bo th  of these criteria.
The longest continuous set of Finnish tem perature data exists from  the area of Helsinki, 
Kaisaniemi, from  w here w e have alm ost tw o hund red  years of recordings. Statistics 
preserved at the Finnish Meteorological Institute show that the average daily tem peratures 
and  especially the lowest daily tem peratures have been rising most clearly during  the last 
decade. This m eans that nighttim e tem peratures have risen, thus enabling species 
dem anding higher m inim um  tem peratures to spread and survive even in  the northern  
regions of Finland. At the same tim e the w inters have become shorter and  milder. O n the 
other hand, increasing sum m er rains, observed in  the last few years, could present a 
problem  for some species.
The results of the Finnish NM M  project dem onstrate convincingly that there has been a 
dram atic increase over the last ten years in  the num ber of new  records for species of m oths 
in  Finland generally and  the biogeographical province of K ainuu in  particular. This is not, 
how ever, a new  phenom enon, for Kaisila (1962) had  already show n how  the rising average 
sum m er tem perature around  the tu rn ing  point of the 1940s, had caused m any species in 
Finland to expand their ranges northw ard. H e nam ed several species as expansive ones. Yet, 
m any of the species Kaisila (1962) had  identified as those w ith  northw ard  expanding ranges, 
later w ithdrew  again from  their northernm ost expanses w hen  cooler sum m ers returned  ( see 
for instance H uldén  et al. 2000).
The period  stud ied  by Kaisila (1962) ended  in  1961, b u t M ikkola (1997) follow ed up  
K aisila 's w ork  an d  analysed m igrations of L epidoptera un til 1996. The overlap  of three 
years w ith  the NM M  (which had  started  in  1993) and  the availability of the early NM M  
d ata  w ere, thus, a  bonus to  M ikkola's investigation. A ccording to  M ikkola's analyses, 30 
recent invaders an d  40 older expansive species w ere once again  spread ing  into northern  
Finland. These basic and  im portan t investigations, how ever, w ere alm ost totally lacking 
inform ation on m icrolepidoptera, because the general know ledge w ith  regard  to the latter 
w as so poor that they had  to  be left out of the analyses. At province level, how ever, 
sim ilar expansion trends in  this m oth  group  as com pared to the m acro lep idoptera w ere 
noticed. Since species belonging to  the m icrolepidoptera are frequently  very specific w ith  
regard  to  their larval food plants, one could have expected that this w ou ld  have presented  
a hindrance to  their northw ard  spread  an d  therefore function as a  severe obstacle in  range 
expansion.
Yet, our results show that changes in  the m oth  fauna of Finland are not only continuing, b u t 
are possibly taking place at a greater pace than ever before. We m ust, of course, keep in
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m ind that the num ber of collectors has increased rem arkably and that the traps and 
trapping  efforts have becom e vastly m ore efficient than w hat they w ere some 50 years ago. 
In spite of that w e dare say, how ever, that the m oth fauna, especially in  northern  Finland, 
has been undergoing a dram atic change over the last few years.

4.1 P ossib le  reason s o f the northward expansion
W hat could possibly be the cause of this situation? M oths and  in  particular their larvae 
depend  on live, green plants, some very strictly lim ited to one, or at least a few, food plants; 
others w ith  a  som ew hat w ider spectrum  of acceptable food plants (see for instance 
Seppänen 1954). A lthough relevant data are incomplete, w e have good reason to assum e 
that m icrolepidopteran species contain m ore food specialists than  m acrolepidoptera do. 
Against this biological background, w e can easily understand  how  a change in  the 
environm ent and  in  the w ay the land is used will influence the floral com position, 
vegetation, and thus the welfare of num erous species of moths. Restructuring the Finnish 
agriculture has resulted in  huge changes from  small units to m uch larger ones. This has 
especially led to a decrease in  various m eadow  habitats (e.g. Vainio et al. 2001, K ivinen et al. 
2008) and is reflected by the dw indling num bers of certain m oth  species that depend on the 
presence of such m eadow s (Rassi et al. 2010).
One very large scale change in  the environm ent has been due to reform s in  the forestry 
industry. H ere the splitting of large forest areas into m uch smaller units has to be m entioned 
as an  ongoing process. As a consequence, the age structure of the forests has becom e m uch 
younger (Várkonyi & Leinonen 2004). Yet the changes m entioned above should speed up  
species declines and  lead to the disappearance of some species, not an  increase and  range 
expansion. Therefore the reason for the observed northw ard  expansion of m any species 
m ust be sought elsewhere and  m ost likely climate change, i.e. global w arm ing, is involved.

4.2 The role o f global warming
W hat k inds of species are invading Finland now? O ur results from  K ainuu show that m any 
new  arrivals prefer m eadow s and cultural surroundings. M any of them  are also living on 
decorative plants or plants of ruderate areas. This seems to be in  disagreem ent w ith  w hat 
had  been stated above, e.g., the decrease of m eadow  habitats, age-structural changes in 
forest trees, etc. How ever, w e need to rem em ber w e w ere referring to m ostly dry  habitats. 
W etter m eadow s have in  fact been increasing, at least locally (Kivinen et al. 2008). 
Furtherm ore, the changes in  forestry practices have resulted in increased clear cuts, w hich in 
the first steps of succession act like m eadow s and  after some years tu rn  into thick bush, both  
not only acceptable, bu t frequently preferred to other habitats, like for instance dense 
forests, by new  arrivals. M ikkola (1997) stated that expansive species are m ostly associated 
w ith  bushes and  trees. A lthough Finland is still largely covered by  forests, especially along 
the eastern and  northern  parts, it is quite clear that m any species cannot unlim itedly m igrate 
northw ard, w here suitable habitats (and to  a lesser extent the required food plants) are 
missing. This holds true in  spite of the fact that the changing climate w ould  suit some of 
these expanding species. V irtanen & N euvonen (1999) state that the northern  limit of the 
m acrolepidopteran d istribution in  Finland is principally determ ined by climatic factors, 
w ith  food plants probably determ ining distributions in  no m ore than  3 % of the species. This 
m ay apply  to perm anent and  long-established species, bu t in the case of new  arrivals the 
situation could be different. We can only speculate how  m any of the new  arrivals might
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have been able to settle dow n in Finland and Kainuu, if the environm ent had  been the same 
as, say, some 50 or 60 years ago!
Species overw intering as eggs or adults w ou ld  be expected to benefit from  a rise in  w inter 
tem perature (Virtanen & N euvonen 1999), because in  their analyses from  different 
geographical zones in  Finland these authors w ere able to  show, how  in southern  areas the 
proportion  of adult and  egg hibernators w as large and, on the other hand, in  northern  areas 
larval hibernation w as dom inating. In our results from  the K ainuu area there is some 
support for this view: in the new  m icrolepidopterous arrivals there w ere rather m any
species w intering as eggs. N otew orthy is, however, that the proportion  of im ago hibernators 
has not yet significantly increased in  the K ainuu area.

4.3 Summary
In sum m ary, drastic changes of the m oth  fauna are presently taking place in  Finland bo th  at 
state level and  the local scale, for instance the K ainuu area. We can only speculate how  huge 
this change m ay be on a global scale or at least w ith  regard to the northern  hem isphere 
alone. Volney and  Fleming (2000), cited in  h ttp ://w w w .eo earth .o rg /artic le  
/ Climate_change_and_insects_as_a_forest_disturbance_in_the_arctic, have attem pted to 
predict w hat im pact the global change m ight have on insects of boreal forests. H uang  et al. 
(2010) have tried to do the same for the subtropical island nation of Taiwan. Not 
surprisingly, em phasis has been on possible effects of destructive m oths and their range 
expansions (Vanhanen et al. 2007; H uang  et al. 2010), bu t climate change and  its 
consequences on lepidopteran  diseases have also come under scrutiny, for example at the 
Centre for Ecology and H ydrology of the United K ingdom  (h ttp ://w w w .ceh .ac .u k ) and  in 
the U nited States (Altizer and  de Roode 2010).
That m oths not only expand their ranges into higher latitudes b u t also into areas of higher 
elevation has been show n for tropical regions (Chen et al. 2009) and that a w arm er climate, 
in  the case of the w inter m oth  Operophtera brumata, can d isrupt the synchrony of oak and 
insect phenology has been exam ined by Visser and  H ollem an (2001). Because of the 
usefulness of Lepidoptera as an  indicator of climate change (Forester et al. 2010), studies on 
distributions and abundances of these insects are being conducted on a w orldw ide scale. It 
is clear that dram atic changes are taking place, bu t that m oths can also adapt to recent 
climate changes show observations by Park et al. (2009) from  islands in  southern Korea. 
W hat exactly the ecological consequences of the shifts affecting m oth  populations (on a 
global scale) m ight be w ith  regard  to entire ecosystems and  biomes, given the roles 
caterpillars and  adult Lepidoptera play in  them , is impossible to predict just yet - or 
perhaps never.

5. Appendix
List of new  m oth (Lepidoptera) arrivals to K ainuu area in  1987, 1990-2010. Explanation to 
columns: A = nam e of the species; B = lepidopterous group (1= m icrolepidoptera and 2 = 
m acrolepidoptera); C = arrival year; D = habitat classification (see m aterial and m ethods for 
the abbreviations); E = state of settlem ent into K ainuu area (s = a  couple of finds, ss = 
regurlarly found in  some places and sss = w idespread now adays at Kainuu); F = found by 
targeted searching = d and w ith  pherom one = ph; G = hibernating phase (o = ovum, 1 = 
larva, p  = p u p a  and  i = imago).

http://www.eoearth.org/article
http://www.ceh.ac.uk
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A B C D E F G
Gracillaria syringella 1 1993 c sss P
Arghyresthia goedartella 1 1995 df s 1
Eidophasia messingiella 1 1995 m,c e
Croesia holmiana 1 1995 c s e
Loxoterma siderana 1 1995 c s 1
Exaeretia allisella 1 1997 r,c ss 1
Trachysmia advenella 1 1998 df,bu 1
Elachista adscitella 1 1999 m ,df s 1
Oncocera semirubella 1 2000 m 1
Limnaecia phragmitella 1 2000 h 1
Echromius ocelleus 1 2001 Mi i
Loxostege sticticalis 1 2001 Mi P
Phycitodes lacteellus 1 2001 Mi
Isoprichtis striatella 1 2001 m,r P
Synanthedon flaviventris 1 2002 df,bu d, ph 1
Lobesia abscisana 1 2002 m,r s o
Coleophora tamesis 1 2002 h 1
Dipleurina lacustrata 1 2002 cf 1
Nyctegretis lineana 1 2004 m 1
Dichrorampha simpliciana 1 2004 r,c,m 1
Acrolepiopsis assectella 1 2004 c i
Sophronia semicostella 1 2004 dm 1
Psoricoptera speciosella 1 2005 df,bu o
Coleophora artemisicolella 1 2006 r,c,m s 1
Caryocolum blandelloides 1 2006 c,m o
Cymolomia hartigiana 1 2006 cf o
Depressaria daucella 1 2007 m,c,r i
Choreutis pariana 1 2009 c o
Endothenia ericetana 1 2010 m ,bu 1
Xestia sexstrigata 2 1992 c,m, 1
Amphipyra perflua 2 1993 df e
Colotois pennaria 2 1994 df e
Fabriciana adippe 2 1994 dm 1
Timandra griseata 2 1995 dm s 1
Erannis defoliaria 2 1995 df e
Blepharita amica 2 1995 bu,bu,c e
Ipimorpha subtusa 2 1996 df e
Allophyes oxyacanthae 2 1997 bu,r,c e
Lomographa temerata 2 1999 df,bu s P
Cryptocoda chardinyi 2 1999 m,c sss 1
Agrius convolvuli 2 1999 Mi P
Argynnis paphia 2 2000 m ,dm ss 1
Pyrrhia umbra 2 2000 c,bu P
Acronicta alni 2 2001 df P
Photedes fluxa 2 2001 m 1
Schranckia costaestrigalis 2 2001 m,r 1
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Idaea biselata 2
Mesoligia literosa 2
Polia nebulosa 2
Photedes captiuncula 2
Staurophora celsia 2
Catocala sponsa 2
Xestia triangulum  2
Eilema lutarellum 2
Eupithecia linariata 2
Lomographa bimaculata 2
Cerastis leucographa 2
Araschnia leuana 2
Apamea ophiogramma 2
Macroglossa stellatarum 2
Agrotis ípsilon 2
Cosmia pyralina 2
Apamea scolopacina 2
Catocala nupta 2
Catocala fulminea 2
Arenostola semicana 2
Paracolax tristalis 2
Trisateles emortualis 2
Gortyna flavago 2
Mniotype satura 2
Ipimorpha retusa 2
Protodeltote pygarga 2
Herminia tarsipennalis 2
Atolmis rubricollis 2
Scopula incanata 2
Xestia xanthographa 2
Larentia clavaria 2

2001 df s 1
2001 m 1
2001 bu,cf 1
2002 Mi 1
2003 bu,r,df, c s e
2003 Mi e
2003 bu,c,cf,m 1
2003 m, dm 1
2003 m,r P
2003 df,bu P
2004 bu,r,c P
2004 m,c sss P
2004 bu,m ,c 1
2005 Mi P
2005 Mi i
2005 Mi e
2005 m,c,bu 1
2005 Mi e
2005 Mi e
2005 reed bed e
2005 df 1
2005 df P
2006 c,r, e
2006 bu,df,r e
2006 df e
2006 bu,r,c s P
2006 df,bu,c 1
2007 cf P
2007 dm,m,c 1
2007 m 1
2010 c,r s e
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1. Introduction
The consequences of global climate change are quite versatile on Earth. The rise of surface 
tem perature is m ore or less general, how ever its degree can be different in  space. Its effect 
can mostly be proved  by the w ell-m easurable changes observed in  ice-covered areas. 
Significant alterations are observed also in  the distribution of precipitation w hich m eans 
excess rainfall at certain places and  w ater-shortage elsewhere. In the last century a 0.8°C rise 
in  surface tem perature and a 60-80 m m  decrease in  precipitation w ere detected in  the 
C arpathian Basin. Since bo th  tem perature values and  precipitation show considerably high 
standard  deviation, it is very difficult to  prove the trend character of these changes. 
Nevertheless, based on our research, there are some environm ental indicators 
(groundw ater, soil, vegetation, and biomass) w hich are suitable for revealing the true 
consequences and tendency of climate change.

2. Climate changes of the geologic recent past
Several researches in  the field of climatology, geology, archaeology and environm ental 
history inform  us about the climatic changes of the last centuries and millennia. The 
volum es of the IPCC published in  the last tw o decades have revealed in  detail that in  the 
tertiary period, surface tem perature on Earth w as even 10°C higher than  today, and  during 
the glacials (e.g. several ten thousand  years ago during  the last ice age) relatively rapid 
fluctuations (even 10°C) occurred in  m ean annual tem perature (Broecker 1997). For the last 
thousand  years, evaluable records and  observations are available. Based on these data, m ain 
tem perature tendencies can be d raw n for the globe bu t at the same tim e m ore significant 
spatial differences occur. This statem ent can be confirm ed by the tem perature changes of the 
last m illennium  in the w orld  and in  the C arpathian Basin (Fig. 1). It can be observed that the 
little ice age in  the m iddle ages caused a m ore significant fall in  tem perature in  the basin and 
lasted longer than globally.
Precipitation also showed significant alterations in  the last thousand years. Paleobotanical 
researches showed that in the boreal phase (8-9 ka ago) dry steppe w as characteristic in  the 
Carpathian Basin w ith  around 300 m m  m ean annual precipitation. Archaeological data 
indicate a significantly drier period around the end of the Sarmatian age (l-5 th  century A. D.), 
and for example along w ith  these, even 3-5 m etres groundwater-table fall w as also revealed
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near the River Danube (Knipl & Siimegi 2011). The changes in precipitation can also be 
designated by the alterations in  the w ater level of Lake Balaton in  the last m illennium  (Fig. 2), 
however it w as also artificially m odified occasionally because of military purposes.

1000 1200 1400 1600 1800 2000

Fig. 1. M ean annual tem perature in  the N orthern  H em isphere (black) and  in  Eastern-Europe 
(yellow) (based on IPCC 2001 and  Varga-Haszonits 2003).
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Fig. 2. The w ater level of Lake Balaton in the last thousand  years (Rácz 2011).

M ore and  m ore detailed environm ental historical researches have also revealed that the 
C arpathian basin, w hich has a small territory on an Earth scale (around 100.000 km 2), 
p rovided quite variable conditions (many tim es just because of its basin characteristics) for 
the ecosystem (Siimegi 2011). Thus, the effects of climate change can occur diversely in  the 
landscape. Therefore, in  the research of the consequences of recent climatic changes, climate 
historical analogues are advisable to  be taken into consideration.



Effects and C onsequences of Global Climate Change in the Carpathian Basin 2 9 9

3. Groundwater as an indicator of climate change
The prim ary  w ater source of near-surface aquifers is precipitation, changes of w hich  can 
be reflected by these reservoirs. W here the groundwater* can be refilled from  surface 
w aters or by  subsurface flow  from  d istant areas, this connection is not strong. In  those 
areas w here there is no opportun ity  for external w ater supply , significant alterations in  
the w ater-table can be form ed due to climatic changes show ing the trends of p recip itation 
relations.
The territo ry  located betw een  the tw o large rivers of the C arpa th ian  Basin (the River 
D anube and  the River Tisza) is an  ancient alluvial fan and  appears as an  elevated  ridge 
(about 60-80 m etres high) (Fig. 3). It has no surface or u n derg round  w ater-influx  from  the 
surroundings, so precip itation  is the only source of groundw ater, except of the areas w ith  
low er elevation along the rivers. In this m axim um  10-20 km  w ide zone, the characteristic 
annual fluctuation  of groundw ater-tab le  rem ains invariable (m axim um  in  spring, 
m in im um  in  au tum n) b u t longer periods w ith  low er precip ita tion  causes decrease in  its 
am plitude (Fig. 4)

Wanes
microregion

-  ■ -  country border 

  river

  contour (meter above sea level)
«  groundwater wells

(Ö-Öregcsertö, L-Ladánybene, B-Bócsa,)

•  sample areas 
(B-Bükk mountains, Sz-Szabadkígyós Pusta,
G-Gemenc forests, Á-Ásotthalom)

•  meteorological and water-level observation points 
(K-Kiskunhalas, Szo-Szolnok)

■  sample area demonstrated In Fig. 16. (F-Fülopháza)

Fig. 3. Terrain m odel of the C arpathian Basin and  the D anube-T isza Interfluve, displaying 
the areas under investigation and  dem onstration in this study.

"shallow  g ro u n d w a te r  w h ich  m e a n s  th e  w a te r  of th e  p o ro u s  aq u ife r above th e  u p p e rm o s t w ate r- 
re ta in in g  layer. A s these  aq u ife rs  h a v e  p r io rity  fo r ag ricu ltu ra l p u rp o se s , w ell n e tw o rk  h a s  a lre a d y  been  
b u ilt  in  th e  1930s fo r collecting  d a ta  of th e  g ro u n d w a te r  tab le  b y  c o n tin u o u s  m o n ito rin g . H o w ev er, the 
n u m b e r  of th ese  o b se rv in g  w ells changes, 1500-1700 w ells  w o rk in g  p e rm a n e n t (Szalai 2011) p ro v id e  
re liab le  b ase  fo r sp a tia l evaluation .
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Fig. 4. The m ultiyear-changes in  the level of groundw ater-table (at Öregcsertö) on the 
alluvial flood plain of River Danube (20 km  from  the river) do not refer to decreasing 
precipitation (Data source: VITUKI, Hungary).

The green line represents the surface, the blue dashed line shows the average of yearly 
highest w ater-levels betw een 1996-2005 on River Danube.
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Fig. 5. Spatial averages of m ean annual precipitation in H ungary  betw een 1900 and 2010 
(Data source: H ungarian  Meteorological Service).

In higher areas, the decreasing annual precipitation -  in spite of extrem ities (Fig. 5) -  
resulted in  a continuously decreasing groundw ater-table (Fig. 6). In the upper aquifers, the 
annual average water-levels have sunk as m uch as 6-8 m  in the last 40 years. The decline of 
the groundwater-level is in  close connection w ith  the relief (height above sea level), w hich 
confirms that the m ain cause of sinking here is precipitation-shortage. In areas, w here the 
decrease of the groundw ater-table is less significant (related to the height above sea level 
too), a period w ith  higher am ount of precipitation can contribute to the rise of the w ater 
level, or even can norm alise its state (Fig. 7). W here the groundw ater-table fell significantly 
and  the infiltration is lim ited due to the relief, hum id years cause only tem porary rise in  
water-levels, the decreasing tendency continues alm ost irresistibly (see Fig. 6). M oreover, 
certain anthropogenic causes also contribute to the process, for example the irrigation from  
subsurface aquifers in  dryer periods.
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Fig. 6. The declining g roundw ater table in  at a  test site (Ladánybene) w ith  higher elevation, 
w here precipitation is the only source of groundw ater, show ing the consequences of the 
decreasing am ount of precipitation. (Data source: VITUKI, H ungary) It can be seen that 
h um id  periods (like 1999 or 2010) can only tem porarily m odify the negative trend.
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Fig. 7. G roundw ater-w ell (Bócsa) show ing the perm anent effect of the decreasing 
precipitation b u t reacting m ore sensitively to  precipitation surplus (Data source: VITUKI).

Year W ater shortage (km3)
1980 1,15
1985 2,32
1990 4,08
1995 4.80
2000 2,84
2003 4,81
2010 ~ 0,5-0,8

Table 1. The approxim ate quantity  of w ater deficit in  the D anube-Tisza Interfluve related to 
the first p art of the 1970s.

By geoinformatical m ethods, w e determ ined the degree of w ater shortage in  the D anube- 
Tisza Interfluve, being  the m ost affected territory in  the C arpathian  Basin (Fig. 8). We 
calculated that follow ing arid  periods, the w ater shortage of the region (about ten  thousand 
km 2) is around  5 billion km 3 (Table 1), w hich approxim ately equals the total annual w ater
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Fig. 8. Spatial distribution of differences betw een the average groundw ater-level in the 
1971-2000 period and  the m ean groundw ater in  2009 in  H ungary  (Data source: VITUKI 
Environm ental Protection and  W ater M anagem ent Research Institute).
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Fig. 9. Spatial distribution of differences betw een the average groundw ater level in  the 1971- 
2000 period and the m ean groundw ater level in  December 2010 in  Hungary* (Data source: 
VITUKI Environm ental Protection and  W ater M anagem ent Research Institute).

* In  th e  case of a reas  w ith o u t d a ta , th e re  is n o  g ro u n d w a te r  d u e  to  geo log ica l a ttr ib u te s  o r th e re  a re  no  
o b se rv a tio n s  a llo w in g  m a p  re p re se n ta tio n  b e cau se  of sm a ll sp a tia l ex tension .
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consum ption of H ungary. From  A ugust 2009 until the end of 2010, the most hum id period 
has been experienced on record in  the C arpathian Basin bu t in  the case of areas w ith  the 
highest fall in  groundw ater level, w ater-shortage can be still observed -  how ever, its degree 
has significantly declined. These confirm  our previous hypothesis (Rakonczai 2007) that on 
one tenth  of the territory the aridification processes seems to be irreversible, since the 
groundw ater-resources can not regenerate after an  extrem e hum id  period (Fig. 9).
The descending groundw ater-table causes significant economic dam age in  areas mostly 
affected by the aridification process: fruit plantations and  traditionally dug  groundw ater- 
wells dried  out, farm ing becam e unpredictable, thus the aridification process has become a 
socio-political question as well (Ladânyi et al. 2011).

4. Altering soils
The continuous sinking of the groundw ater-table due to precipitation-shortage causes the 
alteration of certain soil types. The m ost spectacular changes can be observed in the case of 
saline soils. Since the w aters of the C arpathian  Basin are characterised by  high salt content, 
the decrease of groundw ater modifies vertical salt transfer processes (and its direction) in 
the soil profile, resulting usually the descending of the salt-accum ulation zone.
N ature conservation specialists have already been registering the decreasing extent of 
w etlands from  the 1970s and  in  some areas the dim inishing salt content of soils related to 
the declining groundw ater-table level as well (Kákonyi 2006). A well-observable 
consequence of the alterations is the decreasing extent and  num ber of salt efflorescences 
being previously frequent in  saline areas. In the 19th century, the salt sw ept and collected 
from  the dry surface had an  im portant economic role in  the Great H ungarian  Plain. E.g. 
according to the official registering Akasztó, a  small settlem ent in  the D anube-T isza 
Interfluve, w as the first on the list of "salt-producers" w ith  400-500 tons of salt in  H ungary 
in  1893 (Aradi & Iványosi-Szabó 1996). According to a com prehensive soil evaluation in 
2002, salt efflorescences can be observed only in  the case of 32 places from  the previous 164 
saline areas in  H ungary  (Tóth 2002) and  salt-collection has already been discontinued for 
long decades. The désalinisation process w as revealed by  H ungarian  investigations related 
to the MED ALUS program* in the case of m ore sam ple areas (Kertész et al. 2001). However, 
the most exact alterations w ere detected by  the author of this paper (due to some luck).
In the m iddle of the 1970s, detailed geom orphological and  pedological investigations w ere 
perform ed on the Szabadkígyós P usta (being a division of the Körös-M aros National Park at 
present -  see Fig. 3 point Sz) as a part of the preparations for declaring the area protected. 
Beside the precise m orphological m apping  of sodified bench microforms typical in  the 
saline landscape, sam ple plots w ere identified for joint evaluations m ade together w ith  
botanists (Rakonczai 1986). In the fram ew ork of the later study detailed botanic surveys 
w ere m ade along w ith  the analysis of the chemical param eters of soils lying under different 
vegetation types. At that tim e nobody thought that after 25-30 years this area can be 
appropriate to  detect the consequences of climate change. The research activity has been 
renew ed at Szabadkígyós from  2003, w hen  it w as noticed on a field trip  that during  the 
elapsed quarter of a century the previously saline territory significantly changed, though 
m ost of the original sam pling sites rem ained identifiable (Photo 1). We have already 
suspected at this point that the observed transform ations w ere driven by the changes in  the

* M e d ite rra n e a n  D esertifica tion  A n d  L a n d  U se
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w ater cycle. Later it tu rned  out that there w ere some further factors in the background as 
well, though the aridity experienced betw een the late 1980s and  m id 1990s seem ed to be the 
m ost im portant factor behind changes. D uring the long lasting drought period the 
groundw ater table sank, and  thus the effect of w aters, having sometim es a 5000 m g/1  salt 
content, became less and less apparen t on the surface. As a result saline precipitations (salt 
efflorescence) started to disappear from  the soil surface and the decreasing salt content 
enabled the gradual advance of grassy vegetation (Photo 2 and  Photo 3).

Photo 1. Sample area assigned in 1979 in May 2006 (in Szabadkígyós Pusta).

Photo 2 and 3. Saline soil w ith  salt efflorescences in 1976 become covered w ith  steppe 
vegetation by 2006.
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Fig. 10. A lteration of some characteristic attributes of a saline soil profile based on the 
m easurem ents betw een 1979 and the average of 2005-2009 period in  Szabadkígyós Pusta 
(Note: Soil sam pling in  1979 w as perform ed for the upper 30 cm).
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Soil sam ples collected regularly since 2005 (Barna 2010) m ade the quantitative assessm ent of 
soil transform ation possible. Results justify the physical and  chemical background of 
modification. D uring the past 30 years, due to  the m entioned environm ental changes, the 
total salt content of soils has decreased significantly, especially the am ount of N a dropped, 
thus providing m ore favourable conditions for plants. The gradual advance of vegetation 
has been followed by the considerable increase of hum us content (Fig. 10).
Research prove that as a result of the aridification process, a  decreasing salt content and  an 
increasing hum us content can be observed in  the upper soil of saline areas in  the C arpathian 
Basin, and at the same tim e steppification process can be registered. According to our 
experiences, this alteration can take place w ith in  2-3 decades.

5. Vegetation as an indicator of climate change
One of the best indicators of climate change is vegetation, since it can indicate short-term  
alterations and it can be an  im portant m arker of extrem ities as well. By buffering the effects 
of climate extrem ities it can also be suitable for detecting long-term  tendencies. Vegetation 
can sign the changes of life conditions by the degree or the lack of adaptation. Previous 
research revealed that in  the past flora reacted to  the alterations of climatic conditions by the 
shift of the vegetation zones. But at w hat extent is vegetation able to respond to the changes 
faster than  before in  landscapes fragm ented by  anthropogenic activities (Csorba 2008) and 
detached by artificial barriers?

5.1 B iom ass
In term s of agriculture, a  good or a  bad  harvest of a year is m ainly determ ined by the 
consequences of climatic variability. Nevertheless, on the same territory different plants are 
grow n year by year and w ater can be supplem ented by  irrigation if it is needed. Therefore, it 
is not possible to examine properly the relationship betw een crop yield and  climatic data at 
the same place.
Based on our investigations, forests can be suitable for analysing the connection betw een 
biom ass production  and  climatic conditions, since their location is perm anent for m any 
years and  the effects of natural precipitation is not m odified by  irrigation. Increasing spatial 
resolution (and quality) as well as the easier availability of satellite im agery im proved our 
investigations.
U sing (NDVI and  EVI) vegetation index series data of the MODIS sensor, carried by the 
Terra satellite, the relationship betw een forests and precipitation w as investigated in  case of 
several forest areas. It w as show n that vegetation index data proved to be suitable for 
revealing the spatial differences of w ater up-take by plants (from precipitation and 
groundw ater) (Ladányi et al 2009).
As a first step of our investigation, forests of a m icroregion (Illancs see Fig. 3) mostly 
affected by  the groundw ater depletion w ere analysed. In this case, landuse w as influenced 
by the forestation in  the 1900s. Even though  forest m anagem ent plays an im portant role in 
the area, large hom ogenous forest patches are rare, rather m any small ones w ith  different 
com position of species are characteristic. N ow adays, native stands are uncom m on, mainly 
p lan ted  acacia and  pine are the dom inant tree species.
O n the basis of a 10-year-period (2000-2009), vegetation dynam ics of the m ain forest types 
w ere analysed and the relationship betw een precipitation and biom ass production w as 
investigated (Ladányi et al 2011). Vegetation dynam ics w ere taken into consideration only
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during  the vegetation period (from April to September) because this is the m ost active 
period of trees, and in  w inter snow and  cloud cover can highly m odify the evaluation. 
Forests w ere chosen as control sites, w here the groundw ater-sinking is not significant and 
w here the groundw ater is easily available for trees.
O ur evaluation, not review ed in  detail at this tim e, show ed the differences of the m ain forest 
types (acacia as deciduous and pine as coniferous forest) in  vegetation dynam ics (Fig. 11) 
and  dem onstrated the relationship betw een vegetation index values and precipitation 
d istribution (Fig. 12). The tendency of annual curves for bo th  the NDVI and EVI vegetation 
indices show s unam biguously the natural features of bo th  forest types. As a consequence of 
the different character of the foliage, deciduous forests are characterised by low er values 
than  coniferous forests in  the first part of the year and  reach higher values later. The 
reduced im portance of precipitation at the end of the vegetation period can also be observed 
(September 2001).
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Fig. 11. Vegetation index values of coniferous and deciduous forests (2000-2009)
(Ladányi 2011).

In the sam ple area, the relationship betw een biom ass production  (its calculation is not 
dem onstrated in  detail, it can be found in  Ladányi et al. 2011), and precipitation was 
investigated (Table 2). In the dem onstrated results the intervals are given w here the 
correlation betw een the vegetation indices and the determ ining periods of precipitation w as 
the strongest.
Based on the investigations, a  strong relationship can be established betw een precipitation 
and  biom ass for bo th  vegetation indices in  the Illancs microregion. The strength of the 
connection slightly differs in  case of the different tree species b u t it is significant in  both
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cases. It can be strange for the first sight that w inter precipitation has no significance in  
biom ass production  in  this landscape, since (as w e know) soil is im pregnated by  w ater in 
the w inter period w hich supply  later m oisture for vegetation.
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Fig. 12. Vegetation indices for deciduous forests in  years w ith  different precipitation 
distributions (Ladányi 2011).

Examined forests
Correlation
coefficient

(EVI)

Determ ining
period
(EVI)

Correlation
coefficient

(NDVI)

Determ ining
period
(NDVI)

Illancs microregion, 
coniferous forest 0.76 -  0.84 III-VI 0.85 -  0.93 III-VI

Illancs microregion, 
deciduous forest

0.84 -  0.95 III-VI 0.83 -  0.92 III-VI

Alluvial flood plain, 
Gemene forest (control) <0.2 - <0.2 -

Edge of the Sandland, 
Asotthalom, coniferous 

forest (control)
0.8 XII-IV 0.76 I-VIII

Table 2. Correlation betw een precipitation and biom ass production  based on vegetation 
indices. Rom an num ber labels indicate the m onth range over w hich precipitation w as 
accum ulated. (Precipitation data source from  Kiskunhalas) (Ladányi 2010).

In order to determ ine the appropriateness of vegetation indices in  analysing "climate 
sensitivity" of various landscapes, control sites w ere selected in  the neighbourhood of the 
sam ple area w here vegetation is not solely dependent on rainfall variability b u t can use 
other sources of w ater as well. Gemene forest (being a part of D una-D ráva N ational Park -  
see Fig. 3 -  G), is such an  area on the floodplain of the Danube. H ere, the regular river 
floodings and the continuous connection of groundw ater w ith  the river th rough the sandy, 
pebbly silt ensure stable w ater supply for local tree species. (The com parison can be slightly
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influenced by the fact that this forest stand consists of a m ixture of tree species typically 
w ith  larger w ater dem and). In this area, vegetation index curves show ed less differences in 
each year com pared to  the Illancs sam ple area. Furtherm ore, biom ass production  d id  not 
show a strong correlation w ith  any periods of precipitation so -  according to  our 
prehypothesis -  this control site does not appear to  be sensitive to environm ental changes 
from  the point of view of precipitation.
As a further control site, a larger pine forest w as selected on the eastern edge of the D anube- 
Tisza Interfluve (Asotthalom) on soils w ith  heavier structure, w here the effect of regional 
groundw ater-sinking process is less severe (1-2 m) and w here rivers do not affect the 
groundw ater-level substantially. The analysis of vegetation indices also show ed strong 
relations w ith  the precipitation (Table 2) bu t w inter period proved to  be im portant as well. 
In this case groundw ater affects the w ater balance of vegetation so it is less exposed to the 
variability of precipitation.
Biomass investigations in  certain parts of the D anube-T isza Interfluve dem onstrated that in 
areas highly affected by the groundw ater table decreasing process, forests hardly depend on 
deep situated groundw ater (since w ater dem and is supplied from  other source) so they are 
m ore sensitive to  the extrem ities in  the distribution of precipitation. Furtherm ore the results 
show  that biological activity of w oody vegetation can be sensitive to the declining 
groundw ater table, so in  an  indirect w ay, it can be in  connection w ith  the long-term  
alterations of climate change.

5.2 Precipitation as the limiting factor o f w oody vegetation
Living organism s are influenced by  several environm ental factors (according to their ow n 
attributes). The m ost typical of them  are w ater, air (oxygen, nitrogen, carbon-dioxide), 
nutrients and  a certain range of tem perature. W ater supply  and  tem perature can be directly 
affected by climate change.
As an  effect of global climate change, the shift of forests tow ards the poles (and tow ards the 
peaks of m ountains) can be observed in  several parts of the Earth. The advancing edges of 
forests are investigated by researchers w orldw ide, bu t less attention is paid  to the retreating 
low -latitude and low elevation lim its of forest, however, this w ould  be m ore im portant from  
bo th  ecological and social viewpoint, as well. Beside the obvious ecological reasons of the 
shift of forests tow ards the poles (for example decreasing biodiversity of forest ecosystems), 
the yield-loss of forests can also result economical damages. Furtherm ore, the changes of 
landscape (the disappearance of forests) can have esthetical consequences or can affect even 
the quality of life (Mátyás 2010).
In the 1970-1980s, Central Europe w as hit by  m assive forest dieback. In this period, the 
dam age affected m any com mercial species, w iping out about 15 percent of oaks in  a  decade. 
The reasons w ere not know n exactly at that time, acid rain, pests or illnesses w ere assigned 
as the m ain cause of the problem  (Jakucs 1990). The reason could also be climate change at 
that time, exactly the shifting of the xeric limit, there w ere not enough precipitation for 
forests.
In the last decade the death  of forests can also be observed due to the shifting xeric lim it in 
H ungary. The spatial retreat of oak as the most sensitive species of the current climatic 
changes, its w eakening vitality and m ortality has already been obvious. It w as show n that 
oak forests have been significantly w ithdraw ing  betw een the first and  the last decades of the 
20th century (Mátyás et al. 2010, Fig. 13). Research in  the last years revealed that not the 
decreasing m ean precipitation bu t the w ater shortage of arid  years are the lim iting factors of
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Fig. 13. Change of climate favourable for beech in course of a  century: shift of contour line 24 
of Ellenberg's climate quotient (=long-term m inim um  for beech) for H ungary, in  the average 
of the years 1901-1930 (green) and 1975-2004 (red) (Mátyás et al 2010)
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beech forest stands to  subsist (Berki et al 2007). Due to the small am ount of precipitation in 
the first decade of the 21st century, especially betw een 2000 and  2004 (for exam ple the m ean 
areal p recip ita tion  w as 400 m m  in  H ungary  b u t in  significant territories only 200-300 m m  
w ere m easured) significant dam ages w ere detected in  the south-w estern part of the country 
and  in  case of some small forests on the xeric lim it (Fig. 14). In the m ost endangered areas 
regarding climatic changes in  W est-Hungary, there w as a need for salvage cutting in  case of 
30-50 percent of forests; trees had  to be rem oved long before the economic optim um . Forest 
m anagem ent can adapt hard  to the rap id  environm ental changes, since the long lifespan of 
forest trees needs planning for 80-120 years (Mátyás 2010). As a result of the species drying 
out due to climate change, the com position of forests changes in  an unfavourable direction. 
For example in  the Biikk M ountains (see Fig. 3 -  B), the retreating of Quercus petraea w as 
followed by the expansion of shrubs and  later the spread of m aple (Fig. 15), and soil 
attributes w ere w orsened by the com position of the changing leaf-litter (Tóth et al. 2008).

1973 2004
Qp: 84.46 Qc:15.42

C b: 0 .12

Qc: 22.80Qp: 46.:

Ac: 28.17

Cb: 0.43
At: 0.86

Ca: 0.86

Q p =  Q uercus petraea, Q c= Q uercus cerris, A c= Acer cam pestre, A t= Acer ta taricum , C a= C erasus apium , 
C b= C arp inus betu lus

Fig. 15. The alteration of species com position of the forest stand in  a sam ple area located in 
the Biikk M ountains (Kotroczó et al. 2007).

Similar forest- and  tree dam ages w ere detected w orldw ide after 2000 m ainly in  m ountain 
regions bu t these events have been treated as isolated problems. In certain areas, for 
exam ple in  N orth  Africa, they are not even considered problem atic, as dying trees simply 
m ake room  for m ore goat pastures. But it has been realised that the advancing xeric limit 
negatively affects Ukraine, Center Asia and  even N orth  China, m oreover the w estern  part of 
N orth  America. In these areas there have been sparse observations about forest mortality, 
how ever, they w ere considered local, transient problem s and the global coherence of the 
process w as not revealed. Forests are rarer in  p lain  areas due to the m ore intensive 
agriculture and  the dense settlem ent structure, thus the effects of climate change on forests 
can be recognised m ore difficult. By now adays it has becom e clear that the alteration, 
registered in  the C arpathian Basin, is not a  transient and  isolated phenom enon, bu t a  part of 
a global process. Thus, strategic preparations are needed because of the predicted  climate 
change in  the next decades. For example, the spread of drought tolerant species has to be 
prom oted professionally and  an  im portant task is to protect the genom e of the endangered
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valuable populations. There is a need for changing in  nature conservation practices as well: 
instead of the previous passive protection, active steps are necessary (Mátyás 2010).

5.3 The effect o f clim ate ch an ge on the alteration o f plain’s  vegetation
Landuse has changed significantly in  the p lain areas of the C arpathian Basin during  the last 
1,5-2 centuries due to hum an  activity: e.g. as a result of the high dem and for cereals at the 
beginning of 19th century, alm ost all the potential cultivatable area w as converted into arable 
land. In the m id-19th century one of Europe's largest regulations of rivers w as com pleted in 
the Great H ungarian  Plain. It resulted that nature conservation research developing in  the 
second half of 20th century in  H ungary  could take into account just those areas w hich are 
unsuitable, less w orthy for m ore intensive farm ing on the base of „principle of remains". 
The extension of these rem ained natural areas are relatively small, they are often w etlands at 
low er elevation, w hich could have been utilized only as pastures. Thus the effects of climate 
change on natural vegetation can be found in  a highly mosaic landscape, w here the response 
of vegetation is strongly restricted and the climatic affects are often com bined w ith  the 
consequences of anthropogenic interventions. In the followings w e present some typical 
exam ples for the reaction of vegetation to changing environm ental conditions.
The reaction of vegetation to changing w ater supply  and  altering soil conditions can be 
perceived first in  the decrease of the num ber of individuals. One of its well-conceivable 
consequences w as e.g. the stock-decrease of the halophyte herb of Matricaria chamomilla 
during  the last tw o decades. The reduction of its collected am ount w as explained first by 
socio-economical reasons (buying u p  becam e stricter), and nobody thought that soil- 
alterations resulted by the drier climate are standing in  the background, w hich w as revealed 
by later research.
We m entioned at point 4 (altering soils) that 5 sam ple plots (see Photo 1) w ere pointed out 
for a soil-vegetation connection research at the end of 1970s in  a  saline area in  Southeast 
H ungary  (see Fig. 3 -  Sz point). Their first detailed botanical surveys w ere perform ed in  the 
vegetation period (between April and September) of the years of 1980-1982 (Kovács & 
M olnár 1986). Repeated surveys occurred in  these plots in  2006 and 2009 (Margóczi et al 
2008, Barna 2011).
The alteration of the area is significant considering the vegetation, and  the decrease of 
salinity can be confirm ed unam biguously. The num ber of species has decreased: in  1980 40, 
b u t in  2009 only 33 species occurred in  this area. Because of the higher productivity  of soils 
resulted by the alterations the coverage of vegetation becam e higher in  2006 and  in  2009 too 
com paring w ith  the one in  1980. The total coverage of the p lant species of strongly saline 
soils alm ost halved; w hile the num ber of p lant species of slightly and  m oderately saline soils 
increased to a less degree, as they took the places of the regressive euhalopyte p lant species. 
The num ber of non-salt-tolerant pseudohalopyhte species decreased, bu t their total 
coverage increased significantly. O n the other hand  the num ber and  coverage of species 
w ith  higher soil m oisture requirem ent becam e higher to  2006 reflecting m ore precipitation 
of those periods (2005, 2006), how ever it decreased again because of the dry  first half of the 
year 2009. The changes are illustrated on a sam ple plot covered by the strongly halophyte 
saline m eadow  com m unity of Agrostio-Beckmannietum (Fig. 16). It can be seen well that the 
alteration of soils results the change of p lant com m unities too: this strongly saline plot 
covered by Agrostio-Beckm annietum  saline m eadow s in  1980 w as tu rned  to a less saline 
m eadow  type of A grostio-A lopecuretum  until 2006.
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As a consequence of climatic drying and  w ater regulations during  the last decades the 
w etlands of the sand-ridge of the D anube-T isza Interfluve have also begun  to  dry out in  
m any places. This has also been accom panied by the degradation of vegetation. These 
aridification processes prom ote the desiccation and  leaching of the saline habitats in  the 
sand-ridge becom ing uncharacteristic w hich results that the annual salt pioneer vegetation 
and  Puccinellia sw ards (salty m eadow-type) of solonchak soils are tu rned  into less saline 
Agrostio-Caricetnm saline m eadow s, then into degraded Achilleo-Festucetum-like sand steppe- 
grasslands. The less salt-tolerant species (e.g. Festuca pseudovina and  Agropt/ron repens) have 
become dom inant in  these leaching grasslands.
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Fig. 16. N um ber and coverage of non-salt-tolerant pseudohalophyte species (yellow), 
astenohalopyte species of m oderately saline soils (green) and euhalophyte species of 
strongly saline soils (blue) in a sam ple plot covered by Agrostio-Beckmannietum in  1980 
(Barna 2011).

The form er w etter fen-woodlands w ere suppressed partly because of climatic reasons, on the 
other hand  they w ere cut out. N ow adays on their places mainly tussock m eadow s and  w et 
fens (e.g. w ith  Schoenus nigricans or Eriophorum sp.) can be found, b u t they becam e rare too. 
The above m entioned w ettest fen vegetation-types w ere replaced by M ohnia fens, 
sedgefields and  m eadow s (these grassland-types w ere also form erly w idely distributed in 
m oderately w et depression form ed by deflation), w hich are tu rned  into stepping M ohnia 
fens then  sand steppe-grasslands as an  effect of further dry-out. The above m entioned 
transform ation resulted a s hifi in habitat-zonation on the edge of the deflation hollows (Deák 
2011). In H ungary  all the fens and  bogs are m aintained by local groundw ater-flow s and 
microclimatic conditions (e.g. special geom orphological position, protective buffer-zone 
forest m aintained microclimate), so these are highly climate-sensitive com munities. The 
groundw ater-level decrease due to climate change (see point 3) caused the force back and 
extinction of fen habitats in  large areas, and  this process w ill probably intensify in  the future 
if the climatic trends of the last decades continue. In the D anube-T isza Interfluve affected by 
aridification the m ost in  the Carpathian-basin, the above m entioned tw o typical direction of 
degradation processes can be pointed  out (Fig. 17), bu t there are also such areas w here the 
degradation of natural habitats hasn 't appeared during  the last 1.5 decades (Margóczi et al. 
2011). These are m ainly relatively deeper places in  the edge-zone of the sand-ridge, w here 
the lateral groundw ater-flow s m aintain some m oisture even in  the drier seasons. There is 
also an  exam ple for a special rescue effect, w hen  the form er m ore extended fen vegetation 
found its (probably last) refuge in an  artificial channel reach.
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One of the im portant consequences of vegetation changes in  the Great H ungarian  Plain is 
that the present stocks of a certain vegetation-type occur not necessary in  the place w here 
they w ere 100-200 years ago. W hile the typical annual salt pioneer vegetation, loess steppe- 
grasslands and  sandy oak forests live just there, w here they existed even 200 years ago, the 
present stocks of sand steppe-grasslands and  the w illow -poplar alluvial forests w ere w et 
m eadow s for the most part 200 years ago, how ever their stocks of that tim e have m ainly 
disappeared for today (Molnar & Biró 2011). The extension and place of the alluvial forests 
w ere highly influenced by the regulation of the rivers, the abandonm ent of pastures and  the 
plantation  of the forests. The transform ation and the regression of the natural vegetation 
m ake favorable conditions for the aggressive expansion of adventive species. Though these 
species occupy the natural grasslands less frequently (e.g. non-treated w et m eadow s can be 
exceptions), b u t their expansion can be seen well on the increasing num ber of fallows, w hich 
cover m ore and m ore areas m ainly in  areas w ith  insufficient soil conditions for arable lands. 
A ltogether it can be stated that the effect of climate change in  the case of non-w oody 
vegetation of the plains can be very various because of the differences in  w ater supply, soils 
and  micro-relief. Certain vegetation-assem blages have disappeared, degradation  controlled 
vegetation transform ation rows can be registered depending on soils and w ater supply and 
the species com position of the different p lant associations and their surface-coverage ratios 
transform ed significantly too even in  case of slighter external changes in  the most drying 
areas. But it can also happen  that a habitat-type is forced back to a tolerable refugium  w ith  
com pulsory migration. In some cases it can be observed that landscape features can buffer 
m ore or less even the unfavorable effects of climate change, so the vegetation hardly 
changes or doesn 't change at all.

Fen-woodland Annual salt pioneer
(dominated by Salix-, Alnus or Fraxinus) vegetation

; A rid ifica tion  an d /o r c u t-o f f i L each ing-ou t

Wet fens with Schoenus nigricans or Eriophorum, 
tussock meadows i

Aridification

Mohnia fen

Puccinellia sward
A ridification+leaching-out

Saline meadow
A ridification /

Sand steppe-grassland

I

A ccum ulation o f  organic m aterials 
at p resence o f  appropriate quantity  o f  w ater 

lack o f  m ow ing

Eleagnus forest

^  Reeds

A
Solidago high-weeds

i /

I
A ridification, leaching-out +  
accum ulation o f  organic m aterials

Degraded 
sand steppe-grassland

( F estuca pseudovina and A gropyron  repens)

Fig. 17. Registered degradation  processes of the vegetation in  the Danube-Tisza Interfluve 
(Deák 2011).
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Photo 4. Retreating fen vegetation to the channel crossing a deflation hollow  in Illancs 
region (forced shift of the vegetation zones). (Photo: Ladányi 2010)

6. Landscape changes
Due to the decrease of near-surface w ater resources, the alteration of landscapes can be 
observed in  m any places. This process has been going on for a long time, how ever 
background reasons have changed in the last few decades. W hile in  the previous 1.5-2 
centuries m ainly anthropogenic influence had  dom inated landscape change (causing 
alterations), in the last 30-40 years the consequences of natural alterations have taken over. 
The m ost spectacular changes are the decrease and the alteration of w etland habitats (Fig. 
18). For example, only a few num ber of saline lakes rem ained from  the previously num erous 
ones, their extent also decreased and  their bed is occupied by offshore w eed vegetation 
(.Bolboschoenus maritimus is spreading the m ost agressively). In certain hum id  years the 
previous w etlands seems to regenerate b u t this is im possible just due to the w eed vegetation 
(Kovács 2008). Landscape alterations related to climate change are m uch m ore complex than 
the decreasing extent of w etlands -  how ever it is doubtless that m ost of the changes are due 
to the alteration in  the natural water-cycle of landscapes. The sim plified connection system 
of the changes are dem onstrated in  Fig. 19.
The long-term  precipitation shortage (which indicates higher w ater-exploitation from  
subsurface aquifers for irrigation in  lack of surface water) causes perm anent decrease of the 
groundwater-table. This significant and perm anent decline of g roundw ater level modifies 
the salt transfer in soils w hich m ight result the transform ation of genetic soil type. This 
m odification is followed by the change of natural vegetation w hich results in  the significant 
alteration of natural landscapes (see Photo 2 and  3). As the ratio of agricultural fields and 
built-up  areas in  the C arpath ian  Basin is high, the effects of clim ate change on landscapes
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Fig. 18. Evaluation of a  sam ple area located in  the D anube-T isza Interfluve in  the view point 
of the aridification process (Kovács 2008).
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F i g .  1 9 .  T h e  p r o c e s s  o f  l a n d s c a p e  c h a n g e  d u e  t o  a r i d i f i c a t i o n .

c a n  b e  o b s e r v e d  m o r e  d i f f i c u l t .  H o w e v e r ,  a t  l e a s t  t w o  o f  t h e  m o s t  i m p o r t a n t  c o n s e q u e n c e s  

c a n  b e  p r e s u m e d :

D u e  t o  t h e  d e c r e a s i n g  e x t e n t  o f  s a l i n e  a r e a s ,  t y p i c a l  l a n d s c a p e s  a l t e r ,  f o r  e x a m p l e  t h e  

f a m o u s  H u n g a r i a n  " p u s t a "  i s  u n d e r  t r a n s f o r m a t i o n  a t  n u m e r o u s  l o c a t i o n s  

T h e  d e c r e a s e  i n  s a l t  c o n t e n t  a n d  t h e  i n c r e a s e  i n  o r g a n i c  m a t t e r  c o n t e n t  o f  s o i l s  e n a b l e  

a g r i c u l t u r a l  u t i l i s a t i o n  i n  s e v e r a l  p r o t e c t e d  a r e a s  ( e .g .  N a t u r a  2 0 0 0 )  d i s c o n t i n u i n g  t h e  

c a u s e s  o f  t h e i r  p r o t e c t i o n .

7. Floods and climate change

O n e  c o n s e q u e n c e  o f  t h e  g l o b a l  c l i m a t e  c h a n g e  ( d u e  t o  t h e  a s s e s s m e n t  o f  t h e  I P C C )  i s  t h e  

i n c r e a s e  o f  e x t r e m i t i e s  ( f o r  e x a m p l e  i n  t e r m s  o f  p r e c i p i t a t i o n ) .  T h i s  s t a t e m e n t  -  a s  i t  w a s  

s h o w n  b e f o r e  -  i s  a l s o  c o n f i r m e d  b y  C a r p a t h i a n  B a s i n  d a t a .  I n c r e a s i n g  f l o o d  l e v e l s  o f  t h e  

l a r g e  r i v e r s  d e t e c t e d  i n  t h e  l a s t  d e c a d e s  a r e  c o n s i d e r e d  a s  a  c o n s e q u e n c e  o f  t h e  c l i m a t e  

c h a n g e .  H o w e v e r ,  i t  i s  n o t  s u p p o r t e d  b y  t h e  d e t a i l e d  e v a l u a t i o n  o f  f l o o d s ,  s i n c e  e x t r e m e  

p r e c i p i t a t i o n  e v e n t s  d o  n o t  o c c u r  a t  t h e  s a m e  t i m e  i n  t h e  w h o l e  c a t c h m e n t ,  b u t  t h e y  a f f e c t  

o n l y  s o m e  t r i b u t a r i e s .  I n  t h e  T i s z a  R i v e r  B a s i n  t h e  l a s t  f l o o d  f o r m i n g  i n  t h e  w h o l e  c a t c h m e n t  

a r e a  o c c u r r e d  i n  1 9 7 0 .  N e v e r t h e l e s s ,  i n  t h e  l a s t  d e c a d e  ( s i n c e  1 9 9 9 )  t h e  h i g h e s t  w a t e r - l e v e l s  

w e r e  e x c e e d e d  s e v e r a l  t i m e s .  T h e s e  m a x i m u m  w a t e r  s t a g e s  w e r e  n o t  i n  a c c o r d a n c e  w i t h  t h e  

m a x i m u m  w a t e r  d i s c h a r g e  ( F ig .  2 0 )  ( a n d  t h e y  f o r m e d  o n l y  i n  c e r t a i n  p a r t s  o f  t h e  r i v e r )  

s h o w i n g  t h a t  climate change is not in the background o f the increasing flood levels in case of large 
rivers ( R a k o n c z a i  &  K o z á k  2 0 1 1 ) .  T h i s  i s  a l s o  c o n f i r m e d  b y  t h e  f a c t  t h a t  i n  t h e  c a s e  o f  

H u n g a r i a n  r i v e r s ,  t h e  h i g h e s t  f l o o d  l e v e l s  o c c u r r e d  i n  2 0  d i f f e r e n t  y e a r s  ( F ig .  2 1 ) .

T o  s u m  u p ,  i t  c a n  b e  e s t a b l i s h e d  t h a t  t h e  i n c r e a s i n g  n u m b e r  o f  " f l a s h  f l o o d s "  i n  s m a l l e r  

c a t c h m e n t s  c a n  b e  c o n n e c t e d  t o  t h e  e x t r e m i t i e s  o f  p r e c i p i t a t i o n  d u e  t o  c l i m a t e  c h a n g e ,  

h o w e v e r ,  i n  t h e  c a s e  o f  l a r g e  r i v e r s ,  t h e  c h a n g e s  i n  r i v e r  c h a n n e l  c a p a c i t y  ( f o r  e x a m p l e  

f l o o d p l a i n  a g g r a d a t i o n )  i s  t h e  m a i n  c a u s e  o f  r e c o r d  f l o o d s .
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Fig. 21. Periods of record floods in  H ungary.
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8. Summary
G l o b a l  c l i m a t e  c h a n g e  o b s e r v e d  n o w a d a y s  h a s  p r e l i m i n a r i e s :  g e o l o g i c a l  a n d  e n v i r o n m e n t a l  

h i s t o r i c a l  d a t a  p r o v e  i t s  f o r m e r  o c c u r r e n c e  ( h a v i n g  m o r e  s i g n i f i c a n t  c o n s e q u e n c e s )  i n  t h e  

p a s t .  T h e  c o n s e q u e n c e s  o f  t h e  c h a n g e s  -  d u e  t o  t h e  d i f f e r e n c e s  i n  p h y s i c a l  g e o g r a p h y  -  

c a u s e  c h a n g e s  w i t h  q u i t e  d i f f e r e n t  s c a l e s  i n  t h e  l a n d s c a p e .

S i g n i f i c a n t  t e r r i t o r i e s  o f  t h e  C a r p a t h i a n  B a s i n  a r e  s o  m u c h  i n f l u e n c e d  b y  h u m a n  a c t i v i t i e s  

t h a t  t h e  e f f e c t  o f  c l i m a t e  c h a n g e  c a n  n o t  b e  d e t e c t e d  d i r e c t l y .  D e t a i l e d  r e s e a r c h  p r o v e d  t h a t  

t h e  c h a n g e s  o f  t h e  t w o  m a i n  c l i m a t e  e l e m e n t s  ( p r e c i p i t a t i o n  a n d  t e m p e r a t u r e )  i n  t h e  l a s t  

d e c a d e s  h a v e  c o n t r i b u t e d  t o  s i g n i f i c a n t ,  t r e n d - l i k e  a l t e r a t i o n s  i n  t h e  l a n d s c a p e .  F u r t h e r m o r e ,  

n a t u r a l  a l t e r a t i o n s  a r e  c o m p l e t e d  b y  t h e  c o n s e q u e n c e s  o f  a n t h r o p o g e n i c  a c t i v i t i e s  a n d  t h e  

c h a n g e s  h a v e  s i g n i f i c a n t  s o c i a l  r e l a t i o n s  a s  w e l l  ( F ig .  2 2 ) .  T h e  d e c r e a s i n g  p r e c i p i t a t i o n  

c a u s e d  g r o u n d w a t e r - t a b l e  s i n k i n g ,  a s  a  r e s u l t  o f  w h i c h  s o i l  a n d  v e g e t a t i o n  a l t e r e d ,  

c o n t r i b u t i n g  t o  l a n d s c a p e  c h a n g e s .  T h e  d e t e c t e d  l a n d s c a p e  c h a n g e s  c a n  s e r v e  a s  a  b a s e  f o r  a  

c l i m a t e - s e n s i t i v i t y  m a p  i n  t h e  f u t u r e .  H o w e v e r ,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  e v e r y  a l t e r a t i o n  

i n  t h e  l a n d s c a p e  c a n  n o t  b e  e x p l a i n e d  e x c l u s i v e l y  b y  c l i m a t e  c h a n g e .
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1. Introduction

T h e  c l i m a t e  f l u c t u a t e s  a n d  c h a n g e s  n a t u r a l l y ,  a n d  a d d i n g  t h e  c o m m o n  p r o b l e m s  o f  l a n d  

t r a n s f o r m a t i o n  a n d  d e f o r e s t a t i o n ,  i t s  i m p a c t  c a n  b e  v e r y  h a r s h  o n  t h e  n a t u r a l  e n v i r o n m e n t ,  

a n d  c a u s e  a  d e c l i n e  i n  t h e  b i o d i v e r s i t y  o f  p l a n t s  a n d  a n i m a l s .  Aloe dichotoma, c o m m o n  n a m e  

Q u i v e r  t r e e ,  i s  a n  i m p o r t a n t  p a r t  o f  t h e  a r i d  r e g i o n s ,  s u c h  a s  N a m a q u a l a n d  a n d  

B u s h m a n l a n d  i n  S o u t h  A f r i c a ,  a n d  i n  a r i d  p a r t s  o f  s o u t h e r n  N a m i b i a .  T h i s  s u c c u l e n t  t r e e  

s p e c i e s  o c c u r s  i n  r o c k y  a r e a s ,  a n d  i t  c a n  g r o w  q u i t e  r a p i d l y  u n d e r  t h e  r i g h t  c o n d i t i o n s .  

S u c c u l e n t s  a r e  a b l e  t o  s u r v i v e  l o n g  p e r i o d s  o f  d r o u g h t  c o n d i t i o n s ,  d u e  t o  t h e  f a c t  s u c c u l e n t  

p l a n t s  h a s  s p e c i a l  w a t e r - s t o r i n g  t i s s u e  w h i c h  m a k e s  p a r t  o f  t h e  p l a n t  f l e s h y ,  a n d  t h e  Q u i v e r  

t r e e  h a s  s u c c u l e n t  l e a f  a n d  s t e m  ( V a n  W y k  a n d  S m i t h ,  1 9 9 6 ) .

T h e  Q u i v e r  t r e e  h a s  a  2 0 0  y e a r  l i f e  s p a n ,  a n d  c a n  g r o w  u p  t o  9  m e t e r s  t a l i ,  a n d  i t  o c c u r s  i n  

s u m m e r  a n d  w i n t e r  r a i n f a l l  r e g i o n s ,  a n d  c a n  l i v e  u n d e r  a  v a r i e t y  o f  c l i m a t i c  c o n d i t i o n s  

( F i g .  1 ) .  T h e  Q u i v e r  t r e e  i s  i m p o r t a n t  t o  t h e  e c o s y s t e m  d u e  t o  t h e  f a c t  t h a t  i t  i s  a s  a  s o u r c e  

o f  m o i s t u r e  f o r  a  w i d e  v a r i e t y  o f  m a m m a l s ,  b i r d s ,  a n d  i n s e c t s .  F o d e n ' s  d e t a i l e d  s t u d y  o f  

t h e  d e m o g r a p h i c  d a t a  o f  t h e  Q u i v e r  t r e e s  s h o w  t h a t  n e g l i g i b l e  r e c r u i t m e n t  h a s  o c c u r r e d  i n  

c e r t a i n  p o p u l a t i o n s  f o r  5 0  y e a r s ,  a n d  t h e  e f f e c t s  o f  n o n - c l i m a t i c  v a r i a b l e s ,  s u c h  a s  

h e r b i v o r y ,  c o m p e t i t i o n ,  s e e d  a v a i l a b i l i t y ,  f u n g a l  p a t h o g e n s ,  p l a n t  c o l l e c t i o n . . .  a r e  v e r y  

s m a l l  ( F o d e n ,  2 0 0 2 ) .

T o d a y ,  t h e  Q u i v e r  t r e e s  a r e  t h r e a t e n e d  b y  a g r i c u l t u r a l  e x p a n s i o n ,  o v e r g r a z i n g ,  a n d  m i n i n g ,  

a s  w e l l  a s  d r o u g h t s  a n d  o t h e r  c l i m a t e  c h a n g e s  ( F o d e n ,  2 0 0 2 ) .  C l i m a t e  c h a n g e s  i s  o n e  o f  t h e  

m a j o r  f a c t o r s  a f f e c t i n g  t h e  e x i s t e n c e  o f  Q u i v e r  t r e e s ,  w h i l e  t h e  Q u i v e r  t r e e  w i l l  u n l i k e l y  t o  b e  

a f f e c t e d  b y  s m a l l  c l i m a t i c  f l u c t u a t i o n s ,  b u t  w i l l  b e  a f f e c t e d  l a r g e r  o r  l o n g  t e r m  c l i m a t i c  

c h a n g e s .  T h e  Q u i v e r  t r e e  c a n  p o t e n t i a l l y  p r o v i d e  a  g o o d  i n d i c a t i o n  o f  l o n g  t e r m  c l i m a t e  

c h a n g e s  i n  t h e  a r i d  r e g i o n s  ( F o d e n ,  2 0 0 2 ) .

P r e v i o u s  o n s i t e  o b s e r v a t i o n s  s h o w  t h a t  Q u i v e r  t r e e s  a r e  v e r y  s e n s i t i v e  t o  t e m p e r a t u r e  

c h a n g e s ,  a n d  d o e s  n o t  d o  w e l l  u n d e r  e x t r e m e  h o t  a n d  d r y  c o n d i t i o n s .  O b s e r v a t i o n s  h a s  a l s o  

s h o w n  t h a t  t h e  Q u i v e r  t r e e s  m i g h t  b e  r e s p o n d i n g  t o  h i g h e r  t e m p e r a t u r e s  b y  s h i f t i n g  i t s  

d i s t r i b u t i o n  r a n g e  t o w a r d s  h i g h e r  a n d  h i g h e r  a l t i t u d e s ,  s h o w i n g  a  p r e f e r e n c e  f o r  s l i g h t l y  

c o o l e r  r e g i o n s  ( M i d g l e y  e t  a l . ,  2 0 0 9 ) .
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F i g .  1 . Q u i v e r  t r e e s  i n  K a u k u s i b  K o p p i e ,  N a m i b i a ,  2 0 0 8

T o  h a v e  a  c o m p l e t e  p i c t u r e  o f  t h e  Q u i v e r  t r e e ' s  r e s p o n s e  t o  r e c e n t  c l i m a t i c  c h a n g e s ,  s a m p l e s  

o f  Q u i v e r  t r e e s  w e r e  c o l l e c t e d  f r o m  t h e i r  d i s t r i b u t i o n a l  r a n g e  i n  a r i d  N a m i b i a  a n d  S o u t h  

A f r i c a ,  a n d  t h i s  i s  a  c o n t i n u i n g  p r o j e c t  f u n d e d  b y  t h e  S o u t h  A f r i c a n  N a t i o n a l  B i o d i v e r s i t y  

I n s t i t u t e .  H o w e v e r ,  d a t a  u n c e r t a i n t y  a c c o m p a n i e d  t h e  s a m p l e  c o l l e c t i o n s  a s  w e l l .

I n  2 0 0 1  a n d  2 0 0 2 ,  W e n d y  F o d e n  a n d  v a r i o u s  a s s i s t a n t s  c o l l e c t e d  Q u i v e r  t r e e s  s a m p l e  d a t a  

a c r o s s  t h e  w h o l e  r a n g e ,  s a m p l i n g  5 3  s i t e s  i n  d e t a i l .  I n  2 0 0 8  G r a e m e  E l l i s  r e - s a m p l e d  a  s u b s e t  

o f  t h e  p o p u l a t i o n ,  s a m p l i n g  4 1  s i t e s .  I n  2 0 0 9 ,  R e s  A l t w e g g  a n d  C o r y  M e r o w  d i d  a  t h o r o u g h  

a n a l y s i s  a n d  c o m p a r i s o n  o f  b e t w e e n  t h e  2  s e t s  o f  d a t a ,  f o r  3 5  s i t e s ,  e x c l u d i n g  c e r t a i n  s i t e s  

d u e  t o  l a c k  o f  d a t a  f o r  c o m p a r i s o n s .

I n  t h i s  c h a p t e r ,  w e  a r e  g o i n g  o n e  s t e p  f u r t h e r ,  t h a t  i s ,  t o  t r y  t o  c o m p l e t e  a l l  t h e  m i s s i n g  d a t a  

v a l u e s ,  w h i c h  w i l l  a l l o w  u s  t o  d o  a  m o r e  c o m p l e t e  c o m p a r i s o n .  T h e  i n c o m p l e t e  d a t a  i s s u e  i s  

c o m p l i c a t e d  o n  m a n y  f r o n t s :
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Î .  W h i l e  t h e  2 0 0 1 - 2 0 0 2  d a t a  a r e  t h e  m o s t  c o m p l e t e ,  h o w e v e r ,  t h e r e  a r e  s e v e r a l  s i t e s  w i t h  

m i s s i n g  v a r i a b l e s  f r o m  t h e  5 3  s a m p l e  s i t e s .

2 . T h e  2 0 0 8  d a t a  i s  a  s u b s e t  o f  t h e  o r i g i n a l  2 0 0 1 - 2 0 0 2  d a t a ,  c o v e r i n g  4 1  s i t e s ,  a n d  t h e  2 0 0 8  

d a t a  v a r i a b l e s  a r e  n o t  t h e  s a m e  a s  t h e  2 0 0 1 - 2 0 0 2  d a t a  v a r i a b l e s .

3 . T h e  2 0 0 9  a n a l y s e d  d a t a  c o m p a r i s o n  b e t w e e n  2 0 0 1 - 2 0 0 2  a n d  2 0 0 8  d a t a  i s  f o r  3 5  s i t e s ,  

w i t h  1 8  s i t e s  u n c a l c u l a t e d  d u e  t o  m i s s i n g  d a t a .

4 .  W i t h  a l l  3  d a t a s e t s ,  m i s s i n g  d a t a  i s  a  m a j o r  p a r t  o f  t h e  p r o b l e m ,  w h i c h  r e n d e r s  t h e  3  

d a t a s e t s  i n c o m p l e t e  a n d  o n l y  p a r t i a l l y  c o m p a r a b l e .

N a m ib ia

S o u th  A fr ic a

K ilo m e te rs
CD 0 100200 4 0 0

/  L e g e n d

•  C a lc u la te d  c h a n g e  b e tw e e n  2 0 0 2  a n d  2 0 0 8  

9  C o m p le te  Q u iv e r  t r e e  s a m p le  s i t e s  fo r  2 0 0 2  

I I A frican  C o u n tr ie s

F i g .  2 . A v a i l a b l e  Q u i v e r  t r e e  s a m p l e  s i t e  d a t a  i n  A r i d  N a m i b i a  a n d  S o u t h  A f r i c a

O f  c o u r s e ,  a n o t h e r  s a m p l e  c o l l e c t i o n  s t u d y  w o u l d  b e  i d e a l ,  b u t  t o  d u e  l a c k  o f  f u n d i n g  a n d  

t r a i n e d  p r o f e s s i o n a l s ,  t h i s  i s  n o t  p o s s i b l e  a t  t h i s  s t a g e .  I n  a n y  c a s e ,  a  f u l l  u s a g e  s h o u l d  b e  

m a d e  o f  t h e  2 0 0 2  a n d  2 0 0 8  d a t a .  I n  F i g .  2 ,  t h e  Q u i v e r  t r e e s  s a m p l e  s i t e s  a r e  s h o w n ,  t h e  

Q u i v e r  t r e e ' s  d i s t r i b u t i o n  e x t e n d i n g  o v e r  t h e  a r i d  r e g i o n s  i n  N a m i b i a  a n d  S o u t h  A f r i c a .  A s  

o n e  c a n  s e e  f r o m  t h e  f i g u r e ,  t h e  2 0 0 8  s t u d y  i s  a  s u b s e t  o f  t h e  o r i g i n a l  2 0 0 2  s a m p l e s .

2. Impreciseness in quiver tree's sample data
T o  i n v e s t i g a t e  t h e  c l i m a t e  c h a n g e  i m p a c t s  o n  t h e  Q u i v e r ' s  s p a t i a l  d i s t r i b u t i o n  f r o m  2 0 0 2  t o  

2 0 0 8 ,  w e  m u s t  h a v e  t h e  Q u i v e r ' s  p o p u l a t i o n  e v o l u t i o n  i n f o r m a t i o n .  W e  a s  b i o d i v e r s i t y  

s c i e n t i s t s  n e e d  t o  r e v e a l  t h e  c l i m a t e  c h a n g e  i m p a c t s  o n  p l a n t  s p e c i e s  b a s e d  o n  t h e  d a t a  

c o l l e c t e d .  O n l y  s o l i d  d a t a - o r i e n t e d  a n a l y s i s  c a n  p r o v i d e  n e a r - t r u e  i n f o r m a t i o n  t o  t h e  p u b l i c  

a n d  g o v e r n m e n t a l  d e c i s i o n - m a k i n g  b o d y .  I n  t h i s  c a s e ,  t h e  Q u i v e r  t r e e ' s  d a t a s e t  i s  n o t



326 Climate Change -  Geophysical Foundations and Ecological Effects

c o m p l e t e  e n o u g h  t o  p e r f o r m  a  s o l i d  d a t a - o r i e n t e d  a n a l y s i s  b e c a u s e  o f  t h e  i m p r e c i s e n e s s  

f e a t u r e s  o f  t h e  d a t a s e t .

I m p r e c i s e n e s s  i s  a  f u n d a m e n t a l  a n d  i n t r i n s i c  f e a t u r e  i n  a  s o l i d  d a t a  o r i e n t e d  s p a t i a l  

m o d e l l i n g  e x e r c i s e s  d u e  t o  t h e  o b s e r v a t i o n a l  d a t a  s h o r t a g e  a n d  i n c o m p l e t e n e s s .  F a c i n g  t h e  

i m p r e c i s e n e s s  r e a l i t y  t h e  s p a t i a l  s t a t i s t i c i a n s  o f t e n  r e l y  o n  e x p e r t ' s  k n o w l e d g e  t o  c o m p e n s a t e  

t h e  i n a d e q u a c y  a n d  i n  a c c u r a c y  i n  c o l l e c t e d  o b s e r v a t i o n a l  d a t a .  N e v e r t h e l e s s ,  s u c h  a  

d e p e n d e n c e  o n  e x p e r t s '  k n o w l e d g e  e n g i n e e r i n g  w i l l  s t i l l  o p e n  a  b a c k d o o r  t o  p s e u d o ­

s c i e n t i f i c  b e l i e v e  o r  c l a i m .

I m p r e c i s e n e s s  i s  r e f e r r e d  t o  a  t e r m  w i t h  a n  i n t r i n s i c  p r o p e r t y  g o v e r n e d  b y  a n  u n c e r t a i n  

m e a s u r e  o r  a n  u n c e r t a i n t y  d i s t r i b u t i o n  f o r  e a c h  o f  t h e  a c t u a l  o r  h y p o t h e t i c a l  m e m b e r s  o f  a n  

u n c e r t a i n t y  p o p u l a t i o n  ( i . e . ,  c o l l e c t i o n  o f  e x p e r t ' s  k n o w l e d g e ) .  A n  u n c e r t a i n t y  p r o c e s s  i s  a  

r e p e a t i n g  p r o c e s s  w h o s e  o u t c o m e s  f o l l o w  n o  d e s c r i b a b l e  d e t e r m i n i s t i c  p a t t e r n ,  b u t  f o l l o w  

a n  u n c e r t a i n t y  d i s t r i b u t i o n ,  s u c h  t h a t  t h e  u n c e r t a i n  m e a s u r e  o f  t h e  o c c u r r e n c e  o f  e a c h  

o u t c o m e  c a n  b e  o n l y  a p p r o x i m a t e d  o r  c a l c u l a t e d .

D e f i n i t i o n  2 .1 :  I m p r e c i s e n e s s  i s  a n  i n t r i n s i c  p r o p e r t y  o f  a  v a r i a b l e  o r  a n  e x p e r t ' s  k n o w l e d g e  

b e i n g  s p e c i f i e d  b y  a n  u n c e r t a i n t y  m e a s u r e .

I n  g e o - s t a t i s t i c s  a n a l y s t  c o m m u n i t i e s  i t  i s  s e l d o m  t o  m e n t i o n  u n c e r t a i n t y  m e a s u r e .  I t  i s  t r u e ,  

s p a t i a l  r e s e a r c h e r s  a r e  u s e d  t o  t h e  t e r m  " u n c e r t a i n t y " ,  w h i c h  r e p r e s e n t s  r a n d o m n e s s  i n  t h e i r  

e y e s .  A c t u a l l y ,  t h i s  p e r c e p t i o n  i s  w r o n g .  R e s e a r c h e r s  h a v e  l o n g  r e a l i z e d  t h e  t h e r e  a r e  m a n y  

f o r m s  o f  u n c e r t a i n t y ,  r a n d o m n e s s  i s  m e r e l y  a  m e m b e r  o f  u n c e r t a i n t y  f a m i l y .  H o w  c a n  w e  

d i f f e r e n t i a t e  d i f f e r e n t  f o r m s  o f  u n c e r t a i n t y ?  T h e  a n s w e r  i s  f a i r l y  s t r a g h t  f o r w a r d :  t h e  

a p p r o p r i a t e  m e a s u r e  s p e c i f i e s  a  p a r t i c u l a r  f o r m  o f  u n c e r t a i n t y .  F o r  e x a m p l e ,  p r o b a b i l i t y  

m e a s u r e  s p e c i f i e s  r a n d o m  u n c e r t a i n t y .

T h e  u n c e r t a i n t y  m o d e l l i n g  w i t h o u t  a  m e a s u r e  s p e c i f i c a t i o n  w i l l  n o t  h a v e  a n  r i g o r o u s  

m a t h e m a t i c a l  f o u n d a t i o n s  a n d  c o n s e q u e n t l y  t h e  m o d e l l i n g  e x e r c i s e  i s  b a s e l e s s  

a n d  b l i n d n e s s .  I n  o t h e r  w o r d s ,  m e a s u r e  s p e c i f i c a t i o n  i s  t h e  p r e r e q u i s i t e  t o  s p a t i a l  d a t a  

c o l l e c t i o n  a n d  a n a l y s i s .  F o r  e x a m p l e ,  w i t h o u t  K o l m o g r o v ' s  ( 1 9 5 0 )  t h r e e  a x i o m s  o f  

p r o b a b i l i t y  m e a s u r e ,  r a n d o m n e s s  i s  n o t  d e f i n e d  a n d  t h u s  s t a t i s t i c a l  d a t a  a n a l y s i s  a n d  

i n f e r e n c e  h a s  n o  f o u n d a t i o n  a t  a l l .

N o t i c e  t h a t  i m p r e c i s e  p r o b a b i l i t y  t h e o r y  i s  a  p o t e n t i a l  r e m e d y  t o  a d d r e s s  t h e  o b s e r v a t i o n a l  

d a t a  i n a c c u r a c y  a n d  i n a d e q u a c y  b e c a u s e  m o s t  t h e  g e o - s t a t i s t i c s  a n a l y s t s  a r e  f a m i l i a r  w i t h  

p r o b a b i l i t y  t h e o r y .  H o w e v e r  t h e  i m p r e c i s e  p r o b a b i l i t y  b a s e d  s p a t i a l  m o d e l l i n g  m i g h t  b e  n o t  

f e a s i b l e .  J u s t  a s  U t i k i n  a n d  G u r o v  ( 2 0 0 0 )  h a s  c o m m e n t e d ,  " t h e  p r o b a b i l i s t i c  u n c e r t a i n t y  

m o d e l  m a k e s  s e n s e  i f  t h e  f o l l o w i n g  t h r e e  p r e m i s e s  a r e  s a t i s f i e d :  ( i )  a n  e v e n t  i s  d e f i n e d

p r e c i s e l y ;  ( i i )  a  l a r g e  a m o u n t  o f  s t a t i s t i c a l  s a m p l e s  i s  a v a i l a b l e ;  ( i i i )  p r o b a b i l i s t i c  

r e p e t i t i v e n e s s  i s  e m b e d d e d  i n  t h e  c o l l e c t e d  s a m p l e s .  T h i s  i m p l i e s  t h a t  t h e  p r o b a b i l i s t i c  

a s s u m p t i o n  m a y  b e  u n r e a s o n a b l e  i n  a  w i d e  s c o p e  o f  c a s e s . "

I t  i s  t h e r e f o r e  i n e v i t a b l y  t o  s e e k  a n o t h e r  f o r m  o f  u n c e r t a i n t y  t h e o r y  t o  m e e t  t h e  

i m p r e c i s e n e s s  c h a l l e n g e s .  I n  t h e  t h e o r e t i c a l  b a s k e t ,  i n t e r v a l  u n c e r t a i n t y  t h e o r y  ( M o o r e ,  

1 9 6 6 ) ,  f u z z y  t h e o r y  ( Z a d e h ,  1 9 6 5 ,  1 9 7 8 ) ,  g r e y  t h e o r y  ( D e n g ,  1 9 8 4 ) ,  r o u g h  s e t  t h e o r y  ( 1 9 8 2 ) ,  

u p p e r  a n d  l o w e r  p r o v i s i o n s  o r  e x p e c t a t i o n s  ( W a l l e y ,  1 9 9 1 ) ,  o r  L i u ' s  u n c e r t a i n t y  t h e o r y  

( 2 0 0 7 ,  2 0 1 0 )  m a y  b e  c h o s e n .  N e v e r t h e l e s s ,  L i u ' s  ( 2 0 0 7 ,  2 0 1 0 )  u n c e r t a i n t y  t h e o r y  i s  t h e  o n l y  

o n e  b u i l t  o n  a n  a x i o m a t i c  u n c e r t a i n  m e a s u r e  f o u n d a t i o n  a n d  f u l l y  j u s t i f i e d  w i t h  

m a t h e m a t i c a l  r i g o r .  T h e r e f o r e  i t  i s  l o g i c a l  t o  e n g a g e  L i u ' s  ( 2 0 0 7 ,  2 0 1 0 )  u n c e r t a i n t y  t h e o r y  f o r  

g u i d i n g  u s  t o  u n d e r s t a n d  t h e  i n t r i n s i c  c h a r a c t e r  o f  i m p r e c i s e  u n c e r t a i n t y  a n d  f a c i l i t a t e  a n  

a c c u r a t e  m a t h e m a t i c a l  d e f i n i t i o n  o f  i m p r e c i s e n e s s  i n  o r d e r  t o  e s t a b l i s h  t h e  f o u n d a t i o n s  f o r  

u n c e r t a i n t y  s p a t i a l  m o d e l l i n g  u n d e r  i m p r e c i s e  u n c e r t a i n t y  e n v i r o n m e n t s .
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3. Uncertain measure foundation
T h e  U n c e r t a i n t y  T h e o r y  w a s  f o u n d e d  b y  L i u  i n  2 0 0 7  a n d  r e f i n e d  i n  2 0 1 0  ( L i u ,  2 0 0 7 ,  2 0 1 0 ) .  

N o w a d a y s  u n c e r t a i n t y  t h e o r y  h a s  b e c o m e  a  b r a n c h  o f  m a t h e m a t i c s .

A  k e y  c o n c e p t  i n  u n c e r t a i n t y  t h e o r y  i s  t h e  u n c e r t a i n  m e a s u r e :  L e t  3  b e  a  n o n e m p t y  s e t  

( s p a c e ) ,  a n d  2 1 ( 3 )  t h e  <r - a l g e b r a  o n  3  . E a c h  e l e m e n t ,  l e t  u s  s a y ,  A  c. H , A  e  2 1 ( 3 )  i s  c a l l e d  

a n  u n c e r t a i n  e v e n t .  A  n u m b e r  d e n o t e d  a s X ( A ) ,  0 < X ( A ) < 1 ,  i s  a s s i g n e d  t o  e v e n t

A  e  2 1 ( 3 ) ,  w h i c h  i n d i c a t e s  t h e  u n c e r t a i n  m e a s u r i n g  g r a d e  w i t h  w h i c h  e v e n t  A  e  2 1 ( 3 )

o c c u r s .  T h e  n o r m a l  s e t  f u n c t i o n  X  ( A )  s a t i s f i e s  f o l l o w i n g  a x i o m s  g i v e n  b y  L i u  ( 2 0 1 1 ) :

A x i o m  1 :  ( N o r m a l i t y )  X { 5 )  =  1  .

A x i o m  2 : ( S e l f - D u a l i t y )  X { -) i s  s e l f - d u a l ,  i . e . ,  f o r  a n y  A  e  2 1 ( 3 ) ,  X [ A )  +  X  j A c |  =  1 .

{CO I  CO

U  A ; f  -  { A  } f ° r  a n y  c o u n t a b l e  e v e n t  s e q u e n c e  {A i } .

¡=1 J ¡=1
D e f i n i t i o n  3 .1 :  ( L i u ,  2 0 0 7 ,  2 0 1 0 )  A  s e t  f u n c t i o n  X  : 2 1 ( 3 )  —» [ 0 ,1 ]  s a t i s f i e s  A xiom s 1-4 i s  c a l l e d  

a n  u n c e r t a i n  m e a s u r e .  T h e  t r i p l e  ( 3 , 2 l ( S ) , X )  i s  c a l l e d  a n  u n c e r t a i n t y  s p a c e .

D e f i n i t i o n  3 .2 :  ( L i u ,  2 0 0 7 ,  2 0 1 0 )  A n  u n c e r t a i n  v a r i a b l e  i s  a  m e a s u r a b l e  f u n c t i o n  Ç f r o m  a n  

u n c e r t a i n t y  s p a c e  ( 3 , 2 l ( S ) , X )  t o  t h e  s e t  o f  r e a l  n u m b e r s .

D e f i n i t i o n  3 .3 :  ( L i u ,  2 0 1 0 )  L e t  b e  a  u n c e r t a i n t y  q u a n t i t y  o f  i m p r e c i s e n e s s  o n  a n  u n c e r t a i n t y  

m e a s u r e  s p a c e  ( 3 , 2 l ( S ) , X ) . T h e  u n c e r t a i n t y  d i s t r i b u t i o n  o f  i s

'T i ( x )  =  X { r e 5 | f ( r ) < x }  (1)

T h e o r e m  3 .4 :  ( L i u ,  2 0 0 7 ,  2 0 1 0 )  L e t  b e  u n c e r t a i n t y  d i s t r i b u t i o n s  f o r  t h e

u n c e r t a i n t y  v a r i a b l e s  o n  ( 3 , 2 l ( S ) , X )  r e s p e c t i v e l y .  L e t  ^  ^ ) b e  t h e  j o i n t

d i s t r i b u t i o n  o f  u n c e r t a i n t y  v e c t o r  ( ¿ j ,  ,  • ■ ■, 4„ )  • I f  ç f i, £ 2  > "  ' > í n  a r e  i n d e p e n d e n t ,  t h e n

^ , 6 , -  , i „ ) ( z i ' z 2 ' ” ' ' z i . )  = 5 ™ ^ ,  (x i)  (2 )

f o r  a n y  r e a l  n u m b e r s  x 1, x 2>- - , x n e  M  .

D e f i n i t i o n  3 .5 :  ( L i u ,  2 0 0 7 ,  2 0 1 0 )  L e t  b e  a  u n c e r t a i n t y  v a r i a b l e  o n  a n  u n c e r t a i n t y  m e a s u r e  

s p a c e  ( 3 , 2 1 ( 3 ) , X ) . T h e  e x p e c t a t i o n  i s  d e f i n e d  b y

+  CO 0

E [ < f ] =  ƒ  %{£, > r ) d r -  ƒ  % {Ç < r}dr  (3 )

0  - c o

p r o v i d e d  t h a t  o n e  o f  t h e  t w o  i n t e g r a l s  e x i s t s  a t  l e a s t .

D e f i n i t i o n  3 .6 :  ( L i u ,  2 0 0 7 ,  2 0 1 0 )  L e t  b e  a  u n c e r t a i n t y  v a r i a b l e  o n  a n  u n c e r t a i n t y  m e a s u r e  

s p a c e  ( 3 , 2 l ( 3 ) , X )  . w i t h  u n c e r t a i n t y  d i s t r i b u t i o n  f u n c t i o n  a n d  T ^ a  f i n i t e  e x p e c t a t i o n  ju . 
T h e n  t h e  v a r i a n c e  o f  ,  d e n o t e d  b y  V [ ¿ f ] ,  i s  d e f i n e d  b y

+CO

V[Ç]  = 2 j  ( r - f i ) ( l - ' ¥ f ( r ) + ' ¥ f ( 2 f i - r ) ) d r .  (4)
0

L i u 's  u n c e r t a i n t y  t h e o r y  ( L i u ,  2 0 0 7 ,  2 0 1 0 )  d o e s  n o t  d e f i n e  m u l t i v a r i a t e  u n c e r t a i n t y

d i s t r i b u t i o n ,  ( G u o ,  2 0 1 0 ;  G u o  e t  a l . ,  2 0 0 7 ) ,  e x c e p t  f o r  t h e  i n d e p e n d e n t  u n c e r t a i n t y  v a r i a b l e s .
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H e n c e  i t  i s  n e c e s s a r y  t o  f a c i l i t a t e  a  f r a m e w o r k  f o r  s h o w i n g  t h e  p r e p a r a t i o n  t o  d e f i n e  t h e  

u n c e r t a i n  c o v a r i a n c e .

L e t  b e  u n c e r t a i n t y  d i s t r i b u t i o n s  f o r  t h e  u n c e r t a i n t y  v a r i a b l e s  ^1/^2/---,^n on
(E ,21(E ),X .) r e s p e c t i v e l y .  L e t  ^  ^ ) b e  t h e  j o i n t  d i s t r i b u t i o n  o f  u n c e r t a i n t y  v e c t o r

" / i f , , )  • A s s u m i n g  t h a t  ¿¡¡ a n d  ¿fy t w o  a r b i t r a r y  p a i r  o f  u n c e r t a i n t y  v a r i a b l e s  w i t h i n  

t h e  u n c e r t a i n t y  v e c t o r  w h i c h  h a v e  f i n i t e  e x p e c t a t i o n s  a n d  /u2 r e s p e c t i v e l y .

D e n o t e  ^ j b i v a r i a t e  u n c e r t a i n t y  d i s t r i b u t i o n  f u n c t i o n .

D efin ition  3.7: L e t  ;/„  =  ( y  - A , ) ( á  -  /iy  j  b e  p r o d u c t  o f  c e n t e r e d  u n c e r t a i n t y  v a r i a b l e s  ^  a n d  

¿fy . T h e  u n c e r t a i n t y  d i s t r i b u t i o n  o f  tĵ  i s  d e f i n e d  b y

' ï \ ( y ) =  SU P  ' ï V , f j ( z . ' z y ) ,  v ( z ; / Z y ) e M 2 (5 )
Zlz2 = y  ^

D efin ition  3.8: L e t  r]  ̂ =  -  A ; ) ( i ;  “ A y ) b e  p r o d u c t  o f  c e n t e r e d  u n c e r t a i n t y  v a r i a b l e s  ^  a n d

¿fy . T h e  e x p e c t a t i o n  o f  c e n t e r e d  p r o d u c t  77; . i s  c a l l e d  t h e  c o v a r i a n c e  b e t w e e n  u n c e r t a i n t y  

v a r i a b l e s  ^  a n d  ¿fy,  t h a t  i s  b y

+  C0 0

r¡iáEM  = Í (1_̂ ,(r))dr“ Í ̂  (r)dr (6)
0  -c o

Theorem 3.9: L e t  ,£,n b e  i n d e p e n d e n t  u n c e r t a i n t y  v a r i a b l e s  o n  ( E , 2 l , X )  . T h e n

' î i I7l;( y ) =  SU P  ( ' p í 1 ( z i ) a ' p & ( z 2 ) ) /  v ( z ¡ H y ) e M 2 (7 )
z jz 2 =y

Remark 3.10: D i f f e r e n t  f r o m  i n d e p e n d e n t  r a n d o m  v a r i a b l e s  X 2 a n d  X 2 ,  w h o s e

- E [ X 1 ] ) ( X 2 - E [ X 2 ] ) J  =  0 . I n  u n c e r t a i n t y  t h e o r y ,  i n d e p e n d e n t  ¡̂ 1,^ 2,---,^n d o  n o t  

i m p l y  /¿y =  0  .

Remark 3.11: T h e  f o r m a t i o n  o f  u n c e r t a i n  v a r i a n c e - c o v a r i a n c e  d o e s  t o u c h  t h e  d e t a i l e d  

f u n c t i o n a l  f o r m  o f  m u l t i v a r i a t e  u n c e r t a i n t y  j o i n t  d i s t r i b u t i o n .  F o r  p r a c t i c a l  a p p l i c a t i o n s ,  t h e  

f o r m  o f  m u l t i v a r i a t e  u n c e r t a i n t y  j o i n t  d i s t r i b u t i o n  i s  n o t  n e c e s s a r i l y  a v a i l a b l e ,  b u t  t h e  p a i r e d  

u n c e r t a i n t y  b i v a r i a t e  d i s t r i b u t i o n  m u s t  b e  g i v e n .

S i m i l a r  t o  t h e  c o n c e p t  o f  s t o c h a s t i c  p r o c e s s  i n  p r o b a b i l i t y  t h e o r y ,  a n  u n c e r t a i n  p r o c e s s  

\ß t, f  >  0 }  i s  a  f a m i l y  o f  u n c e r t a i n t y  v a r i a b l e s  i n d e x e d  b y  f  a n d  t a k i n g  v a l u e s  i n  t h e  s t a t e  

s p a c e  S e i .

D efin ition  3.12: ( L i u ,  2 0 0 7 ,  2 0 1 0 )  L e t  { C f , f  >  0 }  b e  a n  u n c e r t a i n  p r o c e s s .

( 1 )  C 0 =  0  a n d  a l l  t h e  t r a j e c t o r i e s  o f  r e a l i z a t i o n s  a r e  L i p s c h i t z - c o n t i n u o u s ;

( 2 )  { C f , f  >  0 }  h a s  s t a t i o n a r y  a n d  i n d e p e n d e n t  i n c r e m e n t s ;

(3 )  e v e r y  i n c r e m e n t  Ct+S -  Cs i s  a  n o r m a l  u n c e r t a i n t y  v a r i a b l e  w i t h  e x p e c t e d  v a l u e  0  a n d  

v a r i a n c e  f 2 ,  i . e . ,  t h e  u n c e r t a i n t y  d i s t r i b u t i o n  o f  C f+S -  C s i s

T Q«-c.(z) = (1 + exp (_J | ) )  (8)

t h e n  \C t,t>  0 }  i s  c a l l e d  a n  u n c e r t a i n  c a n o n i c a l  p r o c e s s .
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Theorem 3.13: A s s u m i n g  t h a t  { C f , f  > 0 }  i s  a n  u n c e r t a i n  c a n o n i c a l  p r o c e s s .  T h e r e f o r e ,  i n  t h e  

a u t o c o v a r i a n c e  a n d  a u t o c o r r e l a t i o n  o f  u n c e r t a i n  c a n o n i c a l  p r o c e s s  { C f , f  >  0 }  a r e

a n d

w h e r e

' s , i = s2 + E [ C s ( C f -  C s ) ]  =  s 2 +Ss l_ 

. s ^  S*,t-
P s , t  = t St

A (s<f)

(9)

(10)

d S/f_s = E [ C s ( C f - C s )]

= ƒ" 1 - su p ( \W A 'P c (_,(y))
^ x y = r

dr (11)

4. Habitat measure

N o t e  t h a t  t h e  Q u i v e r  t r e e ' s  2 0 0 2  d a t a  s u b s e t  c o n t a i n s  p e r c e n t a g e  o f  d e a d  t r e e s ,  p e r c e n t a g e  o f  

j u v e n i l e  t r e e s ,  t h e  t o t a l  d e n s i t y  o f  t r e e s ,  a n d  t h e  a v e r a g e  a g e  o f  d e a d  t r e e s .  A l s o ,  Q u i v e r  

t r e e ' s  2 0 0 8  d a t a  s u b s e t  c o n t a i n s  p o p u l a t i o n  g r o w t h  r a t e ,  s u r v i v a l  r e p r o d u c t i v e s ,  s u r v i v a l  

n o n - r e p r o d u c t i v e s ,  a n d  p r o p o r t i o n  j u v e n i l e .  C o n s i d e r i n g  t h e  a i m  o f  t h i s  r e s e a r c h :  c l i m a t e  

c h a n g e  i m p a c t s  o n  t h e  Q u i v e r  t r e e ' s  p o p u l a t i o n ,  w e  s e l e c t  t o t a l  d e n s i t y  o f  t r e e  ( i n  2 0 0 2  d a t a  

s u b s e t )  a n d  p o p u l a t i o n  g r o w t h  r a t e  ( i n  2 0 0 8  d a t a  s u b s e t )  a s  t h e  o u r  a n a l y s i s  d a t a .  W e  w i l l  

b u i l d  o u r  m o d e l  b a s e d  o n  t h e  t o t a l  t r e e  p o p u l a t i o n  s i z e

W . ■ A (kV k) (12)

w h e r e  t h e  V¡k  ̂ i s  t h e  t o t a l  p o p u l a t i o n  s i z e  a t  y e a r  i o v e r  a r e a  s i z e  ,  a n d  t o t a l  d e n s i t y

Ki l) ■
N o t i c e  t h a t  a m o n g  5 3  s i t e s ,  4 3  s i t e s  h a v e  t o t a l  d e n s i t y  o b s e r v a t i o n a l  v a l u e s .  T e n  s i t e s  h a v e  

m i s s i n g  v a l u e s .  T h a t  i s ,  w i t h o u t  t o t a l  d e n s i t y  o b s e r v a t i o n  { 1 0 ,1 2 ,1 4 ,1 5 ,1 7 ,1 9 ,3 3 ,3 6 ,3 7 ,1 2 8 }  s i t e  

n u m b e r  s e t .

F o r  i n e x p e r i e n c e d  g o - s t a t i s t i c s  a n a l y s t s ,  k r i g i n g  m e t h o d  m i g h t  b e  a  c h o i c e  f o r  f i l l i n g  t h e  t e n  

m i s s i n g  v a u l e s .  N e v e r t h e l e s s ,  a f t e r  e x a m i n i n g  t h e  2 0 0 2  t o t a l  d e n s i t y  o f  t r e e ' s  4 3  

o b s e r v a t i o n s ,  w e  f o u n d  t h a t  g e o m e t r i c  d i s t a n c e  d o e s  n o t  p l a y  a  r o l e  i n  d e r t e r m i n i n g  t h e  

v a l u e  o f  t h e  t o t a l  d e n s i t y  o f  t r e e s ,  w e  c a n  f i n d  o u t  t h a t  t h e  t o t a l  d e n s i t y  o b s e r v a t i o n s  a r e  n o t  

s i m i l a r  e v e n  f o r  t h e  v e r y  n e a r b y  s i t e s  g e o m e t r i c a l l y  w i t h i n  t h e  s a m e  e c o l o g i c a l  s u b - r e g i o n .  

F o r  e x a m p l e ,  S i t e  ,  s e e  T a b l e  1 .

F r o m  T a b l e  1 ,  i t  i s  o b v i o u s  t h a t  f o r  t h e  Q u i v e r  t r e e ' s  g r o w t h  s t a t u s ,  jz(s),seM2j,  t h e  

s p a t i a l  l o c a t i o n  s e i 2 o n l y  p a r t i a l l y  l i n k s  t o  t h e  t r e e  h a b i t a t i o n .  W h i l e  t h e  g e o m e t r i c  

d i s t a n c e  b e t w e e n  t w o  l o c a t i o n s  s  a n d  s + h  i s  n o  l o n g e r  f u l l y  r e f l e c t i n g  t h e  h a b i t a t  c l o s e n e s s .  

T h e  Q u i v e r  t r e e ' s  g r o w t h  s t a t u s  o b s e r v a t i o n s  r e v e a l  a  f a c t  t h a t  t h e  t o t a l  d e n s i t y  s t a t u s  i s  

e x t r e m e l y  s e n s i t i v e  t o  t h e  e c o l o g i c a l  c o n d i t i o n s  o f  i n d i v i d u a l  s i t e  a r e a  ( o r  t h e  a r e a  h a b i t a t ) .
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T h e  g r a p h i c a l  l o c a t i o n  a n d  t h e  i s o t r o p i c  d i s t a n c e  w i l l  n o t  o f f e r  m u c h  i n f o r m a t i o n ,  r a t h e r  t h e  

Q u i v e r  t r e e ' s  g r o w t h  o b s e r v a t i o n  Z ( s )  g i v e s  t h e  b e s t  i n d i c a t i o n  o f  t h e  t r e e  a r e a  h a b i t a t .

G ro u p /  
s ite  no.

C o o rd in a te s Total 
den s ity  of 
trees

G eom etric
d istance

D ifference in  
to ta l d en sity

D ensity

/
d istancelo n g itu d e la titu d e

1
40 21.64455 -30.00486 36.41 1.1977228 65.42

54.62
42 22.83446 -29.86828 101.83

2

101 18.20583 -30.15250 70.00 0.285919122
0.688683879
0.787944636

6.67 23.33

102 17.92017 -30.14033 63.33 16.67 24.20

103 17.83583 -29.45683 46.67 23.33 29.61

3
3 19.25749 -27.49479 33.33 0.003999625 52.38 13096.47
4 19.26062 -27.49230 54.17

T a b l e  1 . 3  g r o u p s  o f  s i t e s  a n d  t h e i r  t o t a l  d e n s i t i e s

T h e  m e a s u r e  o f  h a b i t a t  c l o s e n e s s  c a n  b e  d e f i n e d  b y  t h e  h a b i t a t  d i s t a n c e ,  w h i c h  i s  a  v i r t u a l  

d i s t a n c e  i n d i c a t i n g  t h e  a g g r e g a t e  e c o l o g i c a l  e n v i r o n m e n t  o f  a n  a r e a .  I n  s u c h  a  c i r c u m s t a n c e ,  

i f  w e  s t i l l  i m p o s e  c o n v e n t i o n a l  i s o t r o p i c  d i s t a n c e  a s s u m p t i o n  t o  c o n s t r u c t  a  k r i g i n g  

p r e d i c t o r ,  t h e  p r e d i c t i o n  w o u l d  b e  n o  s e n s e  a t  a l l .

I t  i s  l o g i c a l  t o  a r g u e  t h a t  i n  o r d e r  t o  u t i l i z e  t h e  n  o b s e r v a t i o n s  jz(s),s e  9 t So c  M 2 j c o n t a i n e d  

i n  t h e  n e i g h b o u r h o o d  o f  s 0 : 9 t s =  { s 0 , s 1 , s 2 , - " , s n } ,  a t  s 0 w i t h o u t  a n  Q u i v e r  t r e e ' s  

o b s e r v a t i o n ,  t o  p r e d i c t  Z ( s 0 ) ,  u t i l i z e  t h e  h a b i t a t  d i s t a n c e  i n f o r m a t i o n  i s  f a r  m o r e  e f f i c i e n t  

t h a t  t h e  c o n v e n t i o n a l  i s o t r o p i c  d i s t a n c e .

A s  t o  h o w  t o  d e f i n e  t h e  h a b i t a t  d i s t a n c e  m e a s u r e ,  i t  d e p e n d s  u p o n  t h e  h a b i t a t  s p a t i a l  

d i s t r i b u t i o n  p a t t e r n  a s  w e l l  a s  t h e  f o r m  o f  u n c e r t a i n t y  g o v e r n i n g  t h e  s p a t i a l  

p r o c e s s | z ( s ) , s  e  M 2 J .

I n  t h i s  s t u d y ,  w e  a r e  g o i n g  t o  c a l c u l a t e  h a b i t a t  d i s t a n c e  i n  f o l l o w i n g  t h r e e  a p p r o a c h e s :

(1) G r o u p i n g  m e t h o d .  T h i s  a p p r o a c h  c l a s s i f i e s  t o t a l  d e n s i t y  o b s e r v a t i o n s  jz(s),se M2J i n t o  

g r o u p s  b y  t h e  s i z e s  o f  Z ( s ) . T h e n ,  f o r  e a c h  g r o u p ,  t h e  v a r i a n c e  i s  c a l c u l a t e d ,  c h o o s e  t h e  

v a r i a n c e  o f  g r o u p  o b s e r v a t i o n  a s  h a b i t a t  m e a s u r e .  W e  m a y  f a c e  t h e  s i t u a t i o n  a t  w h i c h  s o m e  

Z ( s )  v a l u e s  m a y  b e  f a r  a w a y  f r o m  t h o s e  g r o u p e d  o b s e r v a t i o n s .  T h e n  w e  m a y  g r o u p  t h e m  

a c c o r d i n g  t o  g e o m e t r i c a l  d i s t a n c e  c r i t e r i o n ,  t h e n  c a l c u l a t e  t h e  v a r i a n c e s  f o r  t h o s e  i s o l a t e d  

t o t a l  d e n s i t y  o b s e r v a t i o n s .  T a b l e  2  l i s t s  a  f e w  o b s e r v a t i o n a l  g r o u p s  a n d  g r o u p  h a b i t a t  

d i s t a n c e s .

I t  i s  l o g i c a l  t o  i g n o r e  t h o s e  3  g r o u p s  b e c a u s e  o f  e x t r e m e  g r o u p  v a r i a n c e s ,  w h i c h  s h o u l d  n o t  

a c c e p t e d  a s  h a b i t a t  m e a s u r e s .

( 2 )  I n v e r s e - d i s t a n c e  m e t h o d s .  N o t i c e  t h a t  t h e r e  a r e  t e n  s i t e s  w i t h o u t  t o t a l  d e n s i t y  

o b s e r v a t i o n s  a n d  t h u s  t h e i r  h a b i t a t  m e a s u r e s  c a n n o t  b e  d e t e r m i n e d .  H o w e v e r ,  l a t e r  w e  w i l l  

s e e  t h e  e m p i r i c a l  h a b i t a t  m e a s u r e  i s  n e c e s s a r y  f o r  u n c e r t a i n  k r i g i n g .

I n  t h i s  p a p e r ,  w e  p r o p o s e  t w o  s c h e m e s  f o r  a d d r e s s i n g  t h e  h a b i t a t  m e a s u r e  a t  m i s s i n g  t o t a l  

d e n s i t y  v a l u e  s i t e .  T h e  f i r s t  o n e  i s  t h e  c o n v e n t i o n a l  i n v e r s e  d i s t a n c e  e s t i m a t i o n .  T h e  s e c o n d  

o n e  i s  u t i l i z i n g  t h e  e m p i r i c a l  h a b i t a t  d i s t a n c e  f o r  u n c e r t a i n  i n v e r s e  d i s t a n c e  e s t i m a t i o n .

T h e  c o n v e n t i o n a l  i n v e r s e  d i s t a n c e  e s t i m a t i o n .  T a b l e  5  s u m m a r i z e s  t h e  r e s u l t s  ( a t  X =  1 .0  

b e c a u s e  n e a r  o p t i m a l  X =  0 .1  g i v e s  i l l o g i c a l  e m p i r i c a l  r e s u l t s ) .
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G r o u p / C o o r d i n a t e s T o t a l  d e n s i t y H a b i t a t

S i t e  n o . l o n g i t u d e l a t i t u d e o f  t r e e s m e a s u r e

4 2 2 2 .8 3 4 4 6 - 2 9 .8 6 8 2 8 1 0 1 .8 3

1 1 1 1 8 .1 8 6 4 3 - 2 6 .2 1 2 5 3 1 0 0 .0 0 1 .1 1 1 2 3 1 0

1 1 3 2 2 .1 8 5 0 0 - 2 9 .0 6 7 0 0 1 0 0 .0 0

2 0 1 6 .2 3 9 8 6 - 2 5 .5 9 3 2 9 9 0 .4 8

2 1 3 1 5 .1 5 8 0 5 - 2 1 .4 8 8 6 7 9 1 .7 0 2 .0 0 5 2 6 9 0

1 2 4 1 9 .4 3 3 3 3 - 2 8 .8 3 3 3 3 9 3 .3 0

4 1 9 .2 6 0 6 2 - 2 7 .4 9 2 3 0 3 3 .3 3

3
2 1 9 .2 8 2 1 7 - 2 8 .6 6 6 7 1 3 3 .3 3

3 .4 7 1 5 5 8 0
4 0 2 1 .6 4 4 5 5 - 3 0 .0 0 4 8 6 3 6 .4 1

1 2 3 1 9 .4 0 0 0 0 - 2 8 .9 8 3 3 3 3 6 .7 0

1 0 4 1 7 .2 8 6 5 0 - 2 8 .3 0 4 3 0 4 0 .0 0

4 1 0 8 1 9 .4 5 3 3 3 - 2 8 .1 0 3 3 3 4 3 .3 3 1 1 . 1 1 1 1 2 2 2

1 0 3 1 7 .8 3 5 8 3 - 2 9 .4 5 6 8 3 4 6 .6 7

1 0 7 1 8 .5 6 9 5 0 - 2 7 .6 8 4 3 3 1 1 3 .3 3

5 2 9 1 5 .4 7 4 2 7 - 2 6 .5 8 9 3 7 1 0 6 .6 7 1 1 .5 2 2 6 1 0 7

3 0 1 6 .7 6 1 2 2 - 2 7 .0 3 2 0 9 1 1 1 .1 1

4 1 2 2 .3 7 4 6 1 - 2 9 .2 9 7 2 7 8 6 .0 5

6
1 2 1 1 9 .4 3 3 3 3 - 2 9 .0 6 6 6 7 8 0 .0 0

1 1 . 5 5 3 4 9 0 0
1 2 2 1 9 .4 3 3 3 3 - 2 9 .0 6 6 6 7 8 0 .0 0

3 1 9 .2 5 7 4 9 - 2 7 .4 9 4 7 9 8 5 .7 1

1 1 2 2 2 .3 7 0 0 0 - 2 8 .9 3 5 0 0 1 3 0 .0 0

7 1 2 6 2 1 .1 0 0 0 0 - 2 9 .4 0 0 0 0 1 2 3 .3 0 1 4 . 9 6 3 3 0 0 0

2 6 1 6 .3 1 4 5 5 - 2 7 .6 4 8 9 3 1 3 0 .0 0

8
2 3 1 5 .6 2 3 8 5 - 2 6 .9 9 5 8 2 2 2 .2 2

1 7 . 0 9 9 3 2 0 0
9 1 7 .0 1 4 0 3 - 2 6 .6 6 6 3 8 2 8 .0 7

1 0 2 1 7 .9 2 0 1 7 - 3 0 .1 4 0 3 3 6 3 .3 3

1 1 8 .7 8 3 0 1 - 2 8 .7 1 5 9 7 6 3 .3 3

9 1 0 1 1 8 .2 0 5 8 3 - 3 0 .1 5 2 5 0 7 0 .0 0 1 9 . 9 1 1 3 5 0 0

1 2 5 2 0 .2 3 3 3 3 - 2 8 .6 1 6 6 7 7 0 .0 0

1 2 0 1 8 .8 3 3 3 3 - 3 0 .7 0 0 0 0 7 3 .3 0

1 1 0 1 8 .9 8 8 8 3 - 3 1 .1 0 0 5 0 5 0 .0 0

1 0 5 1 9 .5 9 3 3 6 - 2 6 .7 9 3 1 3 5 4 .1 7 2 1 . 5 0 4 9 2 0 0

2 4 1 5 .7 8 7 7 4 - 2 7 .3 1 5 4 1 5 9 .2 6

1 0 6 1 7 .9 8 3 3 3 - 2 6 .4 0 2 1 7 1 6 6 .6 7

1 8 1 6 .2 1 4 0 0 - 2 3 .9 5 1 1 9 1 5 3 .3 3

1 1 1 0 5 1 8 .2 3 9 6 7 - 2 6 .4 7 5 5 0 1 5 3 .3 3 5 3 . 3 3 3 3 9 0 0

2 2 1 5 .3 6 6 7 4 - 2 6 .8 8 3 6 7 1 6 6 .6 7

2 8 1 6 .1 4 7 2 7 - 2 6 .5 4 3 6 0 1 6 6 .6 7

T a b l e  2 . G r o u p s  o f  t o t a l  d e n s i t i e s  a n d  h a b i t a t  m e a s u r e s  ( g r o u p  v a r i a n c e s )
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I t  i s  o b v i o u s  t h a t  t h e r e  a r e  f i v e  s i t e s  l e f t  l i s t e d  i n  T a b l e  3 .

G r o u p /  

s i t e  n o .

C o o r d i n a t e s T o t a l  d e n s i t y  

o f  t r e e s

G r o u p  v a r i a n c e

l o n g i t u d e l a t i t u d e

1 2 1 2 7 2 1 .1 6 6 6 7 - 2 9 .0 8 3 3 3 6 .7 0

1 3 3 4 1 6 .7 7 8 6 2 - 2 7 .6 4 5 3 6 2 8 2 .6 1 1 8 4 3 .7 4 0 3 4 4 0

U l 1 8 .9 8 5 6 7 - 3 1 .1 0 5 8 3 3 4 3 .3 3

1 4 1 0 9 2 0 .7 9 0 0 0 - 2 8 . 7 4 0 1 7 2 0 0 .0 0 1 2 4 8 2 .0 0 0 0 0 0 0

2 1 1 6 .3 1 0 8 1 - 2 5 .8 8 5 4 3 2 5 2 .1 7

T a b l e  3 . 3  G r o u p s  o f  t o t a l  d e n s i t i e s  l e f t  w i t h  g r o u p  v a r i a n c e s

S i t e  n o . C o o r d i n a t e s P r e d i c t e d  t o t a l  

d e n s i t y  o f  t r e e s

P r e d i c t e d  h a b i t a t  

m e a s u r el o n g i t u d e l a t i t u d e

1 5 1 4 .5 7 5 8 2 - 2 1 .2 0 9 8 6 1 0 3 .2 1 3 1 1 .1 1 1 2 3 1 0

1 4 1 4 .6 3 0 8 8 - 2 1 .2 6 1 6 9 1 0 2 .9 9 1 3 1 .1 1 1 2 3 1 0

1 2 1 5 .2 1 5 8 6 - 2 1 .8 1 7 8 6 1 0 2 .3 6 4 9 1 .1 1 1 2 3 1 0

1 7 1 5 .5 1 1 3 3 - 2 3 .3 0 8 9 3 1 1 0 .5 4 2 6 1 1 . 5 2 2 6 1 0 7

1 9 1 6 .3 9 3 1 7 - 2 5 .1 4 6 0 9 1 1 5 .2 1 0 5 1 1 . 5 2 2 6 1 0 7

3 3 1 6 .7 7 4 7 9 - 2 7 .9 4 2 7 8 1 2 1 .9 9 1 9 1 4 .9 6 3 3 0 0 0

3 6 1 7 .4 7 5 4 0 - 2 7 .4 5 2 0 9 1 0 6 .7 4 3 4 1 1 . 5 2 2 6 1 0 7

1 0 1 7 .7 8 0 1 3 - 2 5 .8 7 1 9 1 1 1 0 .3 9 0 3 1 1 . 5 2 2 6 1 0 7

3 7 1 7 .8 0 6 0 6 - 2 7 .6 7 0 3 4 1 0 1 .0 0 9 9 1 .1 1 1 2 3 1 0

1 2 8 2 1 .1 0 0 0 0 - 2 8 .9 5 0 0 0 8 2 .6 7 4 7 7 1 1 .5 5 3 4 9 0 0

T a b l e  4 .  1 0  S i t e s  o f  I n v e r s e  D i s t a n c e  p r e d i c t e d  t o t a l  d e n s i t i e s

F r o m  T a b l e  4 ,  w e  c a n  s e e  t h a t  s i n c e  t h e  e s t i m a t e d  t o t a l  d e n s i t y  e s t i m a t o r s  a r e  c a l c u l a t e d  i n  

t e r m s  o f  g r a p h i c a l  d i s t a n c e s .  T h o s e  e s t i m a t o r s  a r e  e m p i r i c a l  p r i o r  i n f o r m a t i o n .  A s  t o  h a b i t a t  

m e a s u r e ,  t h e y  a r e  t a k i n g  t h e  v a l u e s  b y  c o m p a r i n g  t h e  e s t i m a t e d  t o t a l  d e n s i t y  t o  t h e  g r o u p  

t o t a l  d e n s i t y  v a l u e s  i n  T a b l e  4 .  D e f i n i t e l y ,  t h e  e m p i r i c a l  h a b i t a t  m e a s u r e s  a r e  n o t  a l l  

a c c u r a t e .

( 3 )  U n c e r t a i n  c a n o n i c a l  p r o c e s s  r e g r e s s i o n  m e t h o d s .  B e c a u s e  t h e  Q u i v e r  t r e e ' s  t o t a l  d e n s i t y  

i s  v e r y  s e n s i t i v e  t o  l o c a l  a r e a  e c o l o g i c a l  e n v i r o n m e n t s ,  i t  i s  l o g i c a l  t o  c o n s i d e r  i f  s o m e  

u n c e r t a i n  r e l a t i o n s h i p  b e t w e e n  t h e  o b s e r v e d  t o t a l  d e n s i t y  a n d  e c o l o g i c a l  e n v i r o n m e n t a l  

v a r i a b l e s ,  s a y ,  a n n u a l  t e m p e r a t u r e ,  a n d  a n n u a l  r a i n f a l l .  T a b l e  4  l i s t s  t h e  d a t a ,  f r o m  w h i c h  a  

l i n e a r  r e l a t i o n s h i p  b e t w e e n  g r o u p  a v e r a g e  t o t a l  d e n s i t y  y d a n d  g r o u p  a v e r a g e  a n n u a l  

t e m p e r a t u r e  Td a n d  g r o u p  a v e r a g e  a n n u a l  r a i n f a l l  R d a t  t h e  e m p i r i c a l  d i s t a n c e  

d{, i  =  l , 2 ,  • • • , H ,  i s  i n t e n d e d  t o  e s t a b l i s h .

T h e  u n c e r t a i n  r e g r e s s i o n  m o d e l  t a k e s  a  f o r m :

V d ,  = a 0  + « 1  T d, + a 2 R d, + CrCd /

i = 1 , 2 , • • • , 1 1

(13)
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w h e r e  e r r o r s  Cd , i = 1 , 2 ,-■■,11 a r e  f r o m  t h e  u n c e r t a i n  c a n o n i c a l  p r o c e s s  \C d, A e  [ 0 ,+ = o ) J  . A s  

t o  \C A,d  e  [ 0 ,+ = o ) J  . T h e  f i t t e d  r e g r e s s i o n  i s

y d =  5 0 0 . 4 0 1 6 + 3 0 . 1 1 0 0 T ,  -  8 . 8 9 5 3 R d ,
J  ' ( 6 6 .6 8 3 8 )  ( 6 .1 4 6 4 )  ' ( 2 .0 6 2 1 )  '

i  =  l , 2, •■■,11

S i t e  n o . C o o r d i n a t e s P r e d i c t e d  t o t a l  

d e n s i t y  o f  t r e e s

P r e d i c t e d  h a b i t a t  

m e a s u r el o n g i t u d e l a t i t u d e

1 5 1 4 .5 7 5 8 2 - 2 1 .2 0 9 8 6 1 1 0 .3 2 1 0 1 1 .5 2 2 6

1 4 1 4 .6 3 0 8 8 - 2 1 .2 6 1 6 9 2 6 .5 9 9 5 1 7 .0 9 9 3

1 2 1 5 .2 1 5 8 6 - 2 1 .8 1 7 8 6 5 5 .0 5 7 3 2 1 .5 0 4 9

1 7 1 5 .5 1 1 3 3 - 2 3 .3 0 8 9 3 8 3 .5 1 5 2 1 1 .5 5 3 5

1 9 1 6 .3 9 3 1 7 - 2 5 .1 4 6 0 9 8 .7 2 8 9 0 2 .0 5 8 2

3 3 1 6 .7 7 4 7 9 - 2 7 .9 4 2 7 8 1 4 7 .0 3 9 4 5 3 .3 3 3 4

3 6 1 7 .4 7 5 4 0 - 2 7 .4 5 2 0 9 7 2 .2 5 3 1 1 9 .9 1 1 4

1 0 1 7 .7 8 0 1 3 - 2 5 .8 7 1 9 1 2 0 .9 6 8 4 1 7 .0 9 9 3

3 7 1 7 .8 0 6 0 6 - 2 7 .6 7 0 3 4 2 9 .9 0 3 6 1 7 .0 9 9 3

1 2 8 2 1 .1 0 0 0 0 - 2 8 .9 5 0 0 0 1 0 1 .3 8 5 7 1 .1 1 1 2

T a b l e  5 . 1 0  S i t e s  o f  R e g r e s s i o n  P r e d i c t e d  t o t a l  d e n s i t i e s  l e f t  w i t h  h a b i t a t  m e a s u r e s

H o w e v e r ,  i t  i s  n e c e s s a r y  t o  m e n t i o n  t h a t  t h e  u n c e r t a i n  r e g r e s s i o n  m o d e l  i s  c a r r i e d  o n  t h e  

g r o u p  a v e r a g e  t o t a l  d e n s i t y  a g a i n s t  g r o u p  a v e r a g e  a n n u a l  t e m p e r a t u r e  a n d  g r o u p  a n n u a l  

r a i n f a l l  a n d  t h u s  t h e  p r e d i c t a b i l i t y  i s  l i m i t e d  a l t h o u g h  t h e  m o d e l  g o o d n e s s - o f  f i t  ( R  »  0 . 7  ) 

i s  f a r  b e t t e r  t h a n  t h a t  o f  c l a s s i c a l  r e g r e s s i o n  m o d e l  ( R 2 »  0 .2 1  ) ,  w h o s e  c o e f f i c i e n t s  f o r  a n n u a l  

t e m p e r a t u r e  a n d  a n n u a l  r a i n f a l l  a r e  b o t h  i n s i g n i f i c a n t  s t a t i s t i c a l l y .  W e  a r e  n o t  g o i n g  t o  u s e  

t h e s e  r e g r e s s i o n  p r e d i c t e d  t o t a l  d e n s i t y  o f  t r e e s  a s  t h e  b a s i c  r e s u l t s  f o r  e v a l u a t i o n s  o f  c l i m a t e  

c h a n g e  i m p a c t s .

F i n a l l y ,  w e  m u s t  e m p h a s i z e  t h a t  f o r  a n y  g i v e n  s p a t i a l  p r o c e s s  | z ( s ) , s  e  M 2 j ,  w h i c h  h a s  n o  

o r d e r ,  t h i s  f a c t  w o u l d  p r e v e n t  g e o s t a t i s t i c a l  a n a l y s t s  f r o m  u t i l i z i n g  1 - d i m e n s i o n a l  s t a t i s t i c a l  

a p p r o a c h e s  f o r  p r e d i c t i o n s ,  f o r  e x a m p l e ,  t h e  u n c e r t a i n  r e g r e s s i o n  e n g a g e d .  B u t  a f t e r  

d e f i n i n g  a p p r o p r i a t e  h a b i t a t  d i s t a n c e  f o r  s p a t i a l  p r o c e s s ,  t h e n  t h e  h a b i t a t  d i s t a n c e  s e t  c a n  b e  

i n d e x e d  a n  u n c e r t a i n  c a n o n i c a l  p r o c e s s  a s  t h e  d e s i r e d  p a r t n e r  p r o c e s s ,  a n d  h e n c e  t h e  

i n t r i n s i c  c o v a r i a n c e  s t r u c t u r e  o f  t h e  p a r t n e r  p r o c e s s  w i l l  b e  a v a i l a b l e  a n d  t h u s  s i m p l i f y  

g r e a t l y  t h e  s e m i - v a r i o g r a m  c o m p u t a t i o n s ,  w h i l e  i n  p r o b a b i l i s t i c  k r i g i n g  t h e  t h e o r e t i c a l  s e m i -  

v a r i o g r a m  m u s t  b e  r e p l a c e d  b y  s a m p l e  o r  e x p e r i m e n t a l  s e m i - v a r i o g r a m .  T h e  u n c e r t a i n  

s e m i - v a r o g r a m  i s  s e m i - d a t a  o r i e n t e d ,  i n  c o n t r a s t ,  t h e  p r o b a b i l i s t i c  s a m p l e  o r  e x p e r i m e n t a l  

s e m i - v a r i o g r a m  i s  f u l l y  d a t a - o r i e n t e d .

5. Uncertain kriging predictor

W e  f i r s t  p o i n t  o u t  t h a t  k r i g i n g  p r e d i c t o r  i s  n o t  i n t r i n s i c  t o  t h e  p r o b a b i l i s t i c  s p a t i a l  s t a t i s t i c s .  

A s  l o n g  a s  v a r i a n c e ,  c o v a r i a n c e ,  a n d  s e m i - v a r i o g r a m  c o n c e p t s  c a n  b e  e s t a b l i s h e d  o n  s o m e  

u n c e r t a i n  t h e o r y ,  n o  m a t t e r  i t  i s  Z a d e h ' s  f u z z y  t h e o r y ,  r o u g h  s e t  t h e o r y ,  g r e y  t h e o r y ,  

r a n d o m  s e t  t h e o r y ,  o r  i n t e r v a l  t h e o r y ,  o r  L i u ' s  u n c e r t a i n t y  t h e o r y ,  n e w  k r i g i n g  p r e d i c t o r  c a n
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b e  s o l i d l y  e s t a b l i s h e d  w i t h  s i m i l a r  m a t h e m a t i c a l  f o r m u l a e  a s  t h a t  o f  p r o b a b i l i s t i c  o r d i n a r y  

k r i g i n g  ( C r e s s i e ,  1 9 9 1 ) .  H o w e v e r ,  t h e  g e o m e t r i c  l o c a t i o n  s  s h o u l d  b e  r e p l a c e d  b y  h a b i t a t  

d i s t a n c e  d (s ) ,  w h i c h  i s  t h e  s q u a r e  r o o t  o f  h a b i t a t  m e a s u r e .

A n  u n c e r t a i n  s e m i - v a r i o g r a m  i s  d e f i n e d  b y

2r ( d St- d Si) = v( z (ds ) - z ( d s )) ( 1 5 )

w h e r e  ds a n d  ds a r e  t w o  h a b i t a t  d i s t a n c e s  a t  l o c a t i o n  s ; a n d  l o c a t i o n  Sy r e s p e c t i v e l y .  

T h e  u n c e r t a i n  k r i g i n g  p r e d i c t o r  i s  d e f i n e d  b y

z K ) = Z 4 z K ) (1 6 )

w h e r e  Äi ,X2,-" /X n a r e  d e t e r m i n e d  b y  m i n i m i z i n g  t h e  f o l l o w i n g  o b j e c t i v e  f u n c t i o n .

zK )-Ê 4 zK) - 2 W\ £ 4 - 1 ( 1 7 )

w h e r e  y  i s  t h e  L a g r a n g e ' s  m u l t i p l i e r .  T h e n  t h e  u n c e r t a i n  k r i g i n g  e q u a t i o n  s y s t e m  i s  g i v e n

b y

w h e r e

Theorem 5.1: L e t

t h e n ,

i f  = r u 7 i f  

i f  = ( i / i / ’" / i / t f / ) /

lu=(r{dSl-dSo),r(dS2-dSo) , - , r ( d Sn -d So), 1)

i i  ( ° V  ) ( ra+ l)x (n + l)

r 2 i = j  = l,2 ,- - - ,n

r{dSt- d S ;)  i * j  = l ,2 ,- ~ ,n

1  i = n + l , ]  = l,2 ,- - - ,n  
0  i = j  = n + 1

( i - i r - V )

(1 8 )

(1 9 )

7  +  1 " i r - i i

(20)

(21)
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w h e r e

W =
(i - i r  V) 

l ' r t
(22)

Theorem 5.2: L e t  ds s = ds -  ds , ds < ds . T h e n  t h e  s e m i - v a r i o g r a m  o f  h a b i t a t  d i s t a n c e

d, .  i s

r(ds„Sl)=-(dSl -d s, ) - \ , d

Proof: I t  i s  n o t i c e d  t h a t  f o r  V ch  <  d.s  t SJ

> K , )

(zK )-zK)f

(2 3 )

= I e
2

= I e
2

= I e
2

- E

( ( z ( d s, ) - m ) - ( z ( d sJ - m ) )

(z(tis )-ra)2 + | e 

(z (tis )-ra)(z(tisJ - r a )

|(f72 (z(s;)) +<T2 (z(s; )jj -  E[s(ds_ )s(dS; )

( d s, +  )  -  a d,t,d,J

(4 , + ^s; ) -  (4 , + ^ d , t ,d t] - d , t

( d S] ~ d s ' j - i S d l t ,d 1]- d lt

( 2 4 )

H o w e v e r ,  a t  l o c a t i o n  s 0 ,  t h e r e  i s  n o  o b s e r v a t i o n  Z ( s 0 ) a n d  t h u s  t h e  h a b i t a t  d i s t a n c e  ds¡¡ i s  

u n d e f i n e d .  I t  i s  n e c e s s a r y  t o  " d e f i n e "  t h e  h a b i t a t  d i s t a n c e  d  i n  o r d e r  t o  c a r r y  o n  t h e  

u n c e r t a i n  k r i g i n g  p r e d i c t i o n s .

D efin ition  5.3: I f  g e o m e t r i c  l o c a t i o n  sk i s  c l o s e  t o  s 0 ,  a t  w h i c h  Z ( s ^ )  i s  o b s e r v e d ,  t h e n  t h e  

h a b i t a t  d i s t a n c e  o f  Z ( s ^ )  i s  d e f i n e d  a s  t h e  h a b i t a t  d i s t a n c e  d  a t  l o c a t i o n  s 0 .

T h e r e  i s  p o s s i b i l i t y  t h a t  s o m e  A¡ < 0 .  S o r t  { ^ ir ^ 2 r ' " r \ }  s u c h  t h a t  <  ••• <  ^ ny

nSQ
a s s u m i n g  C : Z .  i < 0 , L i > 0 e  t h a t  t h e r e  a r e  n  t e r m s  w h i c h  b u t  b u t

( t p - l )  (V) F ;= i

nSQ
i)|  >  1 . L e t  u s  d e f i n e  t h e  a d j u s t e d  c o e f f i c i e n t  X ^ wsted a s
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adjusted
( 2 5 )

I t  i s  o b v i o u s  t h a t  c o n s t r a i n t

n<
adjusted

( 2 6 )

i s  t r u l y  k e p t  a n d  a l s o  a l l  X ^ uski e  ( 0 , 1 )  .

W e  w i l l  c a l c u l a t e  t h o s e  u n c e r t a i n  k r i g i n g  p r e d i c t o r s  f o r  t h e  t e n  s i t e s  { 1 0 ,1 2 ,1 4 ,1 5 ,1 7 ,1 9 ,3 3 ,3 6 ,  

3 7 ,1 2 8 }  w i t h o u t  t o t a l  d e n s i t y  o b s e r v a t i o n s  i n  f o l l o w i n g  4  s t e p s .

Step 1: D e t e r m i n e  t h e  1 0  n e i g h b o u r h o o d s

w h e r e  e  { 1 0 , 1 2 , 1 4 , 1 5 , 1 7 , 1 9 , 3 3 , 3 6 , 3 7 , 1 2 8 } .  E a c h  J\f lk) c o n t a i n s  s i x  s i t e s  w i t h  o b s e r v e d  

t o t a l  d e n s i t y  v a l u e s .  °

Step 2: F o r  e a c h  i n d i v i d u a l  n e i g h b o u r h o o d  J\f (t) ,  f o r  e x a m p l e ,  J\f m /
s0 Sq  ̂ J

d e t e r m i n e  t h e  c o r r e s p o n d i n g  h a b i t a t  d i s t a n c e  f r o m  T a b l e  3 ,  4 ,  a n d  6 ,  r e s p e c t i v e l y ,  d e n o t e d

b y

(2 8 )

Step 3: C a l c u l a t e  t h o s e  u n c e r t a i n  s e m i - v a r i o g r a m s

( 2 9 )

in  term s of

r  )  “  2  d^ t] )  %'> - d,m
( 3 0 )
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w i t h

m  ( » r “ m>! ; 1
í  (

1 -  s u p=  rJc

r °- I  s u p
J  — CO

x y = r

í

w
T U  (x ) a T U  (y ) dr

T U  ( i ) a T c  ( y )
L U )  '  C  (k)-d ( k ) '

dr,

Step 4: C a l c u l a t e  a c c o r d i n g  t o  e q u a t i o n  (2 5 ) .

Step 5: C a l c u l a t e  t h e  k r i g i n g  p r e d i c t o r

(k)

z ( 4 l ) )  =  2 ^ w z ( 4 l ) )

(3 1 )

( 3 2 )

T h e  u p p e r  b o u n d  1  <  rP^  <  6 ,  i n  c a s e  o f  rP^ < 6 ,  w h i c h  i m p l i e s  s o m e  l o c a t i o n s  h a v e  t h e  

s a m e  h a b i t a t  d i s t a n c e  v a l u e ,  w e  s i m p l y  p u t  t h e  a v e r a g e  o f  t o t a l  d e n s i t y  v a l u e s  w i t h  t h e  s a m e  

h a b i t a t  d i s t a n c e  t o  p a r t i c i p a t e  t h e  u n c e r t a i n  k r i g i n g  p r e d i c t o r  c o m p u t a t i o n s .

Step 6: R e p e a t  Step 2 t o  Step 5, u n t i l  a l l  1 0  u n c e r t a i n  k r i g i n g  p r e d i c t o r s  a r e  c a l c u l a t e d .  T h e n  

s t o p .

T a b l e  7  s u m m a r i z e s  u n c e r t a i n  k r i g i n g  p r e d i c t o r  v a l u e s ,  a n d  l i s t s  t h e  n o  t o t a l  d e n s i t y  

o b s e r v a t i o n  s t i e s  ( s i m i l a r  t o  T a b l e  6 ) .

s i t e  n o .
C o o r d i n a t e s U n c e r t a i n  k r i g i n g  p r e d i c t e d  

t o t a l  d e n s i t y  o f  t r e e sl o n g i t u d e l a t i t u d e

1 5 1 4 .5 7 5 8 2 - 2 1 .2 0 9 8 6 1 3 2 .4 4 6

1 4 1 4 .6 3 0 8 8 - 2 1 .2 6 1 6 9 1 5 5 .9 8 7

1 2 1 5 .2 1 5 8 6 - 2 1 .8 1 7 8 6 1 7 7 .6 4 1

1 7 1 5 .5 1 1 3 3 - 2 3 .3 0 8 9 3 1 3 2 .5 6 7

1 9 1 6 .3 9 3 1 7 - 2 5 .1 4 6 0 9 9 9 .2 6 6

3 3 1 6 .7 7 4 7 9 - 2 7 .9 4 2 7 8 6 2 .4 9 3

3 6 1 7 .4 7 5 4 0 - 2 7 .4 5 2 0 9 1 1 7 .0 4 5

1 0 1 7 .7 8 0 1 3 - 2 5 .8 7 1 9 1 1 2 1 .9 8 2

3 7 1 7 .8 0 6 0 6 - 2 7 .6 7 0 3 4 7 2 .2 4 9

1 2 8 2 1 .1 0 0 0 0 - 2 8 .9 5 0 0 0 4 4 .0 8 7

T a b l e  6 . U n c e r t a i n  K r i g i n g  P r e d i c t i o n s  f o r  1 0  s i t e s

N e x t ,  w e  w i l l  u s e  u n c e r t a i n  k r i g i n g  m e t h o d s  t o  p r e d i c t  t h e  m i s s i n g  v a l u e s  f o r  t h e  

p o p u l a t i o n  g r o w t h  r a t e .  T h e r e  a r e  1 8  s i t e s  w i t h o u t  v a l u e s :  S i t e  n u m b e r

{ 1 2 0 ,1 1 1 ,1 1 0 ,1 2 5 ,2 2 ,2 3 ,2 4 ,2 6 ,1 2 3 ,1 2 4 ,1 2 1 ,1 2 2 ,1 7 ,3 4 ,1 2 6 ,1 2 8 ,1 2 7 ,4 2 }
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s i t e  n o .

C o o r d i n a t e s
H a b i t a t

m e a s u r e

U n c e r t a i n  k r i g i n g  

P r e d i c t e d  p o p u l a t i o n  

g r o w t h  r a t e
l o n g i t u d e l a t i t u d e

1 2 0 1 8 .8 3 3 3 3 - 3 0 .7 1 9 .9 1 1 3 5 1 .0 2 4 9 0 1 7 1

U l 1 8 .9 8 5 6 7 - 3 1 .1 0 5 8 1 8 4 3 .7 4 1 .0 2 7 1 5 0 9 0 2

n o 1 8 .9 8 8 8 3 - 3 1 .1 0 0 5 2 1 .5 0 4 9 2 1 .0 2 5 0 6 5 8 5 4

1 2 5 2 0 .2 3 3 3 3 - 2 8 .6 1 6 7 1 9 .9 1 1 3 5 1 . 0 1 8 1 5 1 8 9

2 2 1 5 .3 6 6 7 4 - 2 6 .8 8 3 7 5 3 .3 3 3 3 9 0 .9 9 5 0 5 3 2 5 4

2 3 1 5 .6 2 3 8 5 - 2 6 .9 9 5 8 1 7 .0 9 9 3 2 1 .0 3 0 1 9 2 1 9 9

2 4 1 5 .7 8 7 7 4 - 2 7 .3 1 5 4 2 1 .5 0 4 9 2 1 .0 3 6 6 2 0 4 9 5

2 6 1 6 .3 1 4 5 5 - 2 7 .6 4 8 9 1 4 .9 6 3 3 1 .0 0 6 6 5 9 1 0 4

1 2 3 1 9 .4 - 2 8 .9 8 3 3 3 .4 7 1 5 5 8 1 .0 0 1 7 1 4 4 9 7

1 2 1 1 9 .4 3 3 3 3 - 2 8 .8 3 3 3 2 .0 0 5 2 6 9 1 .0 0 4 6 4 8 9 3 6

1 2 4 1 9 .4 3 3 3 3 - 2 9 .0 6 6 7 1 1 .5 5 3 4 9 1 .0 1 4 2 3 7 7 7 3

1 2 2 1 9 .4 3 3 3 3 - 2 9 .0 6 6 7 1 1 .5 5 3 4 9 1 .0 1 4 2 3 7 7 7 3

1 7 1 5 .5 1 1 3 3 - 2 3 .3 0 8 9 1 1 .5 5 3 5 0 .9 9 9 3 6 5 5 8 5

3 4 1 6 .7 7 8 6 2 - 2 7 .6 4 5 4 1 8 4 3 .7 4 1 .0 0 0 1 4 2 2 7 4

1 2 6 2 1 .1 - 2 9 .4 1 4 .9 6 3 3 1 . 0 2 6 8 7 5 8 2

1 2 8 2 1 .1 - 2 8 .9 5 1 .1 1 1 2 1 .0 1 4 9 8 0 4 3 9

1 2 7 2 1 .1 6 6 6 7 - 2 9 .0 8 3 3 2 .0 5 8 2 1 .0 0 5 8 4 2 7 0 5

4 2 2 2 .8 3 4 4 6 - 2 9 .8 6 8 3 1 .1 1 1 2 3 1 1 .0 0 3 5 2 1 6 9 1

T a b l e  7 . U n c e r t a i n  K r i g i n g  P r e d i c t i o n s  f o r  1 8  s i t e s

6. Climate change impacts

N o w  w e  a r e  r e a d y  t o  c a l c u l a t e  t h e  m i s s i n g  v a l u e s  o f  2 0 0 8  t o t a l  d e n s i t y  o f  t r e e s ,  w h i c h  a r e  2 5  

s i t e s .  W e  u t i l i z e  t h e  c o m p o u n d  g r o w t h  r a t e  f o r m u l a :

Kik) ~ K {k) 2008  -  2002 ( l  + r W ) 6 (3 3 )

D e n o t e  t h e  S i t e  k  p o p u l a t i o n  g r o w t h  r a t e  d u r i n g  i y e a r s '  p e r i o d  a s  ,  t h e n ,  w e  c a n  u s e  

t h e  c o m p o u n d  g r o w t h  f o r m u l a ,

U  V ’ ( 3 4 )

T h e n

/ k> = e x p | j h r ( p ^ )  j j  - 1  ( 3 5 )

T h e r e f o r e ,  i f  t h e  t o t a l  d e n s i t y  k 2 q02 i s  a v a i l a b l e ,  n o  m a t t e r  i t  i s  o b s e r v e d  o r  p r e d i c t e d  i n

t e r m s  o f  u n c e r t a i n  k r i g i n g  a p p r o a c h ,  k w i l l  b e  d e t e r m i n e d .

A f t e r  t h e  c a l c u l a t i o n s ,  w e  h a v e  c o m p l e t e  d a t a  o f  k^oos an< ^  *"2008 f ° r  s ^ e  ̂  /  t h e n  T h e  c h a n g e

i n  s i t e  k  w i l l  b e
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Á k) _  K(k) _  K(k)
°  -  2008 2002

T h e  f i n a l  u n c e r t a i n  p r e d i c t e d  r e s u l t s  t o g e t h e r  w i t h  t h e  o r i g i n a l  s a m p l e d  r e s u l t s  o f  2 0 0 2  a n d  

2 0 0 8  a r e  s h o w n  i n  t h e  F i g .  3 .  T h e  r e a s o n  t h a t  t h e y  l o o k  e x a c t l y  t h e  s a m e  w i t h  a b s o l u t e l y  n o  

d i f f e r e n c e  a t  a l l ,  i s  b e c a u s e  t h e  i n c r e a s e  a n d  d e c r e a s e  i n  t o t a l  d e n s i t i e s  a r e  s o  s m a l l ,  t h a t  t h e y  

c a n n o t  b e  v i e w e d  j u s t  b y  l o o k i n g  a t  t h e  i n t e r v a l s .

I I Quiver tree study area 
Tota l d e n s ity  o f  t re e s  2 0 02

Namibia

O  5 5 -9 3  
O  9 4 - 133 

O  1 3 4 -2 0 0  

£  201 - 343

OO

South A frica

I I Quiver tree study area 
Total d en s ity  o f  trees 20 08

Namibia

O  5 5 -9 3

O  134-200

OO

South A frica

F i g .  3 .  S a m p l e d  a n d  P r e d i c t e d  t o t a l  d e n s i t y  o f  Q u i v e r  t r e e s  i n  N a m i b i a  a n d  S o u t h  A f r i c a ,  

2 0 0 2  a n d  2 0 0 8

I n  F i g .  4  t h e  O r d i n a r y  k r i g i n g  p r e d i c t i o n  m a p s  o f  s a m p l e d  a n d  p r e d i c t e d  t o t a l  d e n s i t y  o f  

Q u i v e r  t r e e s  i n  2 0 0 2  a n d  2 0 0 8  a r e  s h o w n .  S i n c e  t h e  p o p u l a t i o n  i n c r e a s e  a n d  d e c r e a s e  a r e  

v e r y  s m a l l ,  w h i c h  i s  w h y  t h e y  a r e  o n l y  r e f l e c t e d  u s i n g  k r i g i n g  m a p s .  H o w e v e r ,  t h e  k r i g i n g  

m a p s  a r e  s l i g h t l y  d i s t o r t e d  i n  v a l u e ,  d u e  t o  r e - c a l c u l a t i o n s  o f  s a m p l e  a n d  p r e d i c t e d  v a l u e s ,  

a n d  t h e  a v e r a g e  m e a n  v a l u e s  a r e  u s e d .

T a b l e  8  a n d  F i g .  5  s h o w  t h e  c h a n g e  i n  t h e  t o t a l  d e n s i t y  o f  Q u i v e r  t r e e s  o v e r  a  6  y e a r  p e r i o d ,  

b e t w e e n  2 0 0 2  a n d  2 0 0 8 .

N e g a t i v e  c h a n g e

( d ( A) <  0 )

P o s i t i v e  c h a n g e

( d (A) > 0 )

u n c h a n g e d

( d ( A) =  0 )

N o .  O f  s i t e s 7 1 8 2 8

P e r c e n t a g e s 1 3 .2 1 % 3 3 .9 6 % 5 2 .8 3 %

T a b l e  8 .  C l i m a t e  c h a n g e  i m p a c t  o n  t o t a l  d e n s i t y  o f  Q u i v e r  t r e e s  o v e r  6  y e a r  p e r i o d
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Legend

I I Quiver tree study area
I I Quiver tree distribution range
total density o f trees 2002

Legend

I I Quiver tree study area
I I Quiver tree distribution range
total density o f trees 2008

F i g .  4 .  O r d i n a r y  K r i g i n g  p r e d i c t i o n  m a p s  o f  t h e  t o t a l  d e n s i t y  o f  Q u i v e r  t r e e s ,  2 0 0 2  a n d  2 0 0 8

I I Quiver tree study area 
Change in total density o f trees

I I Quiver tree study area 
Population growth rate 2002 to 2008

O 0.921726 
O  0.971972 
O  1.015185

CD

F i g .  5 . P r e d i c t e d  c h a n g e  i n  t o t a l  d e n s i t y  o f  t r e e s ,  a n d  c a l c u l a t e d  p o p u l a t i o n  g r o w t h  o f  

Q u i v e r  t r e e s ,  b e t w e e n  2 0 0 2  a n d  2 0 0 8

A s  o n e  c a n  s e e  f r o m  t h e  F ig .  5  c h a n g e  m a p ,  t h e  c h a n g e  i n  t o t a l  d e n s i t y  o f  t r e e s  i s  v e r y  s m a l l .  

M o s t  s a m p l e  s i t e s  s h o w  n o  c h a n g e s  a t  a l l ,  w i t h  1 8  s i t e s  s h o w  a n  i n c r e a s e  o f  1  t o  9  t r e e s ,  a n d  7  

s i t e s  s h o w i n g  a  d e c r e a s e  o f  1  t o  8  t r e e s .  T h e s e  a r e  s m a l l  b u t  d e f i n i t e  c h a n g e s  i n  Q u i v e r  t r e e ' s  

t o t a l  d e n s i t y  o v e r  t h e  6  y e a r  p e r i o d ,  b e t w e e n  2 0 0 2  a n d  2 0 0 8 .
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7. Conclusion

I n  t h i s  p a p e r ,  w e  u t i l i z e  t h e  p a r t i a l l y  c o l l e c t e d  Q u i v e r  t r e e ' s  s a m p l e  d a t a ,  2 0 0 2  a n d  2 0 0 8  

d a t a s e t s ,  p a r t i c u l a r l y ,  t h e  t o t a l  d e n s i t y  o f  t r e e s  t o  e v a l u a t e  t h e  c l i m a t e  c h a n g e  i m p a c t  o n  t h e  

Q u i v e r  t r e e ' s  p o p u l a t i o n .  B e c a u s e  t h e  d a t a  c o l l e c t i o n  s i t e s  a r e  o n l y  5 3  a n d  t h e  Q u i v e r  t r e e ' s  

p o p u l a t i o n  s i z e  i s  e x t r e m e l y  s e n s i t i v e  t o  i t  h a b i t a t  e n v i r o n m e n t ,  t h e  c o n v e n t i o n a l  

m e t h o d o l o g i e s  a r e  n o t  a p p l i c a b l e .  B a s e d  o n  o u r  o b s e r v a t i o n s ,  w e  p r o p o s e  t h e  h a b i t a t  

m e a s u r e  t o  c a t c h  u p  t h e  c l o s e n e s s  o f  t h e  Q u i v e r  t r e e ' s  p o p u l a t i o n ,  w h i c h  i s  l a t e r  d e f i n i n g  t h e  

h a b i t  d i s t a n c e  o f  t h e  t r e e ' s  p o p u l a t i o n .  T h e  h a b i t a t  d i s t a n c e  s e t  i s  t h e n  r e g a r d e d  a s  t h e  

p a r t n e r  p r o c e s s  i n d e x  s e t .  T h e r e f o r e ,  w e  a r e  a b l e  t o  e n g a g e  L i u 's  U n c e r t a i n t y  t h e o r y  f o r  

d e v e l o p i n g  a  n e w  u n c e r t a i n  k r i g i n g  a p p r o a c h  t o  f a c i l i t a t e  t h e  p r e d i c t i o n  t a s k :  u t i l i z i n g  

" c o m p l e t e "  (5 3  v a l u e s )  d a t a  t o  p e r f o r m  t h e  c h a n g e  e v a l u a t i o n .  O n c e  t h e  m i s s i n g  v a l u e s  a r e  

f i l l e d ,  t h e  e v a l u a t i o n  o f  c l i m a t e  c h a n g e  c a n  b e  p e r f o r m e d .  W e  a r e  a w a r e  t h a t  o u r  n e w  

p r e d i c t i o n  r e s u l t s  h a v e  n o t  h a d  a  v a l i d a t i o n  p r o c e s s  b e c a u s e  o f  t h e  t i m e - c o n s t r a i n t .  I n  t h e  

f u t u r e ,  i t  i s  n e c e s s a r y  t o  e n g a g e  t h e  m o d e l  a c c u r a c y  a n d  v a l i d a t i o n  c h e c k i n g .  O v e r a l l ,  t h e r e  

i s  a  s m a l l  b u t  d e f i n i t e  c h a n g e  i n  Q u i v e r  t r e e s  o v e r  t h e  6  y e a r  p e r i o d ,  b e t w e e n  2 0 0 2  a n d  2 0 0 8 ,  

p o s s i b l y  d u e  t o  c l i m a t e  c h a n g e s  o v e r  t i m e .

O f  c o u r s e ,  m o n i t o r i n g  t h e  Q u i v e r  t r e e s  a n d  u s i n g  i t  a s  a  c l i m a t e  c h a n g e  i n d i c a t o r ,  i s  a  

c o n t i n u i n g  p r o c e s s  a n d  e f f o r t  f o r  t h e  S o u t h  A f r i c a n  N a t i o n a l  B i o d i v e r s i t y  I n s t i t u t e .  T h e  

r e s u l t s  f r o m  t h i s  p a p e r  h e l p  t o  c o m p l e t e  t h e  m i s s i n g  d a t a  o r  u n - s a m p l e d  d a t a ,  a n d  w o u l d  b e  

u s e f u l  f o r  f u t u r e  c o m p a r i s o n s ,  w h e n  a n o t h e r  s a m p l e  c o l l e c t i o n  i s  m a d e .  T h e  u n c e r t a i n  

p r e d i c t i o n  m e t h o d s  a n d  c a l c u l a t i o n  p r o c e s s  m a y  b e  u s e f u l  w i t h  o t h e r  k i n d s  o f  p l a n t  s p e c i e s  

d a t a  t h a t  d i s p l a y s  s i m i l a r  p r o b l e m s ,  s u c h  a s  m i s s i n g  s a m p l e  v a l u e s .  T h e  p r e d i c t e d  v a l u e s  

t o g e t h e r  w i t h  t h e  r e a l  s a m p l e  v a l u e s  c o u l d  b e  v e r y  u s e f u l  i n  e x a m i n i n g  c l i m a t e  c h a n g e  

i m p a c t  o v e r  t i m e  a n d  f o r  s t u d y i n g  t h e  c o m p a r i s o n s  o f  p l a n t  s p e c i e s  f r o m  d i f f e r e n t  p e r i o d s .
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1. Introduction

D i r e c t  a n d  i n d i r e c t  e f f e c t s  o f  t h e  c l i m a t e  c h a n g e  o n  t h e  t e r r e s t r i a l  a n d  o c e a n i c  e c o s y s t e m s  

c o u l d  a l s o  b e  o b s e r v e d  i n  t h e  l a s t  d e c a d e s .  R e s e a r c h e s  w a r n  t h a t  t h e r e  a r e  s i g n i f i c a n t  

c h a n g e s  i n  p h e n o l o g i c a l ,  m o r p h o l o g i c a l  a n d  p h y s i o l o g i c a l  p r o p e r t i e s  o f  t a x a  a n d  c h a n g e s  i n  

s p r e a d  o f  s p e c i e s ,  i n  f r e q u e n c y  o f  e p i d e m i c s .  B u t  t h e  p o t e n t i a l  e f f e c t s  o f  c l i m a t e  c h a n g e  o n  

n a t u r a l  e c o s y s t e m s  a n d  t h e  a n s w e r s  h a v e  b e e n  g i v e n  i n d i c a t e d  b y  t h e  l i v i n g  c o m m u n i t i e s  

w h i c h  a r e  l e s s  t h a n  t h e  k n o w n  o f  t h e  c o m p l e x  n a t u r a l  e c o s y s t e m s .

T h e r e  i s  a  d y n a m i c a l  e q u i l i b r i u m  b e t w e e n  t h e  c l i m a t e  a n d  e c o s y s t e m s  a t  n a t u r a l  s y s t e m s .  I f  

t h e  s y s t e m  i s  a f f e c t e d  b y  a n y t h i n g ,  t h e n  t h e r e  w i l l  b e  a  r e s p o n s e  t o  m a i n t a i n  t h e  e q u i l i b r i u m .  

T h i s  p r o c e s s  c a n  b e  a  s u d d e n  o r  a  g r a d u a l  e f f e c t .  S e e m s ,  n o w a d a y s  t h e  u n p r e d i c t a b l e ,  

s u d d e n  c h a n g e s  w i l l  b e  t h e  s i g n i f i c a n t .

O u r  g o a l  i s  t o  a n a l y s e  t h e  e f f e c t  o f  s o m e  t e m p e r a t u r e - c l i m a t e  p a t t e r n s  o n  t h e  p r o d u c t i o n  a n d  

c o m m u n i t y  e c o l o g i c a l  r e l a t i o n s  i n  a  s t r o n g l y  s i m p l i f i e d  t h e o r e t i c a l  m o d e l .  T h i s  e l a b o r a t e d  

T h e o r e t i c a l  E c o s y s t e m  G r o w t h  M o d e l  ( T E G M )  w o r k s  a s  a  f r e s h w a t e r  a l g a e  e c o s y s t e m .  T h e  

n o v e l t y  o f  t h i s  m o d e l l i n g  i s  c h a r a c t e r i z e d  b y  a  g u i l d - s p e c i f i c  a p p r o a c h  a t  f i r s t  ( w h e r e  

c o m p e t i t i v e  r e l a t i o n s h i p s  c a n  b e  m a n i f e s t e d ) ;  o n  t h e  o t h e r  h a n d  t h e  p o p u l a t i o n - d y n a m i c  

m o d e l  h a s  b e e n  c o n n e c t e d  w i t h  t h e  o u t p u t s  o f  g l o b a l  c i r c u l a t i o n  m o d e l s .  S o  t h i s  c o n n e c t i o n  

e n a b l e s  u s  t o  e x a m i n e  d i r e c t l y  t h e  e f f e c t s  o f  c l i m a t e  c h a n g e .

O u r  e x p e c t a t i o n s  t o w a r d s  t h e  c l i m a t e - e c o s y s t e m  m o d e l  ( T E G M )  w e r e  a s  f o l l o w s :

D e p e n d i n g  o n  t h e  a d j u s t e d  c o n s t a n t  t e m p e r a t u r e  v a l u e  t h e  s p e c i e s  w h i c h  h a v e  o p t i m u m  

r e p r o d u c t i o n  r a t e  i n  t h a t  t e m p e r a t u r e  l e t  b e  w i t h  t h e  l a r g e s t  n u m b e r  o f  s p e c i m e n s .

I n c r e a s i n g  t h e  d a i l y  r a n d o m  f l u c t u a t i o n  s p e c i e s  w i t h  n a r r o w  a d a p t a t i o n  a b i l i t y  a r e  e x t r u d e d  

b y  t h e  s p e c i e s  w i t h  w i d e  a d a p t a t i o n  a b i l i t y .

T h e  d i v e r s i t y  o f  t h e  e c o s y s t e m  w i t h  t h e  i n c r e a s e  o f  d i s t u r b a n c e s ,  t o  l e t  c h a n g e  i t  a c c o r d i n g  t o  

t h e  m a x i m u m  c u r v e ,  w h i c h  r e f e r s  t h e  p r e s e n c e  o f  I n t e r m e d i a t e  D i s t u r b a n c e  H y p o t h e s i s .

I n  o u r  e a r l i e r  r e s e a r c h e s  t h e  d i s t r i b u t i o n  o f  t h e  a l g a e  c o m m u n i t y  o f  a  t h e o r e t i c a l  f r e s h w a t e r  

e c o s y s t e m  i s  e x a m i n e d  b y  c h a n g i n g  t h e  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  w a s  c h a n g e d  

a c c o r d i n g  t o  p l a n  i n  o r d e r  t o  e s t i m a t e  t h e  v a r i o u s  e f f e c t s  s e p a r a t e l y .  T h e  e x a m i n e d  

t e m p e r a t u r e  p a t t e r n s  a r e  a s  f o l l o w s :  c o n s t a n t  t e m p e r a t u r e  ( 2 9 3 K ,  2 9 4 K ,  a n d  2 9 5 K ) ,  t h e
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t e m p e r a t u r e  c h a n g e s  a s  a  s i n e  f u n c t i o n  o v e r  t h e  y e a r  a n d  h i s t o r i c a l  a n d  f u t u r e  c l i m a t e  

p a t t e r n s .  ( D r é g e l y i - K i s s  &  H u f n a g e l ,  2 0 0 9 ,  2 0 1 0 ,  H u f n a g e l  e t  a l . ,  2 0 1 0 )

I n  t h i s  w o r k  i t  w a s  e x a m i n e d  h o w  t h e  t h e o r e t i c a l  e c o s y s t e m  g r o w t h  m o d e l  ( T E G M )  r e a c h e s  

t h e  e q u i l i b r i u m  i n  c a s e  o f  t h r e e  s i g n a l  s u c h  a s  u n i t  i m p u l s e ,  u n i t  s t e p  a n d  u n i t  r a m p .  T h e  

r e s p o n s e  o f  t h e  t h e o r e t i c a l  e c o s y s t e m  i s  a n a l y s e d  i n  c a s e  o f  t h e s e  s i g n a l s  a s  d i s t u r b a n c e s .  

T h e  d a i l y  r a n d o m  f l u c t u a t i o n  i s  a l s o  e x a m i n e d  o n  t h e  b a s i s  o f  s i m u l a t e d  + 1 . . . + 1 1  K  r a n d o m  

n u m b e r s .

2. Literature overview

T h e  l a t e s t  I P C C  r e p o r t  ( F i s c h l i n  e t  a l . ,  2 0 0 7 )  p o i n t s  o u t  t h a t  a  r i s e  o f  1 . 5 - 2 .5  ° C  i n  g l o b a l  

a v e r a g e  t e m p e r a t u r e  c a u s e s  r e l e v a n t  c h a n g e s  i n  t h e  s t r u c t u r e  a n d  f u n c t i o n i n g  o f  e c o s y s t e m s ,  

p r i m a r i l y  w i t h  n e g a t i v e  c o n s e q u e n c e s  f o r  t h e  b i o d i v e r s i t y  a n d  g o o d s  a n d  s e r v i c e s  o f  t h e  

e c o l o g i c a l  s y s t e m s .

T h e r e  a r e  s e v e r a l  c o n s e q u e n c e s  o f  t h e  d e c r e a s e  i n  b i o d i v e r s i t y .  T h e  m o s t  s c e n i c  i s  t h e  

d e c r e a s e  i n  t h e  n u m b e r  o f  s p e c i e s .  S e c o n d l y  t h e  d e c r e a s e  i n  g e n e t i c  d i v e r s i t y  h a s  t o  b e  

m e n t i o n e d ,  t h e r e  a r e  a  l o t  o f  c a s e s  w h e r e  s t a n d s  o f  t h e  f r e q u e n t  s p e c i e s  d e c r e a s e .  A t  t h e  

t h i r d  c a s e  t h e  c o n t e n t s  o f  e c o s y s t e m s  c h a n g e  a l s o ,  t h e  v a r i o u s  h a b i t a t s  a l l o w  o f  b e i n g  a n d  

m a i n t e n a n c e  o f  c r e a t u r e s  b e t w e e n  d i f f e r e n t  g e o l o g i c a l  a n d  c l i m a t i c  c o n d i t i o n s .  T h i s  k i n d  o f  

r o l e  o f  e c o s y s t e m s  i s  l e s s  k n o w n  ( N e c h a y  2 0 0 2 ) .

A  n a t u r a l  s y s t e m  h a s  a  d y n a m i c  e q u i l i b r i u m  b e t w e e n  t h e  c l i m a t e  a n d  e c o l o g i c a l  s y s t e m s .  I f  

t h e  e c o s y s t e m  i s  a f f e c t e d ,  t h e n  a  r e s p o n s e  s t a r t s  i n  o r d e r  t o  k e e p  t h e  e q u i l i b r i u m .  T h e  d e g r e e  

o f  t h i s  r e a c t i o n  c a n  b e  a  s u d d e n  r e s p o n s e  b y  l e a p s  o r  o n  t h e  o t h e r  h a n d  g r a d u a l .  S o m e  

v a r i a b l e s  s u c h  a s  t h e  p h e n o l o g i c a l  p r o p e r t i e s  f o l l o w  t h e  c h a n g i n g  c l i m a t i c  c o n d i t i o n s  

s i m p l y ;  i n  t h e s e  c a s e s  g r a d u a l  s h i f t s  c o u l d  b e  e x p e c t e d  ( F i t t e r  e t  a l .  2 0 0 2 ) .  I n  c a s e  o f  s u d d e n  

r e s p o n s e s  t h e r e  i s  a  g o o d  e x a m p l e  i n  t h e  m a r i t i m e  t i d a l  z o n e  w h e r e  t h e  c o m m u n i t y  

s i g n i f i c a n t l y  a l t e r s  u n d e r  s m a l l - s c a l e  t e m p e r a t u r e  i n c r e a s e ,  w h i c h  i s  c a u s e d  b y  d r a s t i c  

d e c r e a s e  i n  t h e  n u m b e r  o f  d o m i n a n t  p r e d a t o r s  ( S a n f o r d  1 9 9 9 ) .

A c c o r d i n g  t o  t h e  f o r e c a s t s  t h e  p r o b a b i l i t y  o f  e x t r e m e  w e a t h e r  c o n d i t i o n s ,  t h e  e f f e c t s  w i l l  b e  

s i g n i f i c a n t  f o r  t h e  f u r t h e r  o c c u r r e n c e  o f  s u d d e n  e f f e c t s .  T h e r e  a r e  s o m e  q u i c k  e x t r e m e  e v e n t s  

a n d  t h e  g i v e n  s u d d e n  r e s p o n s e s  b e h i n d  t h e  e v e n t s  w h i c h  s e e m e d  t o  h a v e  e x p e r i e n c e d  

g r a d u a l  c h a n g e s  ( E a s t e r l i n g  e t  a l . ,  2 0 0 0 ) .  I n  c a s e  o f  c l i m a t e  c h a n g e  t h i s  i s  n o t  a b o u t  t h e  s h i f t  

o f  t h e  s y s t e m  b e i n g  i n  e q u i l i b r i u m ,  b u t  t h e  s u c c e s s i o n  c o u l d  b r e a k  o r  u n h o p e d - f o r  s t e p s  

o c c u r .  I n  a  m e d i t e r r a n e a n  s c r u b  r e g e n e r a t e d  a f t e r  a  f i r e  t h e  n u m b e r  o f  s p e c i e s  d o e s  n o t  

c h a n g e  u n d e r  a r t i f i c i a l  d r o u g h t - t r e a t i n g  w h i l e  t h e  n u m b e r  o f  s p e c i e s  i n c r e a s e s  i n  t h e  c o n t r o l  

p a r c e l  f l u e n t l y  ( P e n u e l a s  e t  a l . ,  2 0 0 7 ) .  T h e  r e a c t i o n  o f  t h e  r u n - d o w n ,  d e g r a d i n g  a n d  

r e g e n e r a t e d  c o m m u n i t i e s  f o r  t h e  c l i m a t e  c h a n g e  d i f f e r s  s i g n i f i c a n t l y  f r o m  t h e  r e a c t i o n  o f  

n a t u r a l  e c o s y s t e m s .  T h e s e  p r o c e s s e s  a r e  i m p o r t a n t  b e c a u s e  t h e r e  a r e  m u c h  m o r e  o f  t h e s e  

a r e a s  l i k e  n a t u r a l .

T h e  i n t e r p r e t a t i o n  o f  t h e  p h e n o m e n a  o f  d i s t u r b a n c e  h a s  b e e n  c h a n g e d  w i t h  t h e  

d e v e l o p m e n t  o f  t h e  s c i e n c e .  E a r l i e r  i t  i s  s t a t e d  t h a t  t h e  d i s t u r b a n c e  i s  a  d e v i a t i o n  f r o m  t h e  

e q u i l i b r i u m  c i r c u m s t a n c e s ,  n o w a d a y s  i t  i s  a s  i m p o r t a n t  f a c t o r  t o  m a i n t a i n  t h e  e c o l o g i c a l  

i n t e g r i t y  o f  t h e  e c o s y s t e m s .  T h e r e  a r e  s e v e r a l  d e f i n i t i o n s  f o r  t h e  d i s t u r b a n c e .  ( L a s k a ,  2 0 0 1 )  

A c c o r d i n g  t o  G r i m e  ( 1 9 7 3 )  t h e  d i s t u r b a n c e  i s  s u c h  a n  e v e n t  w h e r e  t h e  a m o u n t  o f  t h e  

b i o m a s s  d e c r e a s e s .  I t  c o u l d  a l s o  b e  s t a t e d  t h a t  t h e  d i s t u r b a n c e  d i f f e r e n t i a t e s  i n  t i m e ,  d i s t u r b s  

t h e  l i f e  o f  a  c o m m u n i t y ,  p o p u l a t i o n  o r  e c o s y s t e m ,  a n d  c h a n g e s  t h e  u s a b i l i t y  o f  t h e  r e s o u r c e s ,  

e n v i r o n m e n t a l  f a c t o r s  ( P i c k e t t  &  P a r k e r ,  1 9 9 7 ) .  S u m m a r i z i n g  i t  c o u l d  b e  s a i d  t h a t  t h e
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d i s t u r b a n c e  d o e s  n o t  m e a n  d e c r e a s e  i n  b i o m a s s  i n  a l l  c a s e s ,  t h i s  i s  a  p h e n o m e n o n  w e l l -  

b o r d e r e d  i n  t i m e  w h i c h  r e s u l t s  d y n a m i c  p a t c h - p a t t e r n .

T h e  t y p e  a n d  t h e  i n t e n s i t y  o f  t h e  d i s t u r b a n c e  a f f e c t  t h e  s u c c e s s i o n  p r o c e s s e s  t h e r e f o r e  

s e c o n d e r  s u c c e s s i o n  s t a r t s  m o s t l y  ( f l o o d ,  h u r r i c a n e ,  n a t u r a l  c a t a s t r o p h e s ) .  T h i s  i s  b e c a u s e  

c e r t a i n  e l e m e n t s  o f  t h e  o r i g i n a l  c o m m u n i t y  c o u l d  m a i n t a i n  i n  c o n t r a s t  w i t h  p r i m e r  

s u c c e s s i o n s  ( s u c h  a s  v o l c a n o  e x p l o s i o n )  ( D o b s o n  e t  a l . ,  1 9 9 7 ) .  T h e  s p r e a d  a n d  t h e  a m o u n t  o f  

t h e  d i s t u r b a n c e  c o u l d  b e  v e r y  d i f f e r e n t  w h i c h  i s  a f f e c t e d  b y  t h e  h e t e r o g e n e i t y  o f  t h e  

e n v i r o n m e n t .  I t  i s  s t a t e d  t h a t  t h e  p r o c e s s e s  a r e  u s u a l l y  u n i q u e  a n d  r e l a t e d  t o  a  g i v e n  a r e a  

( P i c k e t t  &  P a r k e r ,  1 9 9 7 ) .

A f t e r  t h e  p e r t u r b a t i o n  t h e r e  i s  u s u a l l y  f a s t  s u c c e s s i o n ,  w h e r e  t h e  s u r v i v i n g  s p e c i e s  a n d  t h e  

m e m b e r s  o f  t h e  o r i g i n a l  c o m m u n i t y  p a r t i c i p a t e .  C o m p l e x  r e l a t i o n s  a r e  d e v e l o p e d  t o  a d a p t  

t o  t h e i r  n e w  e n v i r o n m e n t ,  b i o t i c  a n d  a b i o t i c  f a c t o r s  ( M a c M a h o n ,  1 9 9 8 ) .  T h e  r h y t h m  o f  t h e  

c h a n g e s  s l o w s  d o w n ,  a n d  t h e n  t h e  h a b i t a t  g e t s  i n t o  q u a s i  e q u i l i b r i u m  t h r o u g h  c o n t i n u o u s  

a d a p t a t i o n .

A c c o r d i n g  t o  t h e  G a u s e ' s  L a w  o f  c o m p e t i t i v e  e x c l u s i o n  ( G a u s e ,  1 9 3 4 ;  H a r d i n ,  1 9 6 0 )  t h e  

n u m b e r  o f  t h e  l i m i t i n g  f a c t o r s  r e s t r i c t  t h e  n u m b e r  o f  s p e c i e s  c o e x i s t e d  w h i c h  c o n t r o l s  t h e  

c o m p o s i t i o n  o f  t h e  c o m m u n i t i e s  a n d  p o p u l a t i o n s .  T h e  c o m p e t i t i o n  c o u l d  n o t  b e  m a i n t a i n e d  

i n  t h e  l o n g  r u n .  T h e r e  c o u l d  b e  t h r e e  t y p e s  o f  p r o c e s s e s ,  s u c h  a s  t h e  m o r e  v u l n e r a b l e  s p e c i e s  

d i s a p p e a r ,  a d a p t  o r  d r i f t  t o w a r d  o t h e r  e n v i r o n m e n t a l  f a c t o r s .  T h e r e  i s  s t a b l e  s t a t e  i f  e v e r y  

s p e c i e s  a r e  r e s t r i c t e d  b y  d i f f e r e n t  e n v i r o n m e n t a l  f a c t o r s .  I f  m o r e  s p e c i e s  m a k e  a  c o m p e t i t i o n  

f o r  t h e  s a m e  r e s o u r c e s ,  t h e n  t h e  g e n r e  w i t h  t h e  b e s t  a d a p t a b i l i t y  w i l l  e x c l u d e  t h e  o t h e r s ,  s o  

t h e  s u c c e s s i o n  p r o c e s s  t e n d s  t o  a  c l i m a x  s t a t e  w i t h  s m a l l  d i v e r s i t y .

T h e  l i m i t i n g  r e s o u r c e s  a r e  d i f f e r e n t  i n  c a s e  o f  v a r i o u s  l i v i n g  b e i n g s .  T h e  i n c r e a s e  o f  t h e  

p l a n t s  i s  r e s t r i c t e d  b y  n i t r o g e n ,  p h o s p h o r u s ,  s o i l  h u m i d i t y  ( i n  c a s e  o f  t e r r e s t r i a l  p l a n t s ) ,  

s u n l i g h t  a n d  o t h e r  b i o l o g i c a l l y  i m p o r t a n t  e l e m e n t s .  F o r  e x a m p l e ,  i n  c a s e  o f  p h y t o p l a n k t o n  

i n  t e m p e r a t e  z o n e  i t  i s  r a r e  t h a t  t h e r e  i s  m o r e  t h a n  t h r e e  r e s t r i c t i o n  p a r a m e t e r  a t  t h e  s a m e  

t i m e .  S o  t h e  p h y t o p l a n k t o n  c o m m u n i t y  h a s  t o  t e n d  t o  h i s  e q u i l i b r i u m  w i t h  1 - 3  d o m i n a n t  

s p e c i e s  d u r i n g  t h e  s u c c e s s i o n  p r o c e s s  b y  c o m p e t i t i v e  e x c l u s i o n  p r i n c i p l e .  B u t  i t  i s  o b s e r v e d  

t h a t  t h e  p h y t o p l a n k t o n  c o m m u n i t i e s  h a v e  m u c h  m o r e  s p e c i e s  t h a n  e x p e c t e d .  T h i s  

p h e n o m e n o n  i s  k n o w n  a s  " p l a n k t o n  p a r a d o x " .  I t  c o u l d  b e  e x p l a i n e d  t h a t  t h e  b o u n d a r y  

c o n d i t i o n s  ( e .g .  c o n t i n u o u s  c h a n g e s  i n  e n v i r o n m e n t ,  s u n l i g h t ,  t u r b u l e n c e )  c h a n g e  f a s t e r  t h a n  

t h e  c o m p e t i t i v e  e x c l u s i o n  m a y  o c c u r .  ( H u t c h i n s o n ,  1 9 5 7 ) .  S u m m a r i z i n g  t h e  t h e o r y  a n d  t h e  

o b s e r v a t i o n s  d o  n o t  a g r e e  w i t h  e a c h  o t h e r .  ( P a d i s á k ,  1 9 9 8 )

S o m e  r e s e a r c h e r s  s t a t e  t h a t  t h e  e c o l o g i c a l  a n d  e n v i r o n m e n t a l  f a c t o r s  a r e  i n  c o n t i n u o u s  

i n t e r a c t i o n ,  t h e  h a b i t a t s  o f  p l a n k t o n  d o  n o t  r e a c h  t h e  e q u i l i b r i u m  s t a t e  w h e r e  o n l y  o n e  g e n r e  

i s  d o m i n a n t .  ( S c h e f f e r ,  2 0 0 6 ) .

T h e r e  a r e  s e v e r a l  h y p o t h e s e s  w h e r e  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  d i s t u r b a n c e  a n d  d i v e r s i t y  

a r e  e x a m i n e d  ( M a g u r a  e t  a l . ,  2 0 0 6 ) .  T h e  m o s t  s p r e a d  t h e o r y  i s  t h e  I n t e r m e d i a t e  D i s t u r b a n c e  

H y p o t h e s i s  ( I D H ) .  I t  i s  s t a t e d  t h a t  t h e  d i v e r s i t y  i n c r e a s e s  i n  c a s e  o f  s m a l l  o r  m o d e r a t e  

d i s t u r b a n c e s  ( C o n n e l l ,  1 9 7 8 ;  G r i m e ,  1 9 7 3 ) .  A c c o r d i n g  t o  I n c r e a s i n g  D i s t u r b a n c e  T h e o r y  t h e  

s m a l l e s t  d i v e r s i t y  e x i s t s  i n  s t r o n g l y  d i s t u r b e d  a r e a s  ( G r a y ,  1 9 8 9 ) .  T h e  H a b i t a t - S p e c i a l i s t  

H y p o t h e s i s  s t a t e s  t h a t  t h e  d i v e r s i t y  o f  l i v i n g  b e i n g s  o f  o r i g i n a l  h a b i t a t s  d e c r e a s e s  w i t h  

r e a c h i n g  t h e  s t r o n g l y  d i s t u r b e d  a r e a s  ( M a g u r a  e t  a l . ,  2 0 0 4 ) .

T h e  s p e c i e s  r i c h n e s s  i n  t r o p i c a l  f o r e s t s  a s  w e l l  a s  t h a t  o f  t h e  a t o l l s  i s  u n s u r p a s s a b l e ,  a n d  t h e  

q u e s t i o n  a r i s e s  w h y  t h e  t h e o r y  o f  c o m p e t i t i v e  e x c l u s i o n  d o e s  n o t  p r e v a i l  h e r e .  T r e e s  o f t e n  

f a l l  a n d  p e r i s h  i n  t r o p i c a l  r a i n f o r e s t s  d u e  t o  s t o r m s  a n d  l a n d s l i d e ,  a n d  c o r a l s  o f t e n  p e r i s h  a s  

a  r e s u l t  o f  f r e s h w a t e r  c i r c u l a t i o n  a n d  p r e d a t i o n .  I t  c a n  b e  s a i d  w i t h  g o o d  r e a s o n  t h a t
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d i s t u r b a n c e s  o f  v a r i o u s  q u a l i t y  a n d  i n t e n s i t y  a p p e a r  s e v e r a l  t i m e s  i n  t h e  l i f e  o f  t h e  a b o v e  

m e n t i o n e d  c o m m u n i t i e s ,  t h e r e f o r e  t h e s e  c o m m u n i t i e s  c a n n o t  r e a c h  t h e  s t a t e  o f  e q u i l i b r i u m .  

T h e  I n t e r m e d i a t e  D i s t u r b a n c e  H y p o t h e s i s  ( I D H )  ( C o n n e l l ,  1 9 7 8 )  i s  b a s e d  o n  t h i s  o b s e r v a t i o n  

a n d  s t a t e s  t h e  f o l l o w i n g :

I n  c a s e  o f  n o  d i s t u r b a n c e  t h e  n u m b e r  o f  t h e  s u r v i v i n g  s p e c i e s  d e c r e a s e s  t o  m i n i m u m  d u e  t o  

c o m p e t i t i v e  e x c l u s i o n .

I n  c a s e  o f  l a r g e  d i s t u r b a n c e  o n l y  p i o n e e r s  a r e  a b l e  t o  g r o w  a f t e r  t h e  s p e c i f i c  d i s t u r b a n c e  

e v e n t s .

I f  t h e  f r e q u e n c y  a n d  t h e  i n t e n s i t y  o f  t h e  d i s t u r b a n c e  a r e  m e d i u m ,  t h e r e  i s  a  b i g g e r  c h a n c e  t o  

a f f e c t  t h e  c o m m u n i t y .

T h e r e  a r e  s o m e  g r e a t  e x a m p l e s  o f  I D H  i n  t h e  c a s e  o f  p h y t o p l a n k t o n  c o m m u n i t i e s  i n  n a t u r a l  

w a t e r s  ( H a f f n e r  e t  a l . ,  1 9 8 0 ;  S o m m e r  1 9 9 5 ;  V i n e r  &  K e m p ,  1 9 8 3 ,  P a d i s á k  1 9 9 8 ,  O l r i k  &  

N a u w e r c k ,  1 9 9 3 ) .  N o w a d a y s  i t  i s  a c c e p t e d  t h a t  d i v e r s i t y  i s  t h e  b i g g e s t  i n  t h e  s e c o n d  a n d  t h e  

t h i r d  g e n e r a t i o n s  a f t e r  t h e  d i s t u r b a n c e  e v e n t  ( R e y n o l d s ,  2 0 0 6 ) .

3. Material and methods

3.1 The elaborated Theoretical E cosystem  Growth Model (TEGM)
A n  a l g a e  c o m m u n i t y  c o n s i s t i n g  o f  3 3  s p e c i e s  i n  a  f r e s h w a t e r  e c o s y s t e m  w a s  m o d e l l e d  ( T E G M ;  

D r é g e l y i - K i s s  &  H u f n a g e l ,  2 0 0 9 ,  2 0 1 0 ) .  D u r i n g  t h e  e x a m i n a t i o n s  t h e  b e h a v i o u r  o f  a  t h e o r e t i c a l  

e c o s y s t e m  w a s  s t u d i e d  b y  c h a n g i n g  t h e  t e m p e r a t u r e  v a r i o u s l y .  S e v e r a l  a u t h o r  d r a w  a t t e n t i o n  

t o  t h e  t e m p e r a t u r e  a s  m a i n  c o n t r o l  f a c t o r  i n  c a s e  o f  f r e s h w a t e r  e c o s y s t e m s  ( C h r i s t o u  &  

M o r a i t o u - A p o s t o l o p o u l o u ,  1 9 9 5 ;  I g u c h i  2 0 0 4 ;  D i p p n e r  e t  a l .  2 0 0 0 ,  V a d a d i - F ü l ö p  e t  a l . ,  2 0 0 9 ) .  

T h e  c o n c e p t u a l  d i a g r a m  o f  t h e  T E G M  m o d e l  ( F ig .  1 )  d e s c r i b e s  t h e  m a t h e m a t i c a l  c a l c u l a t i o n s  

d u r i n g  t h e  m o d e l l i n g  p r o c e s s  ( S i p k a y  e t  a l . ,  2 0 1 0 ) .  T h e  m o d e l  h a s  t w o  i m p o r t a n t  i n p u t  

p a r a m e t e r s .  O n e  i s  t h e  v a r i o u s  r e p r o d u c t i v e  f u n c t i o n s ;  t h e  o t h e r  i s  f u n c t i o n s  o f  t h e  

t e m p e r a t u r e  p a t t e r n s .

R i v a l r y  b e g i n s  a m o n g  t h e  s p e c i e s  w i t h  t h e  c h a n g e  o f  t e m p e r a t u r e .  I n  e v e r y  t e m p e r a t u r e  

i n t e r v a l ,  t h e r e  a r e  d o m i n a n t  s p e c i e s  w h i c h  w i n  t h e  c o m p e t i t i o n .  T h e  i n c r e a s e  o f  t h e  

p o p u l a t i o n  i s  n o t  i n f i n i t e  b e c a u s e  o f  t h e  r e s t r i c t i v e  f u n c t i o n  o f  t h e  m o d e l .  T h e  e c o s y s t e m  

r e a c h e s  a  d y n a m i c  e q u i l i b r i u m  s t a t e  f o r  a n  i n p u t  t e m p e r a t u r e .  I n  t h e  c o u r s e  o f  t h i s  

e q u i l i b r i u m  t h e  f o l l o w i n g  o u t p u t  p a r a m e t e r s  a r e  e x a m i n e d :  t h e  d o m i n a n t  s p e c i e s  a n d  t h e i r  

n u m b e r s ,  t h e  v a l u e  o f  u s e  o f  r e s o u r c e s ,  t h e  d i v e r s i t y  o f  t h e  e c o s y s t e m  a n d  t h e  d u r a t i o n  o f  

r e a c h i n g  t h e  e q u i l i b r i u m .

A l g a e  s p e c i e s  a r e  c h a r a c t e r i s e d  b y  t h e  t e m p e r a t u r e  i n t e r v a l  i n  w h i c h  t h e y  a r e  a b l e  t o  

r e p r o d u c e .  T h i s  r e p r o d u c t i v e  f e a t u r e  d e p e n d s  o n  t h e i r  t e m p e r a t u r e  s e n s i t i v i t y .  T h e r e  a r e  

f o u r  t y p e s  o f  s p e c i e s  b a s e d  o n  t h e i r  s e n s i t i v i t y :  s u p e r  g e n e r a l i s t s  ( S G 0 ,  S G I ) ,  g e n e r a l i s t s  ( G I ­

G S ) ,  t r a n s i t i o n a l  s p e c i e s  ( T 1 - T 9 )  a n d  s p e c i a l i s t s  ( S 1 - S 1 4 ) .  T h e  t e m p e r a t u r e - o p t i m u m  c u r v e  

o r i g i n a t e s  f r o m  t h e  n o r m a l  ( G a u s s i a n )  d i s t r i b u t i o n ,  w h e r e  t h e  e x p e c t e d  v a l u e  i s  t h e  

t e m p e r a t u r e  o p t i m u m  ( D r é g e l y i - K i s s  &  H u f n a g e l ,  2 0 1 0 ) .  T h e  u s e d  t e m p e r a t u r e  r a n g e  f o r  t h e  

o p t i m u m  v a l u e s  i s  f r o m  2 7 7 K  t o  3 0 1 K ,  a n d  t h e  l a y  o f  t h e  o p t i m u m  c u r v e s  i s  s y m m e t r i c a l  i n  

t h i s  r a n g e .

T h e  r e s t r i c t i v e  v a l u e  o f  r e a c h i n g  t h e  s u n l i g h t  (Kk) w a s  s e t  t o  I O 7 v a l u e  i n  t h e  f i r s t  p h a s e  o f  t h e  

s i m u l a t i o n  s t u d i e s  ( T E G M a  m o d e l ) ,  i n  t h e  s e c o n d  p h a s e  t h e  i n t e n s i t y  o f  t h e  s u n l i g h t  

c h a n g i n g  d u r i n g  a  y e a r  w a s  c o n s i d e r e d  ( T E G M b  m o d e l ) :

(1)
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w here <fi=4950000, d2=0,0172, ¿3=1,4045, dt=5049998, e: has uniform  distribution in  the 
interval of (-50000,50000).
The constant values of the K¡ restrictive function is set in  a w ay  w here the period of the 
function is 365.25, the m axim um  place is on 23rd June and the m inim um  place is on 22nd 
December. (These are the most and the least sunny days.)

)oes  th e  daily  to ta l  n u m b e r  oi 
s p e c im e n s  ex c eed  th e  

re s tr ic tiv e  n u m b e r  o f th e  
a sse ss ib ili ty  o f th e  su n lig h t?

YES NO

Next day 
j= j+ 1

Next day
i= j+ l

N(X¡)¡=
N(XJj_,-(RR(X!)/+ 0 .0 1

Temperature pattern

Reproductive pattern of algae 
species based on Gaussian 

distribution
RR(j>

Fig. 1. Conceptual diagram  of the TEGM m odel (RR: reproduction rate, RF: restriction 
function related to the accessibility of the sunlight, N(Xi): the num ber of the ith  algae 
species, r: velocity param eter)

3.2 Special functions
The dynam ic state of a system  depends on the stationary state before the disturbance and 
the type and  am ount of the perturbation. U nder special signals the com position of the 
theoretical ecosystem  changes and new  equilibrium  state evolves. It is im portant to examine 
the w ay of reaching the new  balance regarding the stability of the system.
The reaching of the equilibrium  state of the theoretical ecosystem  m odel w as exam ined by 
three special functions. O ne of them  is the Dirac delta function, w hich can be m odelled as a 
large change in  tem perature lasted small time. The other is the step function w hich 
m odelling the rem aining significant change in  tem perature. The th ird  one represents the 
slowly increasing tem perature day by day. (Pokorádi, 2008)
Dirac-delta m eans an  im pulse, w hich has zero value always except for one m om ent, w hen  it 
takes infinite large value:
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(2)

The unit im pulse-like signal is m odelled by an increase in  the tem perature in  a  day w hich 
throw s the ecosystem  off balance. The theoretical ecosystem  is in  equilibrium  at constant 
tem perature (293K, 294K and  295K), then on the 1001th day of the sim ulation the 
tem perature has a sudden  higher value, and  the next day of the sim ulation the tem perature 
pattern  sets back the constant tem perature w hich had  before the disturbance. The 
m agnitude of the tem perature im pulse is betw een IK  and  100K values.
The unit step function (Heaviside function) could be understand  as "pow er-on" 
phenom ena:

Í0, f < 0
1 (f) = 3

[ l ,  f > 0

D uring the unit step-like exam ination the value of constant tem perature is changed on the 
1001th day of the sim ulation w ith  IK  or 2K tem perature u p  or down.
The unit ram p function could be described by  the following equation:

Í0, f < 0
* 1 ( 0 =  /  ,  n  4[ f ,  f > 0

The unit ram p-like study is m odelled as the tem perature increases slowly w ith  consecutive 
days th rough  10 years. The following cases are examined:
T = 294 K -  294.365 K (the gradient of tem perature is 0.0001 K / day)
T = 294 K -  297.652 K (the gradient of tem perature is 0.001 K /day )
T = 268 K -  286.26 K (the gradient of tem perature is 0.005 K /day)
T = 268 K -  304.52 K (the gradient of tem perature is 0.01 K /day)
It is im portan t to s tudy  the effects of daily tem peratu re  fluctuations. This w as m odelled as 
the d isturbance has a un iform  distribu tion  (betw een +1K... +11K). D uring the sim ulation 
the given random  fluctuation  on the constant and  increasing tem peratu re pa tte rn  w as 
analysed.

4. Results
4.1 Examination of impulse unit
The theoretical ecosystem  is in equilibrium  at constant tem perature (293K, 294K and 295K), 
then on the 10 0 1 th day of the sim ulation the tem perature has a sudden  higher value, and  the 
next day of the sim ulation the tem perature pattern  sets back the constant tem perature w hich 
had  before the disturbance. The m agnitude of the tem perature im pulse is betw een IK  and 
100K values.
M aking the im pulse unit-like sim ulations w ith  TEGMa m odel the tim e of reaching the new  
equilibrium  state depends on the m agnitude of the given tem perature im pulse (1-100K) 
(Table 1). The first row  of the table shows the duration  of reaching the equilibrium  at the 
beginning of the sim ulation. This tim e is 32 days and 34 days in  case of faster ecosystem 
depending on the used constant tem perature pattern. The ecosystem  w hich has smaller 
reproducibility (r=0.1) the tim e is 151 days and 187 days, respectively.
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T im p u ls e
r=1 r= 0.1

T=293K T=294K T=295K T=293K T=294K T=295K
at the beginning 32 days 34 days 32 days 151 days 187 days 151 days

I K 0  day 21  days 0  day 0  day 36 days 0  day
3 K 23 days 21  days 24 days 51 days 50 days 51 days
5 K 28 days 18 days 22  days 62 days 59 days 62 days

10 K 32 days 31 days 32 days 8 8  days 82 days 89 days
15 K 32 days 34 days 32 days 114 days 103 days 132 days
20 K 32 days 34 days 32 days 136 days 131 days 151 days
30 K 32 days 34 days 32 days 151 days 183 days 151 days

100 K 32 days 34 days 32 days 151 days 187 days 151 days

Table 1. The tim e of reaching the equilibrium  at various tem peratures at the beginning and 
on the effect of the Timpje tem perature on the 10 0 1 th day of the sim ulation study (different 
velocity param eters, TEGMa model)There are tw o groups according to the setting 
tem perature.

The sim ulations m ade at 293K and  295K w ith  r= l param eter are similar, the duration  of 
reaching the equilibrium  is the longest in  case of 10K or larger tem perature impulse. In case 
of slower ecosystem  20K and  30K im pulse is essential to get the desired time. The other 
group is related to the sim ulations m ade at 294K. D uring these sim ulations there m ust be 
m ore tim e to reach the new  evolved equilibrium  state in  every case.
O n the effect of small tem perature im pulse there are not changes in  the com position of the 
theoretical ecosystem. In case of m oderate im pulses (3K, 5K, 10K, 15K) it is stated that the 
d istribution of the species are not the same before and after the interference. At 293K and 
295K the transient (T7) extrudes the specialist (S13 and S14, respectively), and the num ber of 
specim ens of generalist (G4) and supergeneralist (SGI) increase. For exam ple at 293K 
tem perature in  case of 5K im pulse on the 1001th day of the sim ulation w ith  TEGMb, r= l, it 
requires almost 30 years to  reach the equilibrium  state had been before the 1000th day 
(Figure 2).
There are sim ilar patterns in  the change of the com position of the theoretical ecosystem at 
294 K tem perature, also. If the system  is affected by 3K im pulse in case of r= l, and 3K or 5K 
im pulse in  case of r=0.1, respectively, then the specialist (S14) w hich has higher optim um  
tem perature for the reproduction extrudes the other one (S13), w hile they share the 
resources on a fifty-fifty w ay before the interference. To take into account that the 
com position of the theoretical ecosystem  is totally sym m etric the tem perature im pulses are 
exam ined tow ard the lower tem perature value (i.e. negative im pulses), also. In case of -3K 
tem perature im pulse the S13 genre is the dom inant. In case of faster ecosystem  on the effect 
of 5K tem perature im pulse and  w ith  r=0.1 and  10K im pulse param eters the T7 transient 
genre w ins the com petition, the productivity  of the generalist increases.
C om paring the faster and  the slower ecosystems it is stated that the change in  the 
com position of the equilibrium  state is similar, in  case of r=1 and 3K im pulse; and  in  case of 
r=0.1 and  10 K tem perature impulse. If 15 K or m ore im pulse is given in  case of faster 
ecosystem, then the com position of the species are the same before and  after the 
interference. (Fig. 3-4)
It is im portant to study how  the diversity and  the adaptability  w ork out in  the course of 
smaller impulses. The d istribution of species and the diversity of the theoretical ecosystem



350 Climate Change -  Geophysical Foundations and Ecological Effects

TEGMb;T=293K; impulse=5K; r= l
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Fig. 1. The results of TEGMb sim ulation in  case of the given 5K tem perature im pulse w ith  
r= l velocity param eter

strongly depend on the setting value of the velocity param eter. The diversity of the faster 
ecosystem  increases w ith  smaller tem perature im pulses (3K, 5K) during  TEGMa simulation. 
The diversity continuously increases during  the 30 years of sim ulation in  case of 5 K 
im pulse and decreases in  case of 3 K im pulse using the TEGMb model. There are an  increase 
in  the diversity value in  the course of larger im pulses (10K, 15K, and 20K) for the slower 
ecosystem  in both, TEGMa and  TEGMb cases. The evolving tim e of the new  equilibrium  
state is the slower w here the sim ulation has r=0.1, T=294 parameters.
S um m ariz ing  it is sta ted  th a t the new  equ ilib rium  state evolved  on the effects of sm all 
an d  m ed iu m  tem p era tu re  im pulses d iffers significantly  from  the state before the 
interference.

4.2 Examination of step unit
D uring the unit step-like exam ination the value of constant tem perature is changed on the 
1001th day of the sim ulation w ith  IK  or 2K tem perature u p  or down.
The value of the constant tem perature function (293K, 294K, and 295K) is changed at the 
1001th day of the simulation. At 293 K tem perature the conditions are suited for the S13, K7, 
G4 and SGI species optim um  reproducibility. In this tem perature the com position does not 
change in  case of IK  tem perature step. (Table 2)
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Fig. 3. The effect of 20 K tem perature im pulse on the 1001th day of the sim ulation (in case of 
r=0.1, TEGMa m odel, T=294K)
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Fig. 4. The effect of 20 K tem perature im pulse on the 1001th day of the sim ulation (in case of 
r=1, TEGMa m odel, T=294K)
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r T1 T2 D uration of reaching the equilibrium  
state

Speciality after the unit 
step

1 293 294 -
the com position does not 

change

0.1 293 294 -
the com position does not 

change

1 294 293 20 days (and S14 disappears) S14 disappears, S13 
increases

0.1 294 293 200 days (and S14 disappears) S14 disappears, S13 
increases

1 293 295 10 days (S13 disappears in  20 days)
T7 w in  the com petition, 

not the specialist as 
could be expected

0.1 293 295 80 days (S13 disappears after 200 days)
1 295 293 10 days (S14 disappears in  20 days)

0.1 295 293 80 days (S14 disappears after 200 days)

Table 2. Exam ination of T1 ->T2 unit step in  case of ecosystems having different velocity 
param eters (TEGMa model)

O n the effect of +1 K tem perature ram p at 294 K constant tem perature the com position of 
equilibrium  does not change significantly in  case of bo th  the slower or the faster ecosystem 
(S14 appears w ith  10 num ber of specimens). In case of 294K->293K change the S13 specialist 
w in  the com petition in  2 0  days, as expected.
In can be seen in Figure 5 that the productivity  decreases strongly in  case of 2K change. The 
slower ecosystem  reaches the equilibrium  later than  the faster type. There is no noticeable 
change in  productivity  in  cases of IK  tem perature step.
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Fig. 5. The num ber of days of sim ulation versus the productivity  of the theoretical 
ecosystem  due to tem perature step signal (TEGMa)
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O bserving the Shannon diversity values of the ecosystem  it is stated (Figure 6) that the 
diversity value, w hich belongs to  the new  equilibrium  state, m oves th rough a local 
m axim um  value depending on the tem perature.
Sum m arizing the effect of tem perature step it is stated that the com position of the ecosystem 
being equilibrium  at base tem perature determ ines, w hat kind of the diversity of the 
ecosystem  will be.
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^ s t e p  294->293, r=l — step 293->295, r=l step 293->295, r=0.1

Fig. 6 . Diversity of the theoretical ecosystem  versus the num ber of days of sim ulation due to 
tem perature step (TEGMa)

4.3 Examination of ramp temperature function
D uring ram p tem perature function the value w as daily increased from  268K continuously 
w ith  various am ounts (0.0001K...0.01K). It can be seen the appearance of some species 
depending on gradient. The local m axim um  values of the diversity exist w here the specialist 
and  the generalists have just exchanged w ith  each other. (Figure 7-8.)

4.4 Daily random fluctuation
The daily random  fluctuation w as m odelled as the disturbance has a uniform  distribution 
(between +1K... +11K). In case of constant tem perature pattern  the results of the sim ulation 
s tudy  can be seen in  Fig. 8 , w hich  is the part of the exam inations w here the random  
fluctuations w ere changed until ± 11K. The num ber of specim ens in  the com m unity is
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perm anent and  m axim um  until the daily random  fluctuation values are betw een  0 and  ±2K. 
Significant decrease in  the num ber of specim ens depends on the velocity factor of the 
ecosystem  w hich has faster reproductive ability show s low er local m axim um  values than  
the slower system  in  the experiments. The degree of the diversity is greater in  the case of 
r=0.1 velocity factor than  in  the case of the faster system. If there is no disturbance, the 
largest diversity can be presented  found at 294 K for b o th  speed values. If the fluctuation is 
betw een ± 6 K an d  ± 9K, the diversity values are nearly  equally low. In  case of the biggest 
variation (± U K ) the degree of the diversity increases strongly.
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Fig. 9. The change in  productivity  and  diversity value of the theoretical ecosystem  in the 
function of daily random  fluctuation in  constant tem perature environm ent w ith  TEGMb 
m odel (The signed plots show  the diversity values.)

At linear increasing tem perature pattern  the value of the use of resources does not decrease 
to  zero value in  case or larger gradients (0.005K/ day and  0.01 K / day) and  large random  
daily fluctuation (±7K). This decrease happens in  case of smaller gradients. This is because 
the supergeneralists are less sensitive for the daily random  fluctuation. This does not appear 
in  case of slower ecosystems. (Figure 10)
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Fig. 10. A nnual m axim um  num ber of specim ens of the species on constant tem peratu re 
w ith  different velocity param eters (logarithm ic representation) (Drégelyi-Kiss & 
H ufnagel, 2010)

5. Conclusion
The theoretical freshw ater algae com m unity reacts on the effect of tem perature im pulse in 
different w ays depending on the m agnitude of the im pulse (1K-100K). If the ecosystem is 
affected by small or m edium  tem perature im pulses, then the com position of the evolving 
equilibrium  state is differs from  w hat could be expected. IK  im pulse in  tem perature does 
not change the com position of the ecosystem in cases of 293K and  295K base-tem peratures. 
So the specialists, as S13 and  S14 are the strongest species during  the com petition. In 294K in 
case of IK  im pulse the S14 specialist extruded the other species in  the competition. In 294 K 
tem perature (which is not an  optim um  value for the reproduction  in  either species) the 
given small or m edium  im pulse results that the specialist w ins the com petition w hich has 
optim um  closer to the tem perature evolved during  the im pulse. U nder small or m edium  
tem perature im pulse the evolved new  equilibrium  differs significantly from  the status 
before.
If the ecosystem  being in  equilibrium  state at constant tem perature is affected by  2K 
tem perature step the productivity  of specialists decreases fast, and  the transient genre 
becomes the w inner during  the competition. In case of TEGMa the balance exists th rough 25
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years bu t there is a slow exchange in  species during  the years under TEGMb simulations. 
This point out that the generalists, w hich are able to  spread well, could exploit the changing 
habitat conditions (Dukes & Mooney, 1999). To analyse the results of the unit step function it 
is found that the com position of the ecosystem determ ines the diversity of the evolving new  
balance.
If the tem perature changes linearly and slowly in time, then there is a com petition betw een 
the specialists and  the transient species during  the days of simulation. The largest diversity 
values can be observed w hen  the species has just exchanged w ith  each other. Such a thing 
w as observed by Sanford (1999), w ho exam ined the ecological system  of starfish and 
shellfish w ith  in-field and  lab experiments. To analyse the results of the unit step function it 
is found that the com position of the ecosystem determ ines the diversity of the evolving new  
balance.
Increasing the daily fluctuation the com m unity tries to adapt to  its environm ent and  m any 
genre com pete for the environm ental elem ents w ith  large num ber of specimens. In case of 
large noise the diversity is large and the annual total num ber of specim ens is low, because a 
few genres could adapt to the environm ental conditions. It is stated that the specialists 
reproducing in  narrow  tem perature interval are dom inant species in  case of constant or 
slowly changing tem perature pattern  b u t these species d isappear under small fluctuation in 
the tem perature. As a result it is found, that species w ith  narrow  adaptation  ability 
disappear, species w ith  w ide adaptation  ability becom e dom inant and the biodiversity 
decreases. The results of the sim ulations show that the w ay tow ards the equilibrium  is 
different in  cases of various disturbances. The com position of the ecosystem  in equilibrium  
at a  given tim e affects the evolved new  equilibrium  under disturbances.
The strategic m odel, so-called "TEGM" w as adap ted  to field data (tactical model). The 
"tactical m odel" is a sim ulation m odel fitted to the observed tem perature data set (Sipkay et 
al. 2009). The tactical m odels could be beneficial if the general functioning of ecosystems is 
in  the focus.
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1. Introduction
C urrent trends of emissions of greenhouse gases are expected to cause the global 
tem perature to rise faster over the present and next century than during  any previous 
period (Houghton et al., 1996, 2001; Zweirs, 2002). Climate m odels for the M iddle East 
predict an  increase in  w inter tem peratures com bined w ith  changes in  rainfall am ounts and 
distribution (Ben-Gai et al., 1998; Black, 2009, Klafe and Bruins, 2009). These changes m ay 
alter ecosystem  functioning, w ith  direct effects on ecosystem, com m unity and population  
processes such as p lant litter decomposition, nutrient cycling, prim ary productivity, 
biodiversity, plant recruitm ent and survival (e.g., A ronson et al., 1993; Hobbie, 1996; 
Robinson et al., 1998; Sternberg et al., 1999; C hapin et al., 2000; H ughes, 2000; Sarah, 2004). 
Considerable research has been directed at understanding  the responses of terrestrial 
ecosystems to global environm ental change. This topic is of great societal concern in  the 
light of the potential im pacts on the natural resources on w hich the hum an population 
depends on (Vitousek, 1994). Nevertheless, the challenge to predict ecosystem response to 
climate change is based on the m ulti-dim ensional and  multi-scale nature of the problem  
(Osm ond et al., 2004). Com plex ecological interactions make it difficult to extrapolate from  
individuals to com m unities and to predict the ecosystem  response w hen  only few levels of 
ecosystem  organization are targeted. In addition, the lack of realistic climatic scenarios at 
relevant scales adds further com plexity to the up-scaling process (Harvey, 2000).
Vast experim ental research efforts have been invested in  understanding  the effects of global 
w arm ing and  CO2 atm ospheric enrichm ent on ecosystem  functioning. These processes are 
considered key drivers of environm ental change, particularly in  northern  latitudes.
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H owever, relatively little attention has been focused on assessing the responses of terrestrial 
ecosystems to potential changes in  precipitation (Lavee et al., 1998; Svejar et al., 1999; 
W eltzin et al., 2003). This is probably because projected trends in  precipitation changes 
differ w idely betw een different regions of the w orld  (Intergovernm ental Panel on Climate 
Change, IPCC) therefore, dow nscaled climate scenarios are required. Precipitation changes 
are particularly im portant at m id-latitudes (e.g., around  the M editerranean Basin), w here 
w ater availability is a key driver in  ecosystem  functioning, and  w here global circulation 
m odels agree that future precipitation will be lower than  today (IPCC). In arid  and  semi- 
arid  regions, anticipated changes in  precipitation regim es m ay have an  even greater im pact 
on ecosystem  dynam ics than  the separate or com bined effects of rising tem peratures and 
CO2 levels. Therefore, studies focusing on the effects of changing patterns of rainfall on 
ecosystem  functioning in  these regions are m uch needed to im prove our understanding  of 
the im pact of possible future climatic scenarios.
C urren t p redictions of the effects of clim ate change on w ater-lim ited  ecosystem s are 
com m only based  on em pirical investigations of existing climatic g rad ien ts (Diaz and 
Cabido, 1997). H ow ever, such purely  descriptive approaches alone do not prov ide 
sufficient inform ation to enable accurate m odelling  of the effects of altered  w ater 
availability caused by clim ate change. The greatest uncertain ty  stem s from  the 
assum ption  that climatic differences are the m ain  single determ inant of variation  am ong 
com m unities along a gradient. There is little experim entally  derived  inform ation that 
w ou ld  allow  m echanistic predictions of the im pacts of these changes on natu ra l p lan t and  
anim al com m unities an d  ecosystem  functioning (W alther et al., 2002; D unne et al., 2004; 
O sm ond et al., 2004).
H ere w e present an approach that w as designed to overcome several of the major 
draw backs of previous studies on the effects of climate change on natural ecosystems. The 
m ultidisciplinary project described here em ploys, in  addition to observations along a 
natural aridity  gradient, climate m anipulations that are in tended to close the gap betw een 
descriptive and experim ental research approaches, and  theoretical modelling. O ur unique 
contribution is to  base our study on integrative and com plem entary investigations of soil, 
overland flow, and vegetation and landscape processes, com bined w ith  consideration of the 
socio-economic impacts. We thus aim  at a holistic approach to the assessm ent of the im pact 
of climate changes on p lant and hum an communities.
In the following w e develop the rationale for com bining different, com plem entary 
approaches in  current climate change research. First, w e review  the advantages and 
draw backs of com m only em ployed methodology. Based on this outline, w e present an 
approach that takes these concerns into account. Finally, w e present an ongoing research 
program m e that is based on this rationale.

2. Methodology
2.1 Gradient approaches as space-for-time approaches
N atural climatic gradients, w hich include environm ental factors such as altitude, 
topography, tem perature and  precipitation, provide a useful fram ew ork for studying the 
effects of climate change (Diaz and  Cabido, 1997; Im eson and Lavee, 1998; D unne et al., 
2003). Com parisons of ecosystems and  biotic com m unities along gradients provide 
pow erful approaches to  the investigation and  understanding  of the effects of climate 
variation on ecosystems (Le H ouerou, 1990; Koch et al., 1995; Austin, 2002; Cocke et al.,
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2005). A pproaches based on aridity  gradients have been frequently used  to study 
M editerranean ecosystems (e.g., Boyko, 1947; Holzapfel et al., 1992; Holzapfel et al., 2006; 
Im eson et al., 1998; Kutiel et al., 2000; de Bello et al., 2005).
The varying effects of climate change on vegetation along gradients can be investigated 
directly and indirectly. The direct approach involves m onitoring of dynam ic, long-term  
vegetation changes in  perm anent plots (Schmidt, 1988), w hich necessarily involves long 
study periods. H ow ever, in  m any cases it is necessary to derive conclusions about 
successional trajectories from  short-term  observations. This indirect approach typically 
involves extrapolation from  spatially distinct sites that are expected to represent certain 
stages in  a tem poral succession, to tem poral patterns; i.e., space-for-time substitution or 
'chronsequences' (Pickett, 1989). For example, this approach has been used to  investigate the 
effect of chronic additions from  the atm osphere to natural ecosystems. By assum ing that all 
forests w ere principally N  lim ited before industrialization, current differences in  forest 
health  along gradients of N  deposition have been attributed  to eutrophication (e.g., Lovett 
and  Rueth, 1999), w hile other causes often have been neglected (Binkley and Högberg, 
1997). This indirect and static approach is necessary in  several fields of scientific inquiry 
w here direct observation of chronsequences are feasible (e.g., palaeobotany, archaeology 
and  geology, am ong others).
One has to keep in  m ind that indirect approaches are based on deductions and  not on 
evidence obtained by  direct observations. These deductions are clearly dependent on the 
subjective selection of sites used as reference for changes in time. Likewise, extrapolations 
from  patterns form ed by climatic and  ecological gradients to tem poral changes -  especially 
in  the context of climate change -  have often proved to be problem atic, as one cannot 
establish causal relationships on the basis of correlative studies alone (Rastetter, 1996; 
D unne et al., 2004).
"Space-for-Time" approaches that use existing environm ents as proxies for environm ents 
under fu ture changed climate are not, in  themselves, sufficient to predict changes in  species 
interactions w ith in  com munities. Such substitutions involve com parisons w ith  com m unities 
that have come into balance w ith  local climates over long periods, and  the developm ent of 
such balances is not to be expected in  the context of the current rap id  pace of climate change 
(Rastetter, 1996). M oreover, the Space-for-Time approach w orks under the assum ption that 
except for the climate, all ecosystem  com ponents and  environm ental factors are equally 
im portant. Clearly, this is not the case, and  the detection of a causal relationship betw een 
changes in  climate and  in  ecosystems necessitates m ore com plex approaches. The Space-for- 
Time approach also neglects the effects of the current fast rate of climate change on 
ecosystem  and  com m unity functions that have evolved over long periods. Populations are 
not likely to  vary and m ove in  unison, in  response to climate change, and  im portant changes 
in  com m unity com position are to be anticipated (Parmesan, 1996; W alther et al., 2002).
An additional problem  is that short-term  studies cannot mimic long-term  environm ental 
changes. Even if conducted over periods of several years, such studies necessarily present 
only snap-shots of slowly developing actual changes in  climate regimes. In order to 
overcome the above-m entioned shortcom ings of a space-for tim e approach, such descriptive 
studies need to be com plem ented by  experim ents that enable causal inference, and  by 
theoretical m ethods that enable the developm ent of scenarios over longer tim e periods 
(Sutherland, 2006).
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2.2 Experiment vs. gradient approaches: combining efforts
One logical solution for the above problems w ith simple Space-for-Time approaches is to use 
climate change experiments in situ. The Experiment-for-Time approach provides a realistic 
solution, as climate change will happen in  a given place and will be im posed on the biotic 
communities and ecosystem functions present in  that place. This approach mimics the short­
term  responses of biotic communities and environm ents and, thereby, directly provides the 
needed causal relationships between the changes in  climate change and in the ecosystem. 
Com binations of descriptive gradient studies and experim ental approaches have been 
extrem ely rare to date (Dunne et al., 2004) and, to  the best of our know ledge, have not yet 
been applied  to arid  and  eastern M editerranean ecosystems.
The central idea and  conceptual scheme behind a com bined space-for tim e and experim ental 
design is illustrated in  Fig. 1. Com parisons of given ecosystem  and  com m unity param eters 
(e.g., soil properties, biom ass production, flora and  fauna com position, sedim ent transport, 
etc.) along the climatic gradient (e.g., the north-south vertical com parison in  Fig. 1) reflect 
com bined changes in  the com m unity and climatic conditions. C om parison of the same 
param eters betw een climate m anipulations w ith in  the same site (horizontal com parison in 
Fig. 1) reflects the effects of changes in  climate only. Furtherm ore, com parisons of control
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Fig. 1. Schematic illustration of com parisons of study sites along the gradient, w ith  rainfall 
m anipulations, representing the rationale of the experim ent set up. Connecting arrows 
betw een squares illustrate m eaningful com parisons (see text).
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sites (i.e., natural precipitation) w ith  m anipulated  climate treatm ents in  adjacent sites along 
the gradient (diagonal com parison in  Fig. 1) reflect m ainly the effects of site differences, 
since their rainfall am ounts tend to be similar. Thus, these three com parisons facilitate the 
separation of the effects of climate alone from  the effects of site-specific com m unity 
conditions. Furtherm ore, these com parisons highlight the interactions betw een climatic and 
other environm ental effects. One prediction is that sim ple com parisons along an existing 
gradient w ill not necessarily enable direct forecasting of shifts in  ecosystem  conditions 
caused by climate change, since climatic and  other environm ental effects are likely to be 
confounded (Fukami and  W ardle, 2005). O ur research tests this prediction and  evaluates the 
usefulness of this approach as com pared w ith  those used in  previous studies of the effects of 
climate change.
The above outlined approach tests w hether purely descriptive gradient approaches are 
sufficient to enable prediction of the effects of climate change. The present project is carried 
out w ith in  the fram ew ork of the research initiative, GLOW A-Jordan River (for details see: 
h t tp : / / w w w .glow a-jordan-river.de). Besides contrasting direct and indirect approaches, as 
stated above, the project has tw o specific applied  goals: (1 ) to understand  the effects of 
global climate change on soil, run-off, populations, biotic com m unities and  ecosystem 
properties and dynam ics in  ecosystems in  Israel that range from  M editerranean to arid; and 
(2 ) to provide em pirical data for m odelling, economic analysis and prediction of ecosystem 
responses to climate change in  an environm entally sensitive area.

2.3 Integration by modelling: extending the time-scale
The addition  of experim ental studies to the space-for-time approach should im prove our 
understanding  of relevant processes linked to short-term  changes in  precipitation patterns. 
H owever, this experim ental approach is lim ited in  space and time, and the lim ited num ber 
of years available for observation and  experim ental m anipulation m ay not be sufficient for 
com plete exploration of the long-term  dynamics. This is because rainfall in  m ore arid  
regions is highly variable and  annual precipitation m ay be autocorrelated betw een 
consecutive years, w hich m ay lead to long-term  fluctuations. In addition, technical and 
logistic constraints restrict the size of the area that can be m anipulated  in  experim ents to a 
scale that is necessarily smaller than  scales relevant for land users and  nature conservation. 
Furtherm ore, the type of climate-change scenario that can be mim icked by experim ents is 
constrained by  the practicability of active m anipulation of the climate. Therefore, complex 
scenarios such as increased frequency of extrem e events, as predicted for our study region 
(Kunstm ann et al., unpubl.), cannot be directly addressed in  the em pirical study.
M odelling provides useful tools to close these gaps. Spatially explicit, stochastic sim ulation 
m odels have been found successful in  using short-term  and  small-scale inform ation to gain 
understanding  of and  to predict longer-term  and larger-scale processes, as described by 
Jeltsch and  M oloney (2003). G rid-based, m odular sim ulation m odels of vegetation dynam ics 
are especially able to link inform ation on differing scales (Jeltsch et al., 1996, 1997; Jeltsch et 
al., 1999). H ow ever, in  the type of climate change studies proposed in the present paper, 
phenom ena on at least three different spatial scales have to be distinguished: (1 ) responses 
of individual plants, e.g., growth, seed production, m ortality and, possibly, physiological 
adaptation  m echanism s (e.g., Petru et al., 2006); (2) small-scale intra- and  interspecific 
interactions betw een individuals of contrasting grow th forms, am ong w hich interactions 
betw een herbaceous and w oody vegetation, including com petition and facilitation

http://www.glowa-jordan-river.de
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mechanism s, are of especial im portance (Holzapfel et al., 2006); and  (3) the effects of these 
interactions on vegetation pattern  form ation on the landscape level, w ith  feedbacks to 
spatial processes such as runoff, soil m oisture d istribution and  availability, fire, grazing, and 
other types of land use. At all these levels, the m odels need and  use data obtained in  the 
detailed field investigations and experim ents, and thus also function as integrators of 
collected information.
It is, however, not feasible to  collect all the necessary inform ation on all scales in  full detail. 
Therefore, w e apply  a cascade of m odels that differ in  spatial and tem poral resolution. W ith 
increasing scale, spatial resolution of data has to be aggregated to reduce the otherwise 
im m ense com plexity of the model. Since, in  contrast to previous studies, realistic climatic 
scenarios at biologically m eaningful scales are produced w ith in  the larger fram ew ork of the 
GLOW A-Jordan River program m e (see website), w e will be able to  utilize these scenarios 
for generating m ore realistic predictions. Field m onitoring and  experim ents can be used for 
m odel testing and validation, and additional sim ulation experim ents, such as increasing the 
frequency of extrem e years, can be conducted that are not feasible in  the experim ental plots. 
The com bination of hierarchical m odelling and experim ents w ith  the space for time 
approach provides a pow erful strategy for gaining understanding  of the im pact of climatic 
changes by  exam ining processes that link individuals, patches, and  the landscape (up- 
scaling procedure). Only such a multi-scale approach is capable of predicting consequences 
of changed climatic conditions on a level that is relevant to land use and m anagement.

2.4 Socio-economic evaluations: a need for a stronger link with nature
Linking the ecological and socio-economic approaches at the landscape level provides 
im proved tools to analyze the im pacts of global change on society and nature. Scientists are 
responding to the dem ands to estim ate potential local im pacts of climate change and  to 
produce relevant inform ation that can be used at regional and  local scales, and  can be 
related to  public and natural needs (Cash and  Moser, 2000). H owever, most of the papers 
that analyze this issue place little em phasis on the link betw een ecosystem processes and 
socio-economic impacts. This topic deserves to be investigated in  m ore detail, in  light of the 
multi-scale nature of the global climate change problem
The im pact of climate change on agricultural activities and their economic consequences has 
received m uch attention from  economists (M endelsohn et al., 1994; N ordaus, 1994). The 
general approach is to assum e changes in  tem perature and precipitation and to determ ine 
their effects on the income generated from  agriculture. Fewer scientists have dealt w ith  
evaluation of the loss of w elfare caused by changes in  ecosystems (Layton and  Brown, 2000). 
In bo th  types of analysis changes in  vegetation, soil and  w ater processes are regarded as 
external agents; Layton and Brown (2000), for example, used arbitrary values of forest loss 
depicted in com puter-enhanced photographs.
In the present study, w e link the climate to changes in  biom ass and  ecosystem  processes via 
changes in  the landscape, and hence to societal welfare. In order to  link the changes in 
biom ass to the w elfare level of society a stated preference approach w as used. In this 
approach a survey of the u rban  population  w as conducted, in  w hich the biom ass level w as 
expressed in  the form  of landscape photos of the experim ental stations (see Fleischer and 
Sternberg, 2006). Previous studies have show n that the recreational value of agricultural 
landscape can be m uch higher than  the returns obtained from  farm ing (Fleischer and  Tsur, 
2000). In our experim ental stations, in w hich the land is m ainly and  extensively used for 
grazing, this difference is even greater, because em phasis w as pu t m ainly on the changes in
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utility that accrue to the individuals exposed to  the landscape. Since these changes will 
occur only in  the fu ture w e w ere able to use only a stated preference approach, w ith in  
w hich w e used a choice m odelling approach. D ata w ere collected by m eans of a face-to-face 
survey of a  representative sam ple of the u rban  population in  Israel, w here m ore than 91 % of 
the population  are city dwellers. The landscape in  the photos varied along the north-south 
environm ental gradient, from  a typical mesic M editerranean, th rough  M editerranean, 
sem iarid to arid. By using the R andom  Param eters Logit (RPL) m odel it w as possible to 
determ ine the population 's W illingness To Pay (WTP) in  order to  prevent changes to the 
landscape. The WTP w as, in  fact, the m onetary value of the welfare loss to the population  
caused by the changing landscape. The novel feature of this research w as in  the use of 
photographs of the experim ental stations along the north-south gradient; photographs that 
p rovided a sim ulation of the expected im pact of the climate change on the landscape (for 
full details see Fleischer and  Sternberg, 2006).

3. A case study along an aridity gradient
D uring 2001 four experim ental sites w ere established in  Israel, along a 245-km-long climatic 
gradient running  from  Galilee in  the north  to the N egev Desert in  the south (Fig. 2). These 
sites represent respectively, Mesic M editerranean (MM), M editerranean (M), sem iarid (S), 
and  arid  (A) climatic conditions (see Table 1). All the sites rest on the same calcareous (hard 
limestone) bedrock and  are positioned on south-facing slopes, i.e., the drier aspect. The 
study sites w ere fenced to exclude the m ain domestic grazers, i.e., cattle, sheep and goats. 
The basic climate is M editerranean, w ith  m ild and  rainy w inters (October-April) and 
prolonged rainless, hot summ ers. The plant-grow ing season is closely associated w ith  the 
tem poral d istribution of rainfall. G erm ination of annuals, and  grow th of most perennials 
starts soon after the first rains, betw een October and  December each year (Table 1).

3.1 Climatic manipulations: rationale and application
Experim ental approaches to  climate-change studies, particularly those that address the 
im pacts of precipitation on ecosystems, typically involve the use of rainout shelters to 
exclude natural precipitation, and  artificial irrigation to  increase rainfall (Fay et al., 2000; 
Sarah and  Rodeh, 2004). Rainout shelters provide control over the daily or seasonal tim ing 
and  extent of dry and w et periods. Global climate change is predicted to alter rainfall 
patterns during  the grow ing season, and  this m ay lead to either reductions or increases in 
the total am ount of precipitation in  different cases, in  addition  to causing shifts in  the 
tem poral distribuion of the rainfall during  the grow ing season. Such changes m ay affect 
num erous ecosystem  processes, th rough  the tem poral and spatial redistribution of w ater, 
and  ultim ately m ay have im pacts on rates of prim ary productivity  and  decom position, as 
well as on biological diversity (Hulme, 2005).
Rainfall m anipulations are applied  in  only tw o of the four sites. These sites are located in  the 
tw o interm ediate locations along the climatic gradient and they represent the transition 
from  mesic to arid  conditions: the M editerranean (M) and  the semi-desert (S) regions. The 
rationale of climatic m anipulations at these sites is based on predicted  potential climate- 
change scenarios in  w hich the strongest changes occur in  the transition zone betw een mesic 
M editerranean and  arid  desert areas (Fig. 2). The mesic M editerranean and  the desert 
stations (MM and  A) at the ends of the gradient, are kept under natural climatic conditions 
and  serve as controls for the clim ate-m anipulated areas.



368 Climate Change -  Geophysical Foundations and Ecological Effects

E cosystem
ty p e

R ainfall 
& CV 

(m m  - %)

T em p era tu re  
(°C) M in. M ean  

M ax.

E levation
(a.s.l)

Soil ty p e V egeta tion  fo rm a tio n

A rid  
(N  30°52' E 

34°46')
9 0 -5 1 13.6 - 19.1 - 26.1 470 m D esert L ithoso l

O p e n  v eg e ta tio n  
d o m in a te d  b y  sm all 
sh ru b s  a n d  sem i-sh ru b s 
su c h  as Zygophyllum 
dumosum, Artemisia sieberi 
a n d  Hammada scoparia a n d  
sp a rse ly  g ro w in g  d esert 
an n u a ls , g eo p h y tes  a n d  
h em ic ry p to p h y te s .

S em iarid  
(N  31'“23' E 

34°54')
300 - 37 13.2 -  18.4 -  24.8 590 m

L ight B row n 
R e n d z in a

D w arf-sh ru b s  of
Sarcopoterium spinosum a n d  
Coridothymus capitatus 
asso c ia ted  w ith  
h e rb aceo u s (chiefly 
an n u a l)  p la n t species

M e d ite rran e
an

(N 31°42' E 
35°3')

530 - 30 1 2 .8 -1 7 .7 -2 3 .6 620 m T erra  R ossa

D w a rf-sh ru b la n d  
d o m in a te d  b y  
Sarcopoterium spinosum a n d  
a  h ig h  d iv ersity  of 
h e rb aceo u s (m ostly  
an n u a l)  p la n t species.

M esic 
M e d ite rran e  

an  
(N  33°0' E 

35°14')

780 - 22 13.5 - 18.1 - 23.4 500 m
M ontm o rillo n itic  

T erra  R ossa

C lo sed  o ak  m aq u is  
(Quercus calliprinos) a n d  
o p e n  g a rrig u e  fo rm a tio n s 
d o m in a te d  b y  sh ru b s  
(e.g. Calicotome villosa, 
Sarcopoterium spinosum, 
Cistus spp .) a n d  asso c ia ted  
h e rb aceo u s  p lan ts.

Table 1. Physical and  biotic characteristics of the study sites along the aridity gradient. 
Tem perature refers to annual m eans (mean m inim um , m ean and m ean m aximum) Rainfall 
coefficient of variance (CV) is presented  as percent (Modified from  Fleischer and  Sternberg, 
2006).

Two climate-change scenarios are currently being tested in  the sites w ith  w inter, i.e., 
grow ing season, rainfall m anipulations: increased rainfall and  drought. These scenarios 
arebased on existing climate-change m odels for the region (Ben-Gai et al., 1998; Zangvil et 
al., 2003) and on scenarios generated w ith in  our ow n project (Kunstm ann et al., unpubl.) 
and  represent tw o extreme boundary  conditions. In each site, plots of 10 x 25 m  are 
subjected to sim ulations of either w etter or drier w inters. There are three treatm ents per site: 
1) control (natural conditions); 2) artificially augm ented w inter rainfall (30% m ore than 
average annual precipitation); and 3) w inter drought (30% less than  average annual 
precipitation), sim ulated by m eans of rainout shelters. The climatic m anipulations are each 
applied  to five plots.
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Mesic Mediterranean - 780 mm

Mediterranean - 540 mm

Rain s c a le  (mm)

Semiarid -  300 mm

\
\

\

V
A rid- 9 0  mm

Fig. 2. Location of the experim ental sites along the aridity  gradient. Photographs: Claus 
Holzapfel

The rainfall treatm ents mimic the natural tim ing, frequency and intervals of rainfall events 
at the sites. Irrigation is applied  at the end of each rainfall event by  m eans of drizzle 
sprinklers. D rought treatm ent will be achieved by using plastic rainout shelters as described 
by Yahdjian and  Sala (2002) to intercept 30% of the precipitation arriving at a site (Figure 3). 
These fixed rainout shelters utilize V-shaped bands of greenhouse plastic to intercept a 
given am ount of rainfall. The bands are supported  by a fram e of galvanized alum inum  
(m ean height = 2.5m) and cover a total surface of 25m x 10m. The roofs are angled and drain 
to gutters at the dow nslope edge of the roof. G utters leading to collecting pipes that drain 
the w ater intercepted outsite the study plots. Sides of the rain shelters are open to allow for 
air m ovem ent and  m inim ize tem perature and  hum idity  differences under and  outside the 
shelter (Fay et al., 2000).
Sum m aries of the soil properties, overland flow and  vegetation studies, and  the m easured 
param eters are presented  in  Table 2. The selection of the type of data collected is based on 
the need to couple betw een climate and  vegetation responses and to cover a w hole range of 
spatial, tem poral and  organizational scales.
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Fig. 3. View of the study sites w ith  the rainout shelter structures at the M editerranean (a and 
b) and  at the sem iarid site (c and d). Photographs: Claus Holzapfel and M arcelo Sternberg.

4. Current directions
The results obtained from  this innovative project provide useful tools for refining 
predictions of the responses of ecosystems ranging from  M editerranean to desert to global 
environm ental change. The com bination of m ethodologies that w as achieved by  up-scaling 
and  down-scaling specifically targeted processes provides a m ore accurate m eans of coping 
w ith  the great uncertainty inherent in  studying global climate change. M oreover, the results 
of this project will lead to a  better understanding  of the m echanism s that determ ine changes 
in  com m unity structure, ecosystem  functioning and  soil erosion in  these ecosystems. 
A nother innovation is that the results w e obtain will enable us to obtain realistic down- 
scaled climate scenarios for the region, to be in tegrated into our m odels (in collaboration 
w ith the climate modellers participating in the GLOWA -  Jordan River Project -  see web page). 
Finally, our results can be utilized directly for evaluating the socio-economic consequences of 
climate change for ecosystems. Although such an integrated approach has been advocated 
previously (Weltzin et al., 2003), to our knowledge, no similar study, which combines gradient 
and experimental approaches w ith modelling and socio-economic approaches, has addressed the 
effects of global climatic change in Mediterranean and desert ecosystems.
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Param eter M ethology Objective

Soil structure (aggregate 
stability and aggregate size 
distribution), organic 
m atter content, soluble 
salts, electrical conductivity, 
pH , microbial enzymes 
(arylsulphatase activity) 
and nitrogen content in the 
soil (NO2, NO 3 and N H 4). 
O verland flow and 
sedim ent properties.

A boveground biomass, 
species richness, species 
diversity, species 
com position, p lant density, 
phenology, soil seed banks, 
germ ination strategies, 
species interactions

Plant litter decom position

Soil sam pling three tim es a year -  
autum n, w inter and  spring -  in 
different microhabitats: a) shrub 
understorey , b) open patches 
betw een shrubs , c) beneath  rock 
fragm ents and  d) tree understorey. 
Soil sam ples include tw o layers: 0-2 
cm  and  5-10 cm  depth.

Small run-off plots set u p  in several 
microhabitats: a) shrub understorey; b) 
open patches between shrubs, and c) a 
combination of shrubs and open gaps. 
The area of each plot is about 0.15 m 2 
and that of shrub-open gap matrix is 
about 0.3 m 2.
Com parisons for all param eters are 
betw een microhabitats: a) shrub 
understorey; b) open patches between 
shrubs. Destructive and non­
destructive biomass estimations using 
allometric estimations. Species 
richness, diversity and density per 
quadrat of seedlings is determ ined 
w ith  repeated counts, taking into 
account separate germ ination events. 
Soil seed bank is collected from  all 
stations every year, in autum n before 
the onset of rainfall and watering, for 
3 consecutive years to deplete 
dorm ant seeds. A daptation to the 
climate via germ ination strategies and 
adaptation to biotic conditions are 
studied for selected plant species and 
functional groups.
Plant litter bag experiment including 
microhabitat comparisons (shrub 
understorey and open gaps between 
shrubs) along the climatic gradient. 
Reciprocal plant litter transplantation 
am ong study sites

U nderstanding changes 
in  soil properties linked 
to nutrient turnover and 
susceptibility to erosion.

Redistribution of w ater- 
accepting patches (sink) 
and overland flow- 
contributing patches 
(source) as a strategy of 
w ater conservation.

U nderstanding of 
m echanism s behind 
plant population and 
plant com m unity 
dynamics. Baseline for 
theoretical predictions of 
species and  com m unity 
response to climate 
change.

Estim ations of nutrient 
cycling and  carbon 
turnover.

Table 2. Description of biotic and abiotic param eters m easured in  all study sites along the 
climatic gradient (includes the experim ental climatic manipulations).
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1. Introduction

Most records across the Arctic show a w idespread transition from  cold conditions of the 19th 
century to w arm  conditions of the 20th century, w ith  local w arm ing of 1-3°C that average 
~1.5°C across the Arctic dom ain (Jackson et al., 1997). The region has experienced higher 
w arm ing rates over the last 30 years and the process has been accelerating at unprecedented 
rates over the last decade (Miller et al., 2010). The m ean global tem peratures of the last 
decade have been the w arm est for the last 1000 years, and projections suggest a further 
increase in  the average surface tem perature around  the w orld  (Briffa et al., 1995; Esper & 
Schweingruber, 2004; IPCC, 2007). In the arctic and  alpine regions, the estim ated 
tem perature anom alies for the past 100 years w ere twice as large as those averaged for the 
northern  hem isphere (Kelly et al., 1982). W arm ing is expected to have large effects on global 
vegetation and  plant distribution, particularly in  ecosystems at high altitudes and high 
latitudes, w here p lant grow th is m ainly lim ited by tem perature (Kittel et al., 2000; Becker & 
Bugmartn, 2001; Shiyatov & M azepa, 2007).
Today, spatio tem poral stud ies of fo rest-tundra and  forest-grassland p lan t com m unities in 
h igh  m ountains are given considerable b u t deserved consideration  because of the 
opportun ity  and  necessity to evaluate their responses to  w hat is w idely  considered to be 
anom alous 20th century w arm ing  (Kuilman, 1990; Körner, 1999; H oltm eier, 2003). The 
m ontane p lan t com m unities grow ing at high latitudes are of particu lar in terest because of 
the m agn itude of clim ate change observed in  instrum enta l records at these locations 
(Briffa & Jones, 1993). The pace an d  p a tte rn  of biotic response to  clim ate varia tion  on 
scales of decades to  centuries is highly  relevant to  u nderstand ing  the po ten tia l ecological 
consequences of anthropogenically  induced  clim ate change (Lloyd, 1997). C onducting  
such research in  "natural" or largely u nd istu rbed  areas w here hum an  im pact is m inim al is 
h ighly desirable.
P atterns of p lan t popu la tion  response to  clim ate variation  are most clearly observed at 
climatically determ ined ecotones, w here the abiotic environm ent is the ultim ate control over 
ecological processes (Lloyd & Graumlich, 1997). Following Körner (1999), the term  "tree-line 
ecotone" is taken here to represent the transitional belt of m ountain  vegetation situated 
betw een the upper lim it of single tree g row th  in  the tu n d ra  an d  the u p p e r lim it of closed 
forests. This ecotone is w ider than  the subgoltsy belt, because it covers the lower part of the 
m ountain  tu n d ra  belt, w here solitary w oody p lan ts are found.



378 Climate Change -  Geophysical Foundations and Ecological Effects

In  the Polar U rals, dead  trees at h igh  elevation  are preserved in situ for more than a 
millennium. N um erous explorers (Sukachev, 1922; Gorodkov, 1926; Sochava, 1927; Andreev 
et al., 1935) observed a great num ber of dead trees and w ood rem ains in  various degrees of 
decom position  a ro u n d  the u p p er tree-line on the eastern  slope of the Polar Ural 
M ountains. Such w ood is especially abundant in  the Sob River Basin. D ead trees located 
above the current tree-line ecotone provide evidence of the spatio-tem poral dynam ics of 
the forest-tundra com m unities in  the recent past. The paleoecological record preserved in 
these dead trees is highly resolved, bo th  spatially an d  tem porally, p rov id ing  a unique 
opportun ity  to reconstruct the precise history of actual changes in  the structure of forest- 
tu n d ra  stands (Shiyatov, 1993, 2003; M azepa, 2005).
H istoric pho tographs as w ell as satellite rem ote sensing surveys docum ented that high- 
la titude ecosystem s have changed considerably du ring  the last century: in  tu n d ra  regions 
of no rthern  A laska an d  central Russia, the abundance of shrubs has increased strongly 
(M yneni et al., 1997; S hvartsm an et al., 1999; S ilapasw an et al., 2001; S turm  et al., 2005), 
an d  tree-line as well as fo rest-tundra ecotones in  N orth  America, Scandinavia, Siberia, 
an d  U rals have been  shifting north- an d  u p w ard s (Kuilman, 2002; K haruk et al., 2002; 
Shiyatov, 2003; M oiseev & Shiyatov, 2003; Esper & Schw eingruber, 2004; Shiyatov, 2009). 
Similarly, dendroecological studies show  that trees at h igh  latitudes an d  altitudes of the 
northern  hem isphere have been  grow ing better du ring  the last decades (Paulsen et al., 
2000). There are, how ever, also reports on decreasing tree grow th  in  the drier regions of 
Interior A laska (D 'A rrigo et al., 2004) and  M iddle Siberia (Vaganov et al., 1999). In 
contrast to the grow th  of ind iv idual trees, little is know n about the im pact of climatic 
changes on the grow th  form s and  grow th  strategies of trees. At the fringe of their 
d istribution , boreal trees grow  in a  num ber of g row th  form s (creeping, single-, and  m ulti­
stem), and  they are able to adap t their g row th form  to environm ental changes 
(Gorchakovskiy & Shiyatov, 1985; W eisberg & Baker, 1995; Pereg & Payette, 1998; 
G oroshkevich & K ustova, 2002; H oltm eier, 2003; M azepa & Devi, 2007; Devi et al., 2008). 
H ow ever, there is no quantita tive understand ing  on the developm ent and  the tim ing of 
these grow th form s, and  to  date only few attem pts have been  m ade to  link the dynam ics 
of g row th  form s to  the changes in  climatic conditions.
Forest expansions into form er tu n d ra  could induce positive and  negative feedbacks of 
ecosystems w ith  climate (Chapin et al., 2000). W hile increasing tree biom ass sequesters 
carbon from  the atm osphere and thus w ould  lead to a negative feedback, decreasing albedo 
th rough  increasing tree cover w ould  am plify atm ospheric heating, particularly during  the 
snow-covered season. For arctic Alaska, C hapin et al. (2005) estim ated that the potential 
heating effect by  expanding forests exceeds the climatic effects induced by a doubling of 
atm ospheric CO 2. H owever, treeline advances and forest establishm ent lag behind 
anthropogenic climatic change, and rates of change differ strongly am ong sites, w hich add  
great uncertainties in  predicting the feedbacks betw een terrestrial ecosystems and climate 
(Lloyd, 2005).
One such prom ising area is the Polar Ural Mountains. Im portant note has to be m ade w ith 
respect to the choice of the field site location. The eastern macroslope of the Polar Urals 
represents a pristine environm ent w here tundra, forest, and shrub ecosystems have not been 
exposed to significant anthropogenic impact and show no signs of forest fires in  more than 
1000-year long tree-ring records (Shiyatov, 1965, 1986, 2003; Mazepa, 2005). These ecosystems 
experience the effect of natural disturbance factors; these are mainly related to climate 
variability/change. Furtherm ore, the routes of seasonal migration of reindeer herders go
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around this area because of the danger related to crossing of the Sob River and the railroad. 
Most backpackers, w ho travel to the Rai-Iz range, approach it from  the w estern and northern 
slopes because of the proximity to railroad stations. From the eastern side, it is only possible to 
reach the foothills of the m ountains using an all-terrain vehicle. Consequently, the proposed 
field m onitoring area represents an  ideally suited location for studies of climate impacts on 
pristine tundra, forest, and forest-tundra communities of the subarctic region.
This paper dem onstrates how  the age structure of forest-tundra stands w ith in  the former 
and  current tree-line ecotone and the m orphogenesis of Siberian larch in  the Polar Urals 
have changed over the last m illennium .

2. Materials and methods

2.1 Study area
The study area is located on the eastern slope of the Polar Ural M ountains, in  the Sob River 
basin  (66°46 - 66°55' N, 65°22'- 65°49' E), 50 km  northw est of the Ob River and 30 km  north  of 
the Arctic Circle (Fig. 1). The bedrock basically consists of Paleozoic am phibolite and  crystal 
granodiorite, w hich forms a series of peaks and  depressions 1000-1200 m  a.s.l. There are 
over 90 glaciers in  the Polar Ural M ountains. Recent publications indicate a reduction in  the 
volum e of these m ountain  glaciers (Solomina, 1999), alm ost all of w hich are located in  deep 
depressions and valleys on east- and  north-facing slopes, on the leew ard side of the 
m ountains. They are classified as so-called hillside and kar glaciers and located below  the 
snow  line. This is possible because the snow is d istributed by  the w ind  and  concentrated in 
depressions, w hich allows the glaciers to  survive. Traces of glacial activity (i.e., lateral 
m oraines and  lakes of a glacial origin) are visible, and  dating  studies of the m oraines have 
been reported  by Yu. M artin (1970).
In the current study, meteorological data recorded at Salekhard meteorological stations 
(Fig. 1) have been used. Salekhard station is located 55 km  southeast of the study area in  the 
valley of the Ob River at an  elevation of 35 m  a.s.l. The record begins in  1883.
The m ean annual air tem perature for Salekhard station is about -6.7 °C; m ean m onthly 
m inim um  (January) and  m axim um  (July) tem peratures are about -24.4 and  13.8 °C, 
respectively. The m ean frost-free period lasts about 64 days, and  the grow ing season 
extends from  mid-June to early August. Frosts are possible in  all sum m er m onths, and 
short-duration  positive tem peratures can be experienced in  all w inter months. The m ean 
annual precipitation is 500-600 mm, w ith  50% falling as snow.
The annual radiation  balance is positive and about 42 J /  cm2. The study area is in  a  zone of 
continuous perm afrost. The Polar Urals are influenced by  a predom inantly  w esterly air 
flow, w ith  m inim um  w ind  speed observed in  sum m er (average 5-6 m /  s) and  m axim um  in 
w inter (average 9-10 m /s ). Peak registered w ind  speeds can reach 40-50 m /s , a 
characteristic feature of w est-east oriented valleys.
The study area is located w ith in  the tree-line ecotone and  occupies deep valleys and  lower 
slopes u p  to 200-350 m  a.s.l. W ithin the tree-line ecotone (with occasional single trees found 
at 400-410 m  a.s.l.) Siberian larch (Larix sibirica Ledeb.) stands of varying density 
predom inate. These are found in  association w ith  Siberian spruce (Picea obovata Ledeb.) and 
m ountain  birch  (Betula tortuosa Ledeb.). Patches of closed larch-spruce forests grow at lower 
elevations. There are also dense stands of tail shrubs (Dushekia fruticosa (Rupr.) Pouzar) and 
some species of Salix (Salix lanata L., Salix philicifolia L.).
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Salekhard

Fig. 1. Location of the study area (1) in  the Polar Urals.

Larch grow th and m orphology is influenced by  w ind  conditions and the effects of major 
snow drifts (Fig. 2), w hich cause structural deviation from  the arborescent, m onopodial 
grow th form  and  the developm ent of stem  anom alies (m atgrowth, wedge, hedge, cornice, 
flag table tree, m ulti-stem m ed grow th forms).

Fig. 2. Different life grow th forms of larch trees under w ind  and snow drift conditions.

A great num ber of w ood rem nants on the ground, u p  to 60-80 m  above the present tree-line 
ecotone, provide direct evidence of forest-tundra ecosystem  changes. These rem nants have 
been preserved for a long time, u p  to 1500 years, because of the low rate of w ood 
decom position in  these severe climatic conditions (Fig. 3). These circumstances provide us 
w ith  the possibility of extending the local tree-ring chronology back to AD 459, w hile at the 
same tim e accurately dating the life-spans of a large num ber of the living and dead trees.
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A B

Fig. 3. Rem nants of the larch trees w hich have died off during  at the beginning (A) and  the 
end of Little lee Age (B).

2.2 Field sampling
As the experim ental field fram ew ork w e used altitud inal p ro files/transec ts, laid  out 
previously. Field data  on forest stands w ere obtained by u sing  6 perm anent, continuous 
altitud inal transects 300-1100 m  long and  20-80 m  w ide. These transects w ere d iv ided  into 
squares of 20 m  x 20 m  length-w ise and  delineated  by  stone piles in  grid  corners. O n 
one side of each transect, stone piles w ere num bered. The locations of all live trees, 
stand ing  dead  trees, and  fallen dead  trees as w ell as w oody rem nants w ere m apped. 
Transects typically beg in  at the u p p er tree-line of the past, w here bo th  live trees and  tree 
rem nants cannot be anym ore found. The other part of all transects is located in  the 
m odern  tree-line ecotone an d  begins in  the area of sparse tree grow th  and  open  forests, 
ex tending  fu rther dow n slope to  closed-canopy forest. Transect elevation range is 
approxim ately  220-250 m.
From  each tree sam ples w ere collected for a  dendrochronological estim ation of their 
calendar life span and  age. O n each transect all dead trees and  w ood rem nants w ere 
m apped  and cross-sections w ere taken for tree-ring dating of life span. 2262 cross-sections 
in  total from  preserved rem nants of dead  trees w ere collected. The degree of decay 
(presence of sapwood, extent of center rot) w as noted for all samples. Each specim en w as 
exam ined prior to cutting to select the rad iu s  m ost likely to  contain  the m axim um  num ber 
of rings. N ot all w ood  rem nan ts on the a ltitud ina l transect w ere suitable for 
dendrochronological analysis because of a h igh  degree of decay, especially in  the low er 
p art of transects, w here these rem nants are found under m oss cover. The total num ber of 
cross-sections obtained represented >90% of all w ood  rem nan ts m apped . For 
approx im ate ly  half of these rem nants, samples w ere taken from  ground-level stum p 
rem nants (virtually the upper root) because of the poor p reservation  of the stem  w ood.
In order to  determ ine w hen  m ulti-stem m ed trees changed from  creeping to  up righ t 
grow th, w e cut disks of 23 tree clusters w ith  2-27 stem s in  cluster. Cross-sections w ere 
taken  at the base of their horizontal creeping stem s and  again  at the base of the vertical 
stem  (Fig. 4).
Biomass of each grow th form  w as estim ated using selected 34 representative plants (21 
single-stemmed, 10 m ulti-stem m ed and 3 creeping). These trees w ere dug  out including the 
full rooting system  (except fine roots). Different com partm ents of biom ass such as roots, 
stems, branches, needles, and cones w ere counted, m easured, w eighted, and  sub-sam ples 
w ere taken to the laboratory to dry  them  at 106 °C.



3 8 2 Climate Change -  Geophysical Foundations and Ecological Effects

Fig. 4. Three places of w ood sam pling to determ ine linear grow th rate and the dates w hen 
m ulti-stem m ed trees have changed from  creeping to upright growth.

2.3 Methods
The m ain source of inform ation for the spatio-tem poral reconstruction of stand structure in 
response to climate change w as the observational record of the long-term m onitoring program  
(about 50 years) in the studied area. The m onitoring has been conducted using different 
methods, including tree taxation, cartographic, photographic and dendrochronological methods. 
Forest taxation m ethod includes m easuring the m ain m orphom etric param eters of all 
standing trees and  new ly grow n tree seedlings along pre-determ ined perm anent altitudinal 
profiles/transects. The most reliable m ethod of the tree cover change assessm ent in  tim e and 
space is the identification of age structure of living and dead tree stands as well as tree 
rem nants. These m ethodologies have been previously successfully tested in  conditions of 
the Polar Urals (Shiyatov, M azepa, 2007).
In order to evaluate the productivity  of tree stands, the m ethod of "representative plants" 
w as used. Both aboveground and  below -ground dry biom ass w as determ ined. Various 
com partm ents w ere represented: bark  and  sapw ood of tree branches, stems, and roots as 
well as foliage and reproductive organs. The biom ass of each plot w ith in  the transects w as 
then estim ated by  calculating allometric function betw een tree diam eter or sectional areas 
and  the m easured com partm ent biom asses, followed by m ultiplying these am ounts w ith  the 
m apped  tree diam eters (Fig. 5). C arbon storage in  the biom ass w as calculated by 
m ultiplying biom ass w ith  0.5 (Kobak, 1988).
We also m ade repeated  large-scale ecosystem mapping in  key areas of the field site to estimate 
horizontal and  vertical shifts of the upper tree-line of various types of forest-tundra and 
forest com m unities using GIS technology. A new  technique for estim ating the shifts of the 
upper boundary  of open and closed forest com m unities has been developed and tested 
using h ighland areas of the Polar Urals as a case study. The technique is based on estim ation 
and  GIS representation of boundaries at the beginning and  end of the analysis period 
(Shiyatov et al., 2007).
The photographic technique is the m ethod of taking repeated landscape photos from  the same 
locations w here historical photos had  been taken. This provides valuable inform ation on 
changes in  structure and spatial locations of w oody and  shrubby vegetation over the past 
80-100 years. H igh-m ountainous areas w ith  open views of landscape are ideally suited for 
using this technique: previous locations of photography can be easily determ ined using 
characteristic points on topographic m aps for geolocation. The proposed site exhibits all 
necessary characteristics for using this m ethod. Repeated photos had been taken here
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previously at each of such locations; the exact geographic coordinates w ere determ ined 
using accurate GPS-receivers.
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Fig. 5. Tree diam eter (or sum  of section areas), above- and below ground biom ass 
relationships for single-stem m ed (A and  B) and m ultiple-stem m ed trees (C and  D).

2.3.1 Tree-ring methods
A particular attention w as given to the dendrochronological m ethod. Specifically, on the basis 
of tree-ring analysis, biological age and  calendar life span of each individual tree can be 
estimated. The use of this technique in  conditions of the Polar Urals, w here rem nants of 
dead trees rem ain intact over long periods of tim e (up to 1.5 thousand  years), is especially 
prom ising. The m ethod is also suitable because the correlation of the radial grow th am ong 
trees over a huge area is very high from  year to  year.
We used this technique in  the study area for a reconstruction of m ean sum m er (June-July) 
air tem perature of the past. A high reliability of the tree-ring reconstruction m ethod in 
conditions of the Far N orth  is achievable because of high correlations betw een tree-ring 
indexes and corresponding climatic factors. The theoretical basis and  m ethods that w as used 
for the reconstruction of climatic conditions of the past have been described in  a m onograph 
(Vaganov et al., 1996).
To determ ine the calendar year of each inner and  outer ring, ring w id ths in each cross- 
section w ere m easured and cross-dated against existing larch chronologies from  the Polar 
Urals. Cross-dating enabled the assignm ent of a  calendar year to each annual ring. This w as 
accom plished by visually com paring dated and undated  samples. A com puter program , 
COFECHA (Holmes 1995), w hich statistically m atches undated  sam ples against sam ples for 
w hich exact dating  has been established, w as also used to confirm  the dating.
Inner and  outer ring  dates for each cross-section established in  this w ay do not represent the 
exact germ ination and m ortality dates of the trees because of pre- and  post-m ortem  decay of
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the wood. The innerm ost w ood in  m any dead trees w as also found to have decayed. For the 
altitudinal transect-1, laid out w ith in  the current tree-line ecotone, w e m ade a detailed 
analysis for accuracy determ ination of exact germ ination and m ortality dates of the trees 
(Fig. 6). It proved possible to cross-date 667 series from  the 769 sam ples collected w ith in  the 
transect-1. The rem aining 102 sam ples had  too few rings (from 17 to 43).
A total of 85 cross-sections (average age 171 ± 78 years, +1 SE) had  bo th  inner and  outer rings 
(bark rings). The life-span of these trees lasted until the 17th to 19th century (Fig. 6A and 6B), 
w hereas 359 cross-sections (average age 147 ± 60 years) had inner rings only. Germ ination 
dates are bim odally distributed  (Fig. 6C). Cross-sections from 16 trees (average age 138 ± 55 
years) had outer rings (bark rings) only. Death dates are concentrated in  the 19th century 
(Fig. 6D). The rem aining 207 cross-sections (average age 118 ± 53 years) had  neither inner 
nor outer rings.
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Fig. 6. The life-spans of sam pled dead trees, w hich had bo th  inner (A) and  outer rings (B), 
inner rings only (C), and outer rings only (D).

For m ost cross-sections w ith  no inner rings surviving, it w as generally possible to m easure 
the distance from the innerm ost m easurable ring to the estim ated p ith  position of the cross- 
section and  estimate the num ber of m issing rings using a circle tem plate fit to the ring 
curvature. The estim ate took into account the m ean ring w id th  for at least 10 years for the 
appropriate tree age and tim e period.
To estim ate true establishm ent date, it is also necessary to account for the relationship 
betw een the true ages of living trees (established from  hypocotyls) and the ages of the full 
cross-sections. This relationship w as derived on the basis of m easurem ents m ade on 21 
selected trees grow ing near the transect-1. These trees w ere dug  out of the ground to enable 
estim ates of the biom ass to be m easured. The trees w ere ranked by basal diam eter and 
height from  4 cm up  to 45 cm and  from  2 m  up  to 13 m, respectively. Sections w ere also cut 
from  stems, at a height of 20-25 cm, 1.3 m, and  every 1 m  above the position of the 
hypocotyls. The dates of the innerm ost ring on each cross-section w ere determ ined. On 
average, the 9- to 14- year-old trees are 20-25 cm high and  the 28- to 43-year-old trees are 1.3
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m  high. This relationship w as used to estim ate the establishm ent date of those trees 
surviving only as subfossils.
Because of postm ortem  decay and  erosion of outer-surface w ood, the outer ring date of 
these sam ples is in  most cases not the true m ortality date. In general, it w as not possible to 
establish the "true" m ortality date w ith  great confidence; how ever, in  some cases a closer 
estim ate could be produced by  using additional sections from  the same rem nants, b u t taken 
from  different parts of the stumps.

3. Results

3.1 Stand age structure since AD 1500
The analysis of 2 altitudinal transects w ith in  the current tree-line ecotone has show n that the 
locations of the dead and  living dated  larch trees w as not uniform  (Fig. 7).

S2 1800

D is ta n c e  in th e  lin e  o f  t r a n s e c t s  (m )

Fig. 7. Location of the dated larch rem nants and living trees along transects and their life­
span. Time of appearance of living trees in  the bo ttom  part transect-2 is not shown: (1) life 
span  of trees; (2) altitude changing of transects.

The overw helm ing majority of rem nants occur w ith in  three parts of the second transect. The 
first forest island becam e established betw een 30-40 m  and  300-320 m  in distance, along 
transect. The second stand is situated from  betw een 380-400 m  and 640-660 m  further down. 
The th ird  stand occupies an area from  750-770 m  u p  to the end of transect. Live trees grow 
in the same parts of transects. Such a spatial d istribution of trees is caused by the particular 
m icro relief in  different parts of transects. The higher part of transect is alm ost at the 
upperm ost point of the moraine. Here, there are no barriers from  w ind, and  this site is 
sim ilar to  a w ind-dom inated  ecological type of tree-line. At a distance of about 320 m  from  
the beginning of transect-1, there is a slope that is form ed by  stone ledges. Here, during 
w intertim e, increased snow drifts u p  to 3-6 m  in height accumulate. Such a significant depth  
of snow and  the associated delay in  the spring thaw  that results from  it are unfavorable 
factors for the survival of undergrow th. Absence of forest stands in  these parts of transect is, 
therefore, caused by high snow  depths in  the w intertim e. The same micro relief is found at a 
distance of about 680 m  from  the top  of transect.
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W ood macrofossils from  the bottom  part of the transect date m ainly to the 16th to  19th 
centuries. O n this site the m ore ancient rem nants have not, in  general, been preserved. The 
reason is that this part of transect is a closed forest stand w ith  m ature m oss cover. Such 
conditions lead to increased decom position of wood. The greatest num ber of undated  
sam ples w as found in this part of transect, and  their poor state of preservation m eant that 
m any sam ples could not be taken at all.
U sing the calendar life-spans of the dead, changes in  abundance th rough  tim e w ere 
estim ated by calculating the num ber of trees that w ere alive during  each of the years from  
1300 years ago to the present. A bundance estim ates are subject to tw o specific errors. First, 
the sam ple is biased tow ard  larger trees. Saplings and small adult trees are likely to 
decom pose m ore rapidly than  large trees, resulting in  their systematic exclusion from  the 
sample. Second, the record deteriorates back in  tim e because of the decom position of all 
w ood. The sam ple therefore includes an increasing proportion  of the original forest 
com position in  m ore recent periods and  w ould  be expected, as a result of decom position 
alone, to indicate a trend  of increasing tree abundance w ith  time. A lthough trees have been 
dated as far back as AD 720, the analysis has been truncated  at AD 1000 to  m inim ize the 
influence of the dim inishing record (Fig. 8). An early peak of abundance is observed from  
the end of the 12th century to the second half of the 13th century. For this tim e interval the 
average stand density is estim ated at 50-60 trees/ha . A correction w as m ade in  the observed 
tree abundance at the end of the 12th century and the second half of the 13th century.
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Fig. 8. Changes in  stand density w ith in  the current tree-line ecotone.

This is based on the earlier observation that the greatest num ber of undated  sam ples w as 
found in  the bottom  part of transect, a result of poor preservation. This produces an 
"em pty" area in  the bo ttom  right corner on (see Fig. 7). It is assum ed, however, that trees 
w ou ld  have been grow ing at these tim es in this part of transect, as they clearly grew in the 
upper part of transect. It has therefore been assum ed that the life-span of most of the 
undated  w ood macrofossils from  the lower part of transect can likely be dated  from  the 9th 
to 14th centuries. The estim ate of tree abundance for the end of the 12th century and  the 
second half of the 13th century is, therefore, increased up  to 100-120 trees/ha .
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A bundance began to decline after AD 1280-1300. M inim um  tree abundance w as reached 
during  the interval 1360-1450. A second period of high tree abundance occurred betw een 
1660 and  1740. The decline began again after 1730. Present-day living trees show  that the 
second m inim um  of tree abundance w as reached at the second half of the 19th century.
The proportional age structure of the trees in  these transects has varied greatly during  the 
last m illennium  (Fig.9). There is clear evidence that two distinct generations of trees 
appeared, betw een the 10th to 11th and  16th to 17th centuries. The percentage of total trees 
represented by these cohorts th roughout their life-spans rem ained appreciable for 300-350 
years. Some trees from  the second generation are still alive today. The generation that 
appeared  on the boundary  betw een the 13th and 14th centuries w as not so num erous. In 200- 
250 years the proportion of these trees w as insignificant. The generation, w hich appeared  in 
the 18th and 19th centuries, w as even smaller. The num ber of these trees w ith in  the total age 
structure d id  not exceed 15-20%.
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Fig. 9. C hanging age structure of tree populations in  the current tree-line ecotone. Distinct 
generations are m arked by ellipses.

The analysis of 4 transects w ith in  the form er tree-line ecotone, now  being as a  treeless site 
and  60-80 m above m odern  one, has show n that the locations of the dead, dated  larch trees 
w as m ore or less uniform  because of microrelief (Fig. 10). Peak of abundance is observed 
from  the end of the 11th century to the second half of the 14th century. The large generation 
in  the 18th and 19th centuries d id  not appear.
O n the base of life-span for dead trees (more than 1200 pieces) w hich grew  above current 
tree-line ecotone the estim ation of the m ost high-altitude position of tree-line for the last 
1500 years w as received (Fig. 11). The m ost high-altitude position of tree-line during  the 
m edieval climatic optim um  w as estim ated at altitude 400-420 m  a.s.l. This border occupied
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the highest position during  13th and in  the beginning of 14th centuries. After that the huge 
dying off of trees, decrease of sparse tree grow th and light forests up  to the beginning of 20th 
century has begun. Intensive decrease of this border and  th inning of forest stands occurred 
in  15th and  16th centuries and especially in  19th century.
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Fig. 10. Location of the dated  larch rem ains along transects and their life-span. Transects laid 
out 80 m  above current tree-line.
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Fig. 11. Shifts of the upper tree-line in  the Polar Urals for the last 1500 years.

The estim ation of changes in  forest stand biom ass for the last m illennium  w as received. The
long trends of changes in  dynam ics of productivity  are well expressed, w hich caused by
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century fluctuations of therm al conditions of sum m er m onths. It is clearly visible, that 
trends of biom ass changes and  tree-ring indexes are the same. It testifies to an  one- 
orientation of these processes. H igh-altitude position of sparse tree growth, light forests and 
density of forest stands synchronously changed as well (Fig. 12).
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Fig. 12. O pen forest's biom ass changing in  the last 800 years: (1) biom ass of dead trees; (2) 
biom ass of living trees; (3) trend of biom ass changing; (4) tree-ring indexes; (5) trend of tree- 
ring  indexes.

Previous studies have concluded that increases in  tree-line elevation, and  associated 
increases in  tree abundance w ith in  the transient tree-line ecotone, are associated w ith  
extended w arm  periods (Tranquillini, 1979; Kuilman, 1986).
The increase in  tree abundance in  the upper tree-line ecotone in  the Polar Ural M ountains 
that has been dated  to betw een AD 1150 and 1250 corresponds to a period of relatively 
w arm  June-July tem peratures, as inferred from  Siberian larch ring-w idth change adjacent to 
the study area. Early m edieval times, from  about 1100 to 1250, experienced w arm ing above 
the long-term  m ean and relatively stable in terannual tem perature variability. Reconstructed 
June-July tem peratures generally rem ained high until the late 1500s, w ith  two major 
exceptions: the cool periods centered on 1300 and  1460. These times represent two of three 
periods w ith  the m ost rap id  decreases in  tem perature observed betw een adjacent 20-year 
periods (Graybill & Shiyatov, 1992). The episode of increasing tree abundance betw een 1660 
and  1740 corresponds to a shorter period, w hich is dom inated by positive tem perature 
anom alies relative to the 1951-1970 mean. Reconstructed in terannual tem perature variations 
after 1500 are highest betw een 1750 and 1769, w ith  a lesser peak occurring again in  the late 
19th and  early 20th centuries.
The species structure of forest vegetation and  climate in  the Holocene w as reconstructed on 
the basis of macroscopic p lant rem nants, botanical analysis of peat, radiocarbon dating 
(Koshkarova et al., 1999), and  palynological, paleocarpological, and paleoentomological 
analyses of frozen deposits (Panova et al., 2003) in  the Polar Ural peatland (Massif Rai-Iz).
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The results show ed that the upper forest lim it repeatedly m igrated upw ard  for 220-400 m  in 
the periods of w arm ing and retreated during  cold periods.
As the vertical gradient of sum m er air tem perature in  the Polar Urals is 0.7 °C /100 m, the 
tem perature dependent upper boundary  of the zone suitable for tree grow th rose by 
approxim ately 100 m  (Shiyatov, 2003). O n the m ajority of slopes, how ever, trees failed to 
expand up  to this potential elevation because of an  insufficient seed supply to the tundra  
areas located in  the upper part of the ecotone. As show n previously (Shiyatov, 1966), larch 
seeds in  this region fall in  June or July, w hen  the snow cover disappears, and  are carried by 
w ind  no farther than  40-60 m  aw ay from  the fertile tree. Hence the spread of seeds u p  the 
slope is very slow. That is w hy m any habitats suitable for tree grow th have as yet rem ained 
vacant. This line of reasoning m ay also be used to explain m ore active natural afforestation 
w ith in  the tu n d ra  and  transform ation of sparse stands into closed forests in  the low er part of 
the tree-line ecotone, w here microclimatic and  soil conditions are m ore favorable and  seed 
supply  is m ore abundant.

3.2 Twentieth-century stand dynamics
3.2.1 Growth form changes
The upw ard  expansion of forests w as accom panied by significant changes in  tree grow th 
forms (Fig. 13). Larches that had been grow ing in  a creeping form  since the 15th century 
started to grow upright at the beginning of the 20th century, w ith  u p  to 20 stem s per tree 
individual. M ore than  90% of the trees em erging after 1950 are single-stem  ones.
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Fig. 13. G row th form  changes of larch trees in  exposed sites under snow pack by snow 
abrasion, low  tem peratures and w ind.

The changes of m ulti-stem m ed trees from  creeping to  vertical grow th led to  a 2- to  10-fold 
increase in  radial grow th of the creeping stems (Fig. 14). We m ainly attribute these strong 
increases in  ring w id th  to the higher photosynthetically active needle area from  several 
em erging vertical stems. M ore favorable climatic conditions m ight also have contributed to 
the grow th enhancem ents, bu t the increases in  ring  w id ths of the horizontal stems of m ulti­
stem m ed trees w ere m uch greater and  m ore abrupt than  the clim atic-driven increases in  the 
ring  w id ths of single-stem m ed trees.
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Fig. 14. Tree-ring w id ths of horizontal stems from  m ulti-stem  trees during  the last tw o 
centuries. The arrow s indicate the beginning of upright stem  growth.

According to our tree-ring analysis, vertical stems of m ulti-stem m ed larch trees em erged 
during  a relatively short period, i.e. only a  few decades (Figs 7 and  8). This contrasts w ith  
the behavior of 'm obile ', 500-year-old tree islands in  the Colorado Front Range, w here 
w indw ard  edges are dying back and  new  stems are em erging over long periods on the 
leew ard side (Marr, 1977; Benedict, 1984). O ur age analysis of horizontal and  vertical stems 
indicate that in  the Polar Urals vertical grow th of m ulti-stem m ed larch is a m uch m ore 
recent phenom enon, and because climatic conditions have apparently  been changing 
rapidly, m ulti-stem m ed trees are very likely only a transitional grow th form. Single­
stem m ed larches are dom inating already now  50 m  below  current treeline. Therefore, w hen 
conditions are becom ing slightly m ore favorable, larch seedlings can succeed as single 
stems, and  they do not first grow in a creeping form  before they start to grow upright. As 
m ulti-stem s are a  in  transitional grow th form, they are indicators for changing grow th 
conditions that can easily be dated  using dendrochronological methods.

3.2.2 Large-scale mapping
We concentrate our attention on the recent expansion of forest-tundra ecosystems, w hich 
began 80-90 years ago in connection w ith  climate w arm ing and  moistening. Summer 
tem perature (since 1921) at Salekhard w eather station increased by 0.9 °C and  w inter 
tem perature by 1.2 °C in  com parison w ith  the first period of observation (1883-1920). It
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m eans that sum m er tem perature isotherm  rose 120-130 m  in altitude. M ean precipitation of 
sum m er m onths is increased from  146 to 178 m m  and  of w inter m onths from  67 to 113 mm. 
To estim ate spatio-tem poral changes of forest-tundra ecosystems, w hich occurred during 
the 20th century, special attention w as given to description and  large-scale m apping  of 
forest-tundra ecosystems over the treeline ecotone. To present day the area of 5770 hectares 
w as m apped. Two m aps w ere developed w hich show the state of stands for the beginning 
and  end of the 20th century (Fig. 15).

In the early 1910s In the early 2000s

Fig. 15. The spatial distribution of different forest-tundra com m unities in  the ecotone of the 
upper tree-line in  the Polar Urals during  1910-s and  2000-s: (A and C) the area of the Rai-Iz 
massif and Mts. C hernaya and M alaya Chernaya; (B) the area of Mt. Slantcevaya.

D uring the last 90 years a significant afforestation of tree-line ecotone has occurred. The area 
under tund ra  w ith  individual trees decreased from  4399 to  3306 ha or 25%, the area under 
sparse grow th of trees increased from  662 to 775 ha or 15%, the area under open forests 
increased from  640 to 1066 ha or 40%. The most im pressive changes w ere seen w ith  closed 
forests. The area increased from  69 to 623 ha or 89% as a result of the transform ation of 
sparse grow th of trees and  open forests into closed forests. The degree afforestation w ith in  
the tree-line ecotone (including sparse grow th of trees, open forests and closed forests) has 
increased from  1371 ha to 2464 ha or 45%.
Im pressive changes have occurred in  the structure and  productivity  of existing stands 
during  the last 90 years. From  the beginning of w arm ing an  intensive renew al larch and 
spruce occurred. Most of stands have become m uch denser and  m ore productive (up to 2-5 
times) and m any tund ra  sites located w ith in  the treeline ecotone have been afforested. To 
date young generation of trees is form ed, w hich come to upper w ood canopy and  occupies 
dom inating position in  the m ajority of stands. This generation is presented basically by 
single stem  form  of grow ing even on pow erfully w ind  sites, w hile m iddle-aged generation 
is presented m ainly m ulti-stem  form  of growing.

3.2.3 Repeat landscape photographs
To date, repeat photographs are m ade from  1200 points, the m ajority of w hich w ere used for
quantitative and qualitative estim ation of changes in  the tree and shrub vegetation that have
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occurred over the past 30-50 years. D uring this period of tim e there w as an  intensive 
expansion of tree and shrub vegetation into m ountain  tundra. These changes occurred 
under the influence of the m odern  w arm ing and m oistening of climate (Fig. 16-23).

Fig. 16. The w estern  extrem ity of the stand strip located at the bottom  of a southern  slope of 
Rai-Iz massif (66°50.853' N, 65°36.058' E, 295 m  a.s.l.).

Fig. 17. General view of m oraine on the left bank  of K erdom anshor River (66°50.326' N,
65°34.294' E, 226 m  a.s.1.).



3 9 4 Climate Change -  Geophysical Foundations and Ecological Effects

Fie. 18. The bottom  of eastern slope of M alaya Chernaya M ountain (66°50.75T N, 65°32.770' 
E, 286 m  a.s.1.).

1 9 6 2

Fig. 19. South-w estern slope of Yar-Keu M ountain (66°56.641' N, 65°43.668' E, 314 m  a.s.l.).
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Fig. 20. Spruce grow th form  changes from  creeping to m ulti-stem  grow th (66°48.923'N, 
65°34.310'E, 251 m  a.s.l.).

Fig. 21. The top part of a  lateral m oraine (66°47.477' N, 65°30.778' E, 267 m  a.s.l.).
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1962

Fig. 22. Southern slope of a hill of 429 m. Small river O rehyogan below  (66°47.338' N, 
65°23.60r E, 287 m  a.s.1.).

1960

Fig. 23. The upperm ost light forest grow ing on a southern  slope of height of 312.8 m  
(66°49.06CV N, 65°32.262' E, 267 m  a.s.1.).
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4. Conclusion

The earlier analysis (Shiyatov 1993, Fig. 1) show ed a sim ilar conclusion based on 209 macro 
fossils and 16 living trees. A m axim um  tree abundance being reached in  the m iddle of the 
13th century. In the first half of the 15th century a deterioration of forest cover came to  an 
end. In the 16th century and  first half of the 17th century tree grow ing conditions w ere again 
m ore favourable, and  in  the second half of the 16th century another decline of the open larch 
forests ceased. In the second half of the 18th century all trees grow ing on the transect died. In 
the 19th century not a single living tree stood on the transect. The first larch seedlings 
reappeared at the beginning of the 20th century. These tw o independent analyses are, 
therefore, m utually  supportive.
The upper boundary  of open forests has m arkedly shifted b o th  on slopes exposed in  w inter 
to strong w esterly w inds and in the areas w here sum m er tem peratures are the m ain limiting 
factors. This is evidence that the pattern  of w inds and  the tem perature conditions have 
becom e m ore favorable for the grow th of trees over the past 90 years. The grow ing period 
begins earlier, and its duration  has increased. This allows young larch shoots to  com plete 
the cycle of their grow th and developm ent and to prepare them selves for w intering under 
severe conditions. Before the recent climate w arm ing, larch in w indsw ept conditions w ith  
little snow w as represented only by  prostrate grow th form. To date, prostrate plants have 
transform ed into m ulti-stem m ed trees u p  to 5-6 m  high and  young trees aged u p  to 50-60 
years are m ainly single-stemmed.
These data on the m agnitude of altitudinal and horizontal shifts in the upper boundaries of 
open and  closed forests in  the Polar Urals confirm  our previous findings concerning the 
expansion of tree vegetation to higher elevations due to climate w arm ing and  increasing 
hum idity  in the 20th century (Shiyatov et al., 2007). According to  data from  the Salekhard 
w eather station the recent m ean air sum m er tem perature w as 0.9 °C higher and w inter w as 
1.2 °C higher than  betw een 1883 and  1919; and  the am ount of precipitation also increased by 
32 m m  in sum m er and by 46 m m  in w inter. As the elevational lapse rate of sum m er air 
tem peratures in  the Polar Urals is 0.7 °C, the clim ate-dependent upper boundary  of the zone 
suitable for tree grow th could ascend approxim ately 100 m. This value is alm ost three times 
greater than  the actual altitudinal shift of the upper boundary  of open and  closed forests. In 
other w ords, tree vegetation has not yet expanded to the climatic lim it because of 
insufficient supply of larch seeds to tund ra  areas in  the upper part of the treeline ecotone, 
although it is already close to this lim it on some slopes.
Thus, the analysis of vertical and horizontal shifts in  the upper boundaries of open and 
closed forests on the eastern m acroslope of the Polar Urals provides evidence for 
w idespread and  active expansion of tree vegetation to higher elevations over the past 90 
years, w hich is apparently  explained by  favorable changes in  climatic conditions.
The im provem ent of climatic conditions in  the first half of the 20th century resulted in  the 
developm ent of m ulti-stem m ed life forms in  Siberian larch th rough the form ation of vertical 
stems from  its prostrate and  stem -shrub life forms. The active grow th of m ulti-stem m ed 
trees and  consequent increase in  their size during  the 20th century resulted in  increasing 
com petition for light and nutrients betw een stems and  crowns w ith in  the same clone. As a 
consequence, some stems dried out. D ata on the tim e of tree em ergence obtained in  this 
study agree w ith  the know n fact that active forest regeneration takes place m ainly in 
relatively w arm  climatic periods w ith  higher hum idity.
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Historic photographs and tree age structure analyses indicate that rem ote areas of the forest- 
tu n d ra  ecotone in  the Polar Urals have changed significantly during  the 20th century. The 
d istribution of Siberian larch has been shifting upw ards by 20-60 m  in altitude, and  today 
young larch trees are grow ing in  form erly treeless tundra. Since 1900, grow th form s of larch 
have started to  change from  creeping grow th that prevailed over centuries to upright 
grow th as m ulti-stem m ed trees. At the same tim e, single-stem m ed trees have com m enced to 
establish. At present, the single-stem m ed larches are dom inating the forest 50 m  below  the 
species line. The expanding close forest led to an increase of biom ass by 40-75 t ha-1 and  a 
carbon sequestration of approxim ately 20-40 gC nr2 y r 1 during  the last century, w hich is, 
how ever, small com pared w ith  tem perate forests. The forest expansion and  change in 
grow th form s coincided w ith  a significant w arm ing in  sum m er and  a doubling of w inter 
precipitation, thus drastically changing snow  conditions. In sum m ary, our study show s that 
the ongoing climatic changes are altering the com position, structure, and  grow th form s of 
Siberian larch in  undisturbed  tree-line ecotones of the Polar Urals.
The absence of evidence of forest fires or other catastrophic phenom ena in  the study area 
and  the sim ilar absence of any evidence of significant hum an influence on the open  larch 
forests strongly attest to the probability  that forest dynam ics in  the region are the result of 
climatic changes alone. If the reconstruction of these tree dynam ics describes the changing 
influence of climate in  the Polar Urals M ountains during  the period represented in  this 
study, then the hypo thesis  th a t the exp an sio n  of fo rest is a lw ays associated w ith  w arm  
tem peratures is generally supported  by these results.
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1. Introduction

M ountain regions are often m arketed w ith  statem ents suggesting w here tim e has stood 
still." Anyone w ho believes such statem ents is in  for a disappointm ent as, of course, time 
does not stand still in  the m ountains, on the contrary: it is there that, behind the proffered 
D isneyland of m ountain  traditions, change often happens faster than in  the lowlands. 
Global Change as climate change is h itting ecologically and  economically sensitive 
m ountain  regions. G lobalization reaches areas that adhere to a small-scale patchw ork of 
social and  economic structures, ill p repared  for external im pacts and  global competition. It 
takes over traditional cultures and changes the w ay w e interact, w hat w e w ear, w hat w e eat, 
the music w e listen to. Political agency is passed on to new  integrative spatial units, to the 
global economy and political agreements. This shifts the responsibility for shaping our 
living environm ent to extranational bodies and  reduces agency at national and regional 
level. In addition, coherent m ountain  regions are often spread across several states, w hich 
m akes them  potential or actual contended spaces.
Global Change research in  m ountain  regions has to date focused on climate change (EEA, 
2004; Kohler & Maselli, 2009) w hile the im pact of globalization has not received anything 
like as m uch attention (Borsdorf et al., 2008; Jandl et al., 2009). In reality, bo th  phenom ena 
interact and  can only be analysed and evaluated in  an  integrative manner.
This chapter aims to look at Global Change from  different perspectives and in  an integrative 
approach. O ur case in  point are the Alps and, w ith in  them , m ainly the A ustrian Alps w here 
the authors concentrate their research. After analysing the status quo, w e shall present 
ongoing political processes, program m es and  research and  define the issues. Climate change 
concerns all spheres of nature and different subareas of the anthroposphere. It is in  the 
cryosphere that change becomes m ost clearly visible, especially on glaciers and in 
perm afrost areas, bu t also in  the valleys. These lower lying areas face increased hazards but 
also new  economic opportunities for agriculture and tourism , w hich w e w ill discuss before 
closing w ith  an  outlook on future challenges.

2. The Alps -  a case in point of a mountain area and its political dimension

The Alps -  as defined by  the Alpine Convention -  cover an  area of roughly 190,000 km 2 and
are popula ted  by m ore than 14 million inhabitants plus another 120 million annual visitors
(Bätzing, 2003). They provide resources for up  to a th ird  of the E uropean population. Three
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large streams, the Rhine, the Rhone and the Po originate in  the Alps, most of the w ater for 
the D anube comes from  there, justifying their by-nam e of 'w ater tow er of Europe'. This 
w ater is nourishm ent, process w ater and  provider of clean and renewable energy as w ell as 
peak electricity for the European grid.
The A ustrian share of the Alps m akes u p  tw o thirds of the state territory bu t only 40% of 
A ustrians live in  the m ountains. Perm anent settlem ent is only possible u p  to ca. 2000 m  a.s.l. 
This m eans that 75% of the Alpine area can only be settled seasonally or not at all. H um an 
settlem ents thus reach the upper altitudinal lim it and  w ith  it an  ecologically highly sensitive 
border area. At the same time, the Alps represent a hotspot of biodiversity and  an  im portant 
gene pool as well as pools of cultural diversity and are a recreation area of global stature. 
Scientists m ay see them  as open-air laboratories of Global Change. Here, especially, 
strategies for sustainable regional developm ent are needed to minim ize risks and  to 
leverage opportunities. They can help m aintain a unique area in its potency for inhabitants, 
visitors and for the extra-Alpine population  that depends on its resources.
In N ovem ber 1971, UNESCO established the 'M an and the Biosphere' research program m e. 
It posed questions about the interaction betw een hum ans and  their environm ent from  a joint 
natural and  social sciences point of view, questions that could be vital for our future. 
Im portantly, the sixth project in  this program m e, 'Im pact of hum an activities on m ountain 
ecosystem s' w as dedicated to the m ountains of the w orld. The first U N  conference 'O n  the 
H um an Environm ent' w as held in  Stockholm in June 1972. The recom m endations from  this 
m eeting shaped the ensuing international m ountain  conferences. The same year saw the 
publication of the Club of Rom e's fam ous report 'The Limits to  G row th ' (M eadows et al., 
1972). Its m uch debated projections of exponential grow th of populations, econom y and 
technology started research into globalization.
M any international m ountain  conferences followed over the next years. In 1983, the 
m ountain  centre ICIMOD for all eight states of the H indu  K ush-Him alaya w as established 
in  K athm andu; in  1986, the African M ountain Association form ed in Ethiopia, followed in 
1991 in  Chile by the A ndean M ountain Association. O n this basis, the developing countries 
enthusiastically supported  the proposal of a m ountain  chapter in  the A genda 21 at the th ird  
preparatory  conference for Rio in the au tum n  of 1991. This chapter 13, 'M anaging Fragile 
Ecosystems: Sustainable M ountain D evelopm ent', w as then passed unanim ously at the so- 
called Earth Summit in  Rio de Janeiro in  June 1992. This am ounts to a global recognition of 
the w orld 's  m ountains, their resources and their problem s (Messerii, 2010).
In 1991, the Alpine Convention w as signed by eight Alpine states. It form ed the first cross- 
border agreem ent based on the idea of sustainable regional developm ent in  a m ountain 
area. A similar convention is currently being prepared  for the Carpathians.
In 1997, the U N  General Assembly for the evaluation of A genda 21 w as fundam ental to 
rethinking the global significance of m ountains. The delegates understood that m ountains 
preserve a series of com m on goods, such as vast treasures of biological and  cultural 
diversity, that they are w ater tow ers for an  increasingly thirsty  planet, sensitive indicators of 
climate and  environm ental change, vital recreation areas for an  increasingly urbanized 
w orld  population, sacred places in  m any cultures and religions and  uniquely privileged 
regions for protected areas, b u t also sites of erosion, risks and  disasters w ith  dam aging 
effects on adjacent lowlands. Based on this new  understanding, the U N  General Assembly 
decided on 10 N ovem ber 1998 that the year 2002 should be the 'International Year of the 
M ountains', the same year as the W orld Summit on Sustainable Developm ent in
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Johannesburg. These developm ents greatly increased public aw areness of the effects of 
climate change and  globalization even for rem ote m ountain  regions.
In 11 M arch 2010, the U N  General Assembly passed Resolution 64/205 on 'Sustainable 
M ountain D evelopm ent'. Its 45 paragraphs include num erous references to com m on goods 
of the m ountains, com m on concerns, as well as recom m endations for governm ents and 
research. In 2012, ten years after the International Year of the M ountains, the conference 
Rio+20 (Stockholm+40) will be held again in  Rio de Janeiro.

Research
Networks

Mountain
Forum

Mountain Mountain 
Research Partnership 
Initiative (FAO)

Political
Conventions

Alpine
Convention

Carpathian
Convention

Political
Declarations

Chapter 13 Evaluation International U.N. R io+20
of the of the Year o f the Resolution and

Agenda 21 Agenda 21 Mountains 64/205 IYM +10

African 
ICIMOD Mountain 
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Fig. 1. The rise of m ountain research w ith in  the fram ew ork of regional associations, political 
declarations and conventions and  research netw orks (graphic design: K. H einrich 2011)

This brief sum m ary shows how  m ountain  regions are attracting grow ing political attention. 
It also shows that the complex structures, processes and  problem s of m ountain  regions can 
only be tackled successfully on the basis of an  inter- and  transdisciplinary approach.
In order to strengthen m ountain  research, to profit from  regional expertise and  scientific 
results, to allow com parative analyses, to im prove the lives of m ountain  people and  to 
respond to  the challenges of global change, m ountain  scientists have established m ountain 
research, inform ation and  cooperation netw orks such as the M ountain Forum, the M ountain 
Partnership and  the M ountain Research Initiative (Fig. 1). These in tu rn  encouraged the 
form ation of regional netw orks like Science for the C arpathians (S4C) and South Eastern 
European M ountain Research N etw ork (SEEmore) (Borsdorf & Braun, 2008). W hile these 
netw orks are open for any initiative, the GLORIA netw ork w ith  over 90 research sites on 
sum m its in  all major m ountain  ranges of the w orld  focuses on m onitoring climate change 
effects on m ountain  biodiversity (Grabherr et al., 2010).
In Innsbruck, the Research Focus Alpine Research, the Institute for M ountain Research: M an 
and  Environm ent and, since 2010, the K1 alpS Centre for Climate Change A daptation 
Technologies (in m ountain  regions) are collaborating w ith in  the "Innsbruck M ountain 
Com petence" (see Borsdorf et al., 2010).

3. Climate change in the Alps
The Alps are am ong the most intensely studied  m ountain regions on earth. This is also true
of fast changing w eather and  climate param eters such as air tem perature, hum idity,
pressure, w ind, precipitation and  sunshine hours. W hile 'w eather' denotes a snapshot of the
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state of the atm osphere (timescale: m inutes to days), 'clim ate' describes a m edian state of the 
atm osphere in  a place on a timescale of at least three decades.
For the Alpine Space not only a large num ber of tim e series are available b u t also long time- 
series data, w hich are vital for analysing long-term  trends and  changes in  frequency 
distributions. Instrum ental records, i.e. recorded tim e series of meteorological and 
climatological param eters, go back m ore than  200 years. In the Alps, there is excellent 
additional inform ation available on form er climate states from  so-called proxy data, such as 
speleothem s, lake sedim ents and dendrochronology.

3.1 Instrumental period
For the Alps, the longest tim e series of the meteorological param eters air tem perature and 
air pressure go back to the year 1760. Precipitation records started in  1800, those for 
cloudiness in  the 1840s and  sunshine duration  records in the 1880s. W ithin the HIST ALP 
project, records from  577 stations in  the Greater Alpine Region (4-19° E, 43-49°N, 0-3500 m  
a.s.l.) w ere hom ogenized to account for changes in  the location, m ethod or instrum ents for 
m easuring the param eters (Auer et al., 2007). The tim e series are available as station m ode 
or gridded data and show an  increm ental increase in  air tem perature of +1.2°C for the 20th 
century. A first peak occurred at the end of the 1940s, the second increase started in  the 
1970s (1.3°C per 25 years). Calculated over several decades, the tem perature trends are the 
same for all regions of the Alps. N or are there significant differences betw een valley and 
sum m it stations. Overall, w arm ing in  the Greater Alpine Region has been twice as strong as 
the global mean. O n a local/regional scale, however, short-term  variabilities have been 
observed that are stronger than  long-term  trends (Böhm, 2008). Prom inent exam ples of such 
short-term  and  localized deviations w ould  be the extremely w arm  sum m er of 2003 or the 
high-precipitation w inter of 1999 w ith  its avalanche disasters. By themselves, such 
occurrences do not say anything about a  change in  climate, since they could, in  principle, 
occur in  any climate, if only very rarely.
Precipitation shows regionally differing long-term  trends. W hile precipitation in  the north­
eastern part of the Alpine Arc is increasing by 10-15% per century, it is decreasing by  the 
same percentage in  the south-east. However, a  short-term  variability of +50% m ust be 
superim posed on these trends and  dom inates them.
As regards possible future climate changes, w e m ust assum e a statistical change in  the 
d istribution of individual events (extremes and  mean), w hich is im portant for several 
applications:
• agriculture: the num ber of frost days or the duration  and frequency of droughts,
• flood calculation: extreme precipitation,
• calculation of avalanche protection m easures, calculation of roof loads: snow depths,
• w ater m anagement: runoff, i.e. precipitation, snowm elt, glacier runoff.
C urrently it is not possible to predict how  these and other relevant param eters will change 
w ith  future climate change as the m odels return  w idely differing results. Böhm (2008) 
considers the following scenarios as w ell founded: a rise in  tem perature by 3°C (IPCC 
Scenario A1B) by the year 2100, m ore frequent positive tem perature extremes, no change in 
storm  occurrences in  the Alps, a decrease in  solid precipitation as w ell as a reduction in 
glacier area. Clear scientific pronouncem ents on other climate param eters are not feasible, 
especially on convective precipitation (thunderstorm s, haii), w hich is notoriously difficult to 
capture in  num erical models. This is also true of future precipitation events as the relevant 
m odels differ w idely (Christensen et al., 2007).
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3.2 Proxy data and historical records
P roxy param eters are ve ry  use fu l fo r unde rs tand ing  past c lim ate changes bette r (Jansen et 
al., 2007) and they im p ro ve  the accuracy o f p red ic tions  fo r  fu tu re  c lim ate  scenarios. They 
p ro v id e  in fo rm a tio n  on the clim ate p r io r  to  the start o f in s trum en ta l records. Tree rings, lake 
cores, m ora ines and speleothems show  a statistica l re la tio n  to  means o f c lim ato log ica l 
param eters fo r  a g iven  period. Th is connection stems fro m  processes such as tree g ro w th  or 
d rips tone  fo rm a tio n , w h ic h  are con tro lled  b y  com plica ted chem ical or b io lo g ica l 
mechanism s tha t are themselves s ta tis tica lly  re lated to  c lim ate parameters. 
D endrochrono log ica l d a ting  o f Pinus cembra pieces, fo r  instance, p rov ides  im p o rta n t c lim ate 
in fo rm a tio n  fo r the A lps, A lp in e  glacier dynam ics and shifts in  the tree line  d u r in g  the 
Holocene (B iin tgen  et al., 2005; Joerin et al., 2008; N ico luss i et al., 2005). Statements on 
clim ate  change deduced fro m  lake sedim ents go even fu rth e r back in  tim e. The la ye rin g  o f 
the sedim ents itse lf can y ie ld  in fo rm a tio n  on the clim ate  b u t also the a c tiv ity  o f the b io ta  
l iv in g  in  those sedim ents (Ilyashuk  et al., 2011; Schm idt et al., 2006).
A  large num ber o f w r it te n  records on the clim ate o f the past exist fo r the A lps, p a rtic u la r ly  
on  extrem e events and clim ate param eters re la tin g  to  tax-re levant aspects lik e  harvests. F lir i 
(1998) and Jäger (2010) have p u t together an exem plary  co llec tion  fo r  T yro l. These reports 
create an im pressive  in s igh t in to  past c lim ate change effects on hum an  spheres o f settlement 
and interest.

3.3 Clim ate change and cryosphere
Cryosphere means the frozen  parts o f the hydrosphere. In  the A lps , these are the glaciers, 
seasonal snow  cover as w e ll as the ice in  pe rm afrost and ice caves.
E arly  studies o f glaciers w ere  trigge red  b y  catastrophic bursts  o f g lacier lakes in  the course 
o f a coo lin g  c lim ate a round  the year 1600 (N ico lussi, 1990). F rom  the m id d le  o f the 19th 
cen tury, w e  f in d  system atic investiga tions o f A lp in e  glaciers (e.g. S ch lag in tw e it &  
Sch lag in tw e it, 1850). F rom  a ro un d  1890, changes in  the leng th  o f the glaciers w ere recorded 
an nu a lly  (Patzelt, 1970); in  the second h a lf o f the 20th century, scientists m easured glacier 
mass balances in  the A lp s  (Fischer, 2011), w h ic h  w ere  collected b y  the W o rld  G lacier 
M o n ito r in g  Service in  Z urich . A  g loba l sum m ary o f changes in  the cryosphere in  general 
and the m ou n ta in  glaciers in  p a rticu la r is inc lud ed  in  the IPCC rep o rt (Lem ke et al., 2007). 
F rom  th e ir peak d u r in g  the L itt le  lee Age a ro un d  the m id d le  o f the 19th cen tury, the glaciers 
o f the A u s tria n  A lp s  have lost c irca 50% o f th e ir area (Gross, 1987). The changes in  glacier 
area are docum ented b y  cou n try  in  g lacier inven to ries  (A berm ann et al., 2009; Lam brecht &  
K uh n , 2007) la rge ly  based on rem ote sensing m ethods (H aeberli et al., 2007). A fte r the last 
g lac ie r-fr ien d ly  p e rio d  so fa r in  the 1980s, w h ic h  saw glacier advances, w e  can n o w  observe 
an in te ns ified  retreat o f A lp in e  glaciers. Related phenom ena, such as the fo rm a tio n  o f supra- 
and pe ri-g lac ia l lakes requ ire  new  strategies in  g lacier m o n ito r in g  (Paul et al., 2007) and 
tr ig g e r research on basic mechanisms (Huss et al., 2007).
By s tu d y in g  lo n g  g lac io log ica l tim e  series w e  ob ta in  base lines fo r in te rp re tin g  past c lim ate 
in  h ig h  m ou n ta in  areas w here o n ly  few  d irect record ings o f w eather stations are available 
(Fischer, 2010; V incen t et al., 2004). Recent com parisons o f g lacier and clim ate data led  to  the 
deve lopm ent o f m odels tha t a llo w  an in te rp re ta tio n  o f g lacier stands fro m  the Holocene, 
docum ented b y  m oraines, to  extrapolate the clim ate o f the tim e  (e.g. Kerschner &  Ivy-O chs, 
2008). F igures 2 and 3 illu s tra te  the d ram atic  retreat o f the Schlatenkees glacier, m u n ic ip a lity  
o f M atre i, East Tyro l.
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Fig. 2. Schlatenkees 1890 (Photograph: V. Sella)

Fig. 3. Schlatenkees 2010 (Photograph: A. Fischer)

A lp in e  pe rm afrost in  general and perm afrost in  the A lp s  in  p a rticu la r, is a phenom enon that 
has on ly  been kn o w n  and sc ien tifica lly  investiga ted fo r a short tim e  (Barsch, 1969). Concrete 
pronouncem ents on its  extent are there fore s t ill re la tive ly  im precise (e.g. H a rr is  et al., 2001; 
K ra ine r et al., 2007). W hat w e  kn o w  about the large-scale d is tr ib u tio n  o f pe rm afrost in  the 
A lp s  stems fro m  the Swiss A lps. Barsch (1978) pu ts the vo lum e o f perm afrost in  the W estern 
A lp s  at 5-10 km 3. H aeberli (1975) suggests tha t perm afrost can be assumed fo r areas above 
2200 m  a.s.l, above 2550 m  a.s.1. perm afrost is lik e ly  at the foo t o f slopes w ith  a no rth e rn  
expos ition  and above 3000 m  a.s.l. on  steep sou th-fac ing slopes (Keller, 1987). Such 
statements are e ither based on m orp ho log ica l analyses o f b lo ck  glaciers as the m ost 
p ronounced fo rm  o f A lp in e  pe rm afrost or, m ore recently, on  m o d e llin g  approaches us ing 
the energy balance in  a s im p lif ie d  w a y  as in d ica to r fo r the existence o f m ou n ta in  perm afrost 
(H oelz le  et al., 2001). For rock  glaciers in  A lto  A d ige , scientists w ere able to  show  c learly  
h o w  active b lo ck  glaciers have become inactive  w ith  loss o f the ice fro m  the m id d le  o f the 
19th cen tu ry  (Stotter, 1994). U n like  the robust c lim ate ind ica to rs  o f glaciers and perm afrost, 
the seasonal snow  cover is subject to  large in te rannua l fluc tuations. I f  you  take a series of 
studies on the d u ra tio n  and thickness o f snow  cover w ith in  the A lp in e  Space (Beniston,
1997) no  hom ogenous p ic tu re  emerges, u n lik e  the results o f other surveys in  the no rth e rn  
hem isphere (e.g. Lem ke et al., 2007). G iven  the re g io na lly  d iffe re n tia te d  p re c ip ita tion  trends, 
con firm ed  b y  H IS T  A LP  data, th is  is h a rd ly  surp ris ing . F rom  a c lim ato log ica l perspective, it  
can be said tha t even in  a ten den tia lly  w a rm er clim ate, w in te rs  w ith  large am ounts o f snow
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w i l l  con tinue to  occur, ju s t as d u r in g  a cooler c lim ate there w ere  some w in te rs  w ith  lit t le  
snow  (Beniston, 2011; Jäger, 2010).

3.4 Clim ate change and natural hazards
Since clim ate  and w eather d r ive  m any A lp in e  na tu ra l hazards, i t  is h a rd ly  su rp ris in g  to  f in d  
scientists everyw here deba ting  th is  issue o f h o w  na tu ra l hazards behave unde r cond itions of 
c lim ate  change. In  th is  context, w e  m ust d is tin g u ish  betw een the m e d iu m - to  lo ng -te rm  
tem po ra l d im ens ion  o f the c lim ate, w h ic h  establishes the fra m e w o rk  o f a longer-te rm  
d ispos ition , and the sho rt-te rm  d im ens ion  o f w eather cond itions, w h ic h  m ay tr ig g e r na tu ra l 
hazard events. I f  w e  lo o k  at i t  us ing  a tim e-fram e o f decades, the im pact o f g loba l w a rm in g  
fo r na tu ra l hazard processes takes p r io r ity ,  w h ile  a lo o k  at w h a t triggers  processes shows 
tha t changes in  p re c ip ita tio n  patterns are decisive.
In  the course o f r is in g  tem peratures, ice in  perm afrost melts. Together w ith  sh rin k in g  
glaciers, th is  means tha t the s tab iliz ing  effect o f ice, b o th  as ice cement in  the substra tum  and 
as pro tec tive  ice sh ie ld  on  the surface, is sh iftin g  to  ever h ighe r a ltitudes. A t the same tim e, 
th is  process makes m ore and m ore unconso lida ted sedim ent ava ilab le  fo r erosion. In  its 
w ake, tension fissures no t o n ly  become m ore frequent b u t they also occur at h igher a ltitudes 
(Stotter et al., 1996) and g ra v ita tio na l (rock) fa ll fro m  over-steep w a lls  also increases in  
frequency (Stotter, 2007). A d d  to  th is  general developm ent o f d ispos ition , w h ic h  can be 
recorded re liab ly , a changed pa tte rn  o f p re c ip ita tio n  in te ns ity  as trigger, w h ic h  cannot be 
s ta tis tica lly  p ro ven  to  date.
One in te resting  clue o f a change in  p re c ip ita tio n  tow a rds  m ore intense p re c ip ita tio n  events 
stems fro m  the analysis o f the flo o d  events in  the A lp s  d u r in g  the last tw o  decades and, on a 
la rge r spatia l scale, in  C entra l Europe. Since the 1990s, an increase in  extrem e events has 
been recorded in  several r iv e r systems, w ith  re tu rn  pe riods o f 100 years and m ore, w h ic h  
show  a p ro b a b ility  o f recurrence in  such short succession o f p  < 0.001 (Table 1).

River Years of flood  events Return period (yrs.)

Rhine 1993 1995 3300

Danube 1999 2002 2700

Elbe 2002 2006 1000

Bregenzer Ache 1999 2002 2005 29000

Lech 1999 (2002) 2005 ?

Table 1. R e tu rn  pe riod  o f cum u la tive  large flo o d  events on C entra l E uropean r ive rs  (Stotter 
et al., 2009)

Such mass occurrences o f large events go hand in  hand w ith  equa lly  large, and ris ing , 
damages. Here another aspect comes in to  p lay  tha t no t on ly  exp la ins b u t also drives the 
increase o f risk. Since the m id d le  o f the 20th cen tury, T y ro l, fo r  exam ple, has experienced a 
d ram atic  spatia l expansion o f settlement, com m ercia l and transport in fra s tru c tu re  areas, 
d r iv e n  b y  the sh ift fro m  a p re d o m in a n tly  agrarian  society to  a service society shaped b y  
tou rism . The num ber o f exposed assets has risen in  pa ra lle l w i th  th is  deve lopm ent and can
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be read o ff key ind ica to rs  such as increase in  p o pu la tio n , num ber o f b u ild in g s , v is ito r  beds 
and b u ild in g s  used in  to u rism  (Table 2). In  sum , w e can say tha t w h ile  changes in  the r is k  o f 
na tu ra l hazards show  a clear co rre la tion  to  c lim ate  change, they are poss ib ly  d r iv e n  m uch 
m ore b y  socio-econom ic changes.

Indicator Change factor

resident p o p u la tio n  1.73

v is ito r  beds 7.20

res iden tia l b u ild in g s  5.10

v is ito r  accomm. b u ild in g s  6.12

Table 2. Change factor o f key elements fo r damage po ten tia l in  the p e rio d  o f 1951-2001 fo r 
T y ro l (Stotter, 2007)

4. Socio-economic change

4.1 Population and settlem ents
For centuries, p o p u la tio n  dens ity  in  the A lp s  was ro u g h ly  equ iva len t to  the European 
average. W ith  the b e g inn ing  o f in d u s tria liza tio n , m assive m ig ra tio n  fro m  the ru ra l regions 
o f the A lp s  set in  (Bätzing, 2003). This so-called 'f l ig h t  fro m  the m oun ta ins ' started in  the 
French A lp s  and spread uneven ly  to  other A lp in e  reg ions at d iffe re n t tim es and in  va ry in g  
in tens ity . A t the end o f the 20th cen tury, s ign ifican t de po pu la tio n  s t ill occurred in  the Ita lia n  
and, to  a lesser degree, the east-A ustrian  pa rt o f the A lps. As i t  is m ostly  the you ng  
p o p u la tio n  w h o  was and s till is leav ing  the A lp in e  Space, such m ig ra tio n  losses cannot be 
com pensated fo r b y  a surp lus o f b irth s  and resu lt in  an ove ra ll decline in  the num ber of 
inhabitants.
C u rren t dem ograph ic change th ro u g h o u t Europe is characterized b y  lo w e r fe r t ili ty , 
increasing old-age overhang and m o rta lity  (second dem ograph ic transition ). A p a rt fro m  a 
few  reg ions in  the no rth e rn  A lp s  ( in c lu d in g  W estern A us tria ), cu rren t na tu ra l po p u la tio n  
g ro w th  in  the A lp in e  Space is negative (cf. Tappeiner et al., 2008). In te r- and in tra reg iona l 
m ig ra tio n  n o w  m ake u p  the strongest com ponent o f p o p u la tio n  developm ent, fu rth e r 
deepening the spatia l d ispa rities  betw een active and passive reg ions and betw een u rban  
agglom erations and pe riphe ra l ru ra l spaces (cf. B ätz ing 2003; Tappeiner et al., 2008). W ith in  
the densely popu la ted  areas, th is  deve lopm ent is d iffe ren tia ted  b y  sub- and post- 
subu rban iz ing  processes (Fig. 4 and 5). A lo n g  the m a in  va lleys (e.g. the lo w e r In n  va lley  in  
T y ro l) these processes have encouraged the fo rm a tio n  o f bands o f settlement, com m ercia l 
and transport in fra s tru c tu re  areas. A d d  to  th is  u rb an iza tio n  processes a long the A lp in e  
fr ing e  in  the catchm ent o f large ex tra -A lp ine  m étropoles and in  the in n e r-A lp in e  tou ris t 
centres (e.g. C ham onix, Davos, K itzbü he l) (Bätzing, 2003; cf. Tappeiner et al., 2008). Such 
developm ents resu lt fro m  chang ing preferences in  estab lish ing m a in  and ad d itiona l 
dom ic iles (am enity  m ig ra tion ) and a greater reach in  trave l to  w o rk  and to  h o lid a y  homes 
(Perlik , 1999). In  the m a in  va lleys and to u ris t centres on the A lp in e  fringe , settlem ent space 
is ge tting  scarce, b u ild in g  land  prices are r is in g  and b u ild in g  coverage is becom ing ve ry  
com pact (Bender, 2005). Th is is contrasted in  pe rip he ra l areas w ith  sh rin k in g
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m un ic ip a litie s  -  a ll the w a y  to  com plete desertion o f v illages in  the Southern A lp s  -  tha t f in d  
it  ever ha rde r to  cover the costs o f m a in ta in in g  th e ir in frastructure .

Fig. 4. and 5. P ost-suburban ization in  the m u n ic ip a lity  o f V ois (along the In n  va lley  near 
Innsbruck, T y ro l) be tw een 1940 and 2005 (Source: O rthoim ages, Land  T iro l, Scale 1:10,000)

As a resu lt o f c lim ate change, the inhab itan ts  o f va lleys and basins w i l l  increasing ly  suffer 
fro m  un favou rab le  loca l c lim ate conditions. These can be m itig a ted  th ro u g h  suitable 
arch itec tu ra l and u rban  p la n n in g  measures, such as h ig h  energy-effic iency o f b u ild in g s , 
a vo id in g  is lands o f w a rm th , keep ing fresh a ir co rrido rs  open, landscap ing and w a te r 
re tention. Such measures, how ever, w i l l  be ham pered b y  the trend  tow a rds  fu rth e r 
dens ifica tion  o f settlements, as com m unities  ru n  ou t o f availab le  b u ild in g  land  and 
transport p o licy  favours  com pact settlements. The requ ired  constructiona l measures 
represent no t ju s t an adap ta tion  to  c lim ate  change b u t are also a im ed at lessening i t  (Hiess, 
2010b; K ronberger et al., 2010; W yss &  A rlanch , 2009).

4.2 A griculture and forestry
Ever since subsistence fa rm in g  was abandoned, a g ricu ltu re  in  the A lp s  has been dom ina ted  
b y  grassland fa rm in g , in c lu d in g  the special case o f Alm wirtschaft, a seasonal expansion of 
pastures in to  the subalp ine a lt itu d in a l zone, w h ic h  continues to  th is  day. A rab le  fa rm ing , 
m arke t garden ing  as w e ll as f ru it  and w in e  g ro w in g  (the la tte r in  the A u s tria n  A lp s  o n ly  in  
ve ry  sm all areas) on ly  happens in  the va lleys and basins these days.
G iven  the d if f ic u lt  cond itions o f c lim ate  and te rra in , m ou n ta in  ag ricu ltu re  is becom ing less 
and less com petitive . In  large parts  o f the A lps, th is  leads to  the increasing abandonm ent of 
fa rm s and m arg ina l areas. In  the Ita lia n  A lp s  in  pa rticu la r, w e  can observe a pronounced 
decline, w h ile  in  the no rthern , G erm an-speaking, A lp in e  countries and especially in  A us tria  
such processes are rare (cf. B orsdorf, 2005). Here, the ag rarian  c u ltu ra l landscape has la rge ly  
been reta ined, even i f  i t  has been adapted in  m any places to  a llo w  m odern  u tiliz a tio n  (cf. 
T yro lean  C u ltu ra l Landscape Inve n to ry ; Land  T iro l, n.d.). This is lin k e d  to  the m ou n ta in  
fa rm in g  subsidies, w h ic h  started several decades ago, b u t also to  the fact tha t A us tria n
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m ou n ta in  farm s are m ostly  ru n  as a pa rt-tim e  concern, i.e. in  com b ina tion  w ith  other 
econom ic activ ities, m a in ly  in  tou rism . M oreover, ag ricu ltu ra l p ro du c tion , especially in  the 
A lps , has been orien ted  to  h ig h  q u a lity  p roducts , v iz . the h ig h  p ro p o rtio n  o f organic fa rm in g  
and reg iona l o r ig in  ce rtified  p roducts  (Bender, 2010).
C lim ate  change affects A lp in e  ag ricu ltu re  in  po s itive  and negative ways. N egative  im pacts 
inc lude  reduced y ie ld  or q u a lity  and de c lin in g  y ie ld  security  as a resu lt o f the lik e ly  increase 
in  sum m er d ro ug h t, p lus  a possible increase in  extrem e events such as heavy ra in , storm s 
and haii. A rab le  fa rm in g , f ru it  and w in e  g ro w in g  can adapt to  these prob lem s b y  choosing 
less vu lne rab le  varieties. W h ile  grassland in  reg ions w ith  u p  to  800 m m  annua l p re c ip ita tio n  
is lik e ly  to  experience severe reductions in  y ie ld , h igh e r areas w ith  m ore than  800 m m  
p re c ip ita tio n  can expect a rise in  p ro d u c tio n  po ten tia l (K ronberger et al., 2010), w h ic h  
benefits m ou n ta in  grassland farm ing.
As a g ricu ltu ra l subsidies s trong ly  in fluence p ro fita b ility  and land-use d is tr ib u tio n , a 
possib le -  and repea ted ly discussed -  red uc tio n  o r reo rien ta tion  o f such subsidies w o u ld  
lead to  s ign ifican t changes. The effects o f c lim ate change are there fore go ing  to  be m a in ly  
noticed w ith  crops tha t are less affected b y  E U  m arke t regulations. These in c lud e  m a in ly  
w in e  and f ru it  g ro w in g , w h ic h  also bene fit fro m  longer vegeta tion  periods at h igher 
a ltitudes, a lw ays p resum ing  tha t ir r ig a tio n  in  f ru it  g ro w in g  can be guaranteed. For N o rth  
and South T y ro l, farm ers a lready assume a s ign ifican t expansion o f f ru it  g ro w in g  areas at 
the expense o f arable and grasslands (Fig. 6). I t  is im possib le  to  p re d ic t w he the r to ta l y ie lds 
in  A lp in e  ag ricu ltu re  w i l l  im p ro ve  o r decline as a resu lt o f c lim ate change as there are too 
m any param eters in flu e n c in g  resu lts (w a rm th , dryness, pests, etc.).

Fig. 6. Designated f ru it  g ro w in g  area near G lurns, U p pe r V inschgau (South T yro l). O n  the 
fie ld  in  the fo reg round , ir r ig a tio n  equ ipm ent, ind ispensib le  fo r f ru it  g ro w in g  in  th is  area, 
has a lready been ins ta lled  (Photograph: O. Bender 2011)

Despite the re la tive ly  stabile s itua tion  o f ag ricu ltu re  in  A u s tr ia  as com pared to  tha t of 
southern  A lp in e  countries, recent decades d id  see considerable losses o f c u ltu ra l landscapes, 
lead ing  to  an expansion o f w o oded  areas, p a rtic u la r ly  in  steep m id -s lope  areas o f the



Mountains Under Climate and Global Change Conditions -  Research Results in the Alps 413

m ontane zone. Figures fro m  the cadastre show  tha t in  the 1990s alone the w o od ed  area 
increased b y  5.5% (B orsdorf &  Bender, 2007). M o u n ta in  forests fu l f i l  m any functions fo r 
hum ans, p a rtic u la r ly  as pro tec tive  forests and fo r tim b e r p ro du c tion , b u t also as C O 2 sinks 
fo r  c lim ate  pro tection . Forestry is increas ing ly  m ak ing  an e ffo rt to  p la n t m ixe d  forests su ited 
to  the in d iv id u a l loca tion  w ith  varieties adapted to c lim ate  change. In  the past, p a rtic u la r ly  
near ore and salt processing sites in  eastern A us tria , fast g ro w in g  f i r  trees w ere  p lan ted  as 
m onocu ltures. These are n o w  be ing rep laced b y  m ixe d  forests. In  m any places, m ou n ta in  
forests are exposed no t ju s t to  c lim ate  stress b u t also to ad d itio n a l factors such as game 
damage, im m issions, pests, etc., w h ic h  fu r th e r increase the v u ln e ra b ility  o f forest 
ecosystems to  c lim ate  change. O vera ll, fo res try  in  the A u s tria n  A lp s  m ust be considered 
h ig h ly  vu lne rab le  to  changes in  c lim ate  (K ronberger et al., 2010).
A t  h igh e r a ltitudes, m ore extensive m ou n ta in  pa s tu rin g  basica lly encourages a rise in  the 
forest line , w h ic h  has been he ld  d o w n  a rt if ic ia lly  th ro u g h  g raz ing  on la n d  m os tly  cleared by  
bu rn ing . There are as ye t no clear ind ica tions o f tree stands r is in g  sole ly as a resu lt o f 
changes in  c lim ate  (cf. N ico luss i et al., 2005; W ieser et al., 2009; Fig. 7 and 8). The ecological 
cond itions in  the tree line ecotone are too com plex and the response tim es o f subalp ine forest 
com m unities  too lo n g  to  d ra w  d irec t conclusions (B orsdorf &  Bender, 2007).

Fig. 7. and 8. Eastern fla n k  o f K ora lpe in  1936 and 2004. The do tted  lin e  shows the curren t 
forest line  (Source: S tützer, 2005)
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4.3 Traffic and tourism
W ith in  the European econom ic area, the A lp s  represent an obstacle to  tra ffic . Since 
p reh is to ric  tim es, th is  obstacle has had to  be overcom e b y  trans it routes a long the large cross 
va lleys and across the passes. Since the end o f the 18th cen tury, these routes have been 
repeatedly expanded fo r roads and ra ilw a ys  in  response to  increasing tra ffic  flow s. The 
large va lleys have d e fin ite ly  bene fitted  fro m  th is  trans it tra ffic , b u t at the same tim e  they are 
increas ing ly  su ffe rin g  fro m  the accom panying env ironm en ta l bu rdens (a ir p o llu tio n , noise, 
la nd  grab and dissection o f the landscape). The to ta l tra ffic  vo lum e m ust be b ro ken  d o w n  
in to  trans it tra ffic , im p o rt tra ffic  ( in c lu d in g  in com in g  tou rism ) and local tra ffic  ( in c lu d in g  
com m u ting  in  the agglom erations) (Perm anent Secretariat o f the A lp in e  C onvention , 2007). 
C o n tra ry  to  the often  expressed v ie w  at loca l pro test ac tiv ities  against trans it tra ffic , reg ional 
ind igenous tra ffic  accounts fo r  m ore than  70% o f to ta l road tra ffic  (G ruber, 1994).
T ra ffic  is today seen as a key d r iv e r o f c lim ate change. N e w  transport pro jects tha t a im  to 
sh ift tra ffic  fro m  road  to  ra il (like  the Brenner Base Tunne l in  T y ro l) shou ld  also be 
m o tiva te d  b y  the desire to  pro tect the clim ate, even if ,  as the tra ffic  b re akd ow n  shows, they 
can o n ly  solve a sm all pa rt o f the prob lem . In  the A lp s  as w e ll, the m a in  focus shou ld  be on 
en v iro nm en t- and c lim a te -fr ie n d ly  so lu tions to  reg iona l and u rban  tra ffic  as w e ll as on 
in com in g  to u ris m  (cf. H iess, 2010a).
The A lp s  are am ong the earliest to u ris t destina tions and fro m  the b e g inn ing  the focus has 
been on the landscape. W ith  the adven t o f mass to u ris m  in  the 1960s, to u rism  and the 
le isure in d u s try  have become a m ajor econom ic factor in  the ru ra l areas o f the A lp s  (12% of 
jobs, 16% o f GDP), a lbe it w i th  great d ifferences betw een reg ions and m un ic ip a litie s  
(Bätzing, 2003). W ith in  the last th ir ty  years, a lo ng -te rm  trend  tow a rds  skiing-based w in te r 
to u ris m  has em erged fo r large parts o f the A lps , w i th  s ig n ifica n tly  h igher added va lue than 
sum m er tou rism . This developm ent goes hand in  hand  w ith  a knock-ou t com p e titio n  
be tw een to u ris t destinations. O n ly  m un ic ip a litie s  tha t invest con tinu ou s ly  in  th e ir to u rism  
p o rtfo lio  w i l l  be able to  achieve g ro w th  in  the fu ture .
C lim ate change increasing ly threatens w in te r tourism , at firs t in  lo w e r-ly in g  areas, la ter on 
possib ly in  a ll tou ris t destinations. I f  w e  assume a tem perature rise o f 4°C, on ly  30% o f w in te r 
sports places w i l l  be able to  guarantee snow (Abegg et al., 2007). This developm ent w ill,  
however, be subject to  great reg ional differences. Clear losers in  th is  scenario are the low er- 
ly in g  sk iing  areas w ith  pistes not exceeding 2500 m  a.s.l. (A lp ine  fringe, large parts o f the 
Eastern A lps), w h ile  h igher destinations w ith  pistes above 3000 m  (glaciated regions o f the 
W estern A lp s  and places in  the Centra l A lps) are in  a na tu ra lly  m ore favourable pos ition  to 
cope. A bout tw o  decades ago, m un ic ipa lities  began to  m itiga te  lack o f snow b y  m aking  
a rtific ia l snow and have come to  re ly  on snow canons m ore and m ore (Hahn, 2004; Fig. 9). 
A rt if ic ia l snow makes the pistes m echanically m ore robust and better adapted to 
developm ents in  sk iing  equipm ent and to  the ris in g  standards o f the visitors. U ndoub ted ly  
th is  m ust be seen as an exam ple o f successful developm ent and im p lem enta tion  o f adapta tion 
strategies to  the challenges o f clim ate change. A ccord ing  to  Steiger (2011), on ly  a s ignificant 
increase in  a rtific ia l snow m aking  a llow s alm ost a ll o f the 100+ sk iing  areas in  T y ro l and South 
T y ro l to m a in ta in  sk iing  u n t il the m id d le  o f the 21st cen tury i f  w e  assume a moderate 
w a rm in g  scenario (A1B). A t the same tim e, th is  fo rm  o f adapta tion is lin ked  to  considerable 
environm enta l problem s (Pröbstl, 2006) and, w ith  ris ing  temperatures, the dem and fo r w a te r 
and energy w i l l  increase fu rthe r (Olefs et al., 2010). M oreover, i t  raises the question i f  r is ing  
costs fo r w in te r sk iing  operations can be set o ff b y  even h igher prices fo r the tou rism  p o rtfo lio  
or w hether they w i l l  have to  be m et b y  the pub lic  (Abegg 2011; Steiger &  M ayer 2008).
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Fig. 9. S now -m aking  w ith  snow  canons in  O bergurg l, T y ro l (Photograph: A. B orsdorf 2005)

Sum m er and a ll year sk iin g  areas on glaciers, established in  the 1960s and 1970s, today 
operate a lm ost exc lus ive ly  fro m  au tum n  to  sp ring  and no longer in  sum m er as a resu lt of 
g lacier shrinkage (Fischer et al., 2011; S m irag lia  et al., 2008). As regards to u ris t in fra s tru c tu re  
( li f t  stations and py lons), g lacier m e lt has been ve ry  e ffec tive ly  de layed b y  cove ring  sm aller 
areas w ith  fleece to  extend the m aintenance in te rva ls  (O lefs &  Fischer, 2008). For A lp in e  
sum m er tou rism , negative as w e ll as pos itive  effects can be deduced fro m  reg iona l c lim ate 
scenarios. N egative  effects inc lude  changes in  the landscape, m e ltin g  glaciers, th a w in g  
perm afrost, d ro ug h t and w a te r scarcity as w e ll as a po ten tia l increase in  the r is k  o f na tu ra l 
hazards (Abegg, 2011). A lp in e  w a lk in g  and c lim b in g  routes w i l l  be ever m ore d if f ic u lt  to 
secure unde r these conditions. O vera ll, how ever, there is the chance o f a re v iv a l o f A lp in e  
sum m er to u ris m  (classic sum m er ho lid ay ) because the areas outside the A lps, w here  m ost 
tou ris ts  come from , and the M ed ite rranean com p e titio n  destina tions cou ld  w e ll be m uch 
harder h it b y  g loba l w a rm in g  in  the fo rm  o f heat waves, w a te r shortages, forest and bush  
fires, d y in g  ba th in g  lakes and rive rs  (cf. Bourdeau, 2008). I f  they w a n t to  take advantage o f 
such a scenario, A lp in e  destina tions m ust d iv e rs ify  aw ay fro m  a n a rro w  o rien ta tion  on 
w in te r  sports and tow a rds  sustainable tou rism . For such a tra n s itio n  to  be hand led 
successfully, it  is v ita l to  create the r ig h t awareness (K ronberger et al., 2010). Th is w i l l  take 
new  com m un ica tion  strategies as w e ll as com prehensive p a rtic ip a to ry  processes in v o lv in g  
a ll stakeholders as w e ll as tou ris t operators and tou ris ts  themselves.

5. Conclusion

M o u n ta in  research started early  w ith  some A rab  scientists and in  Europe w ith  M arco  Polo 
and C h ris topher Co lum bus. The la tte r was fascinated b y  the m ounta ins he observed in  the 
N e w  W o rld  and refers to  them  repeatedly in  h is w o rk . M a th ieu  (2011) sees th is  w o rk  as a 
noda l p o in t fo r m ou n ta in  research tha t con tinued  w ith  the questionnaires o f Felipe I I  w h ic h  
inc lude  six questions about m ountains. The French geographer P h ilip p e  Buache was the 
firs t w h o  d re w  a m ap tha t showed the m ounta ins  o f the w o r ld  as a cohesive system. 
A lexander von  H u m b o ld t p ro v id e d  another im p o rta n t im pu lse  ana lys ing the na ture and 
hypsograph ic  zones o f the A ndean C ord ille ra . W ith  the rise o f sciences in  the 19th and 20th 
cen tury, the A lp s  g ra du a lly  became the m ost in tense ly investiga ted m ou n ta in  range o f the
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w o rld . H ow eve r, the A lp in e  experience has to  be seen in  the lig h t o f com parison w ith  other 
m ou n ta in  ranges. C ari T ro ll based h is research in  the Andes, the H im a la ya  and the A lps.
This is w h y  the exam ple o f the A lp s  covered in  th is  chapter has to  be seen in  a g lobal 
context. C lim ate  change and g loba liza tion  are w o r ld -w id e  phenom ena and they meet frag ile  
ecosystems and tra d itio n a l societies and economies i l l  p repared fo r the im pacts o f these 
g loba l processes. I t  cannot be the purpose o f th is  chapter to  make a deta iled com parison, b u t 
i t  is qu ite  clear tha t effects observed in  the A lp s  m ay be even m ore drastic in  m ou n ta in  
reg ions located in  a socio-econom ic env ironm en t less w e ll equ ipped to  f in d  and im p lem en t 
adapta tions strategies.
As the examples fro m  the A lp s  show, c lim ate  change and g loba liza tion  meet com plex m an- 
env ironm en t systems in  m ou n ta in  regions. G lacier and pe rm afrost retreat, w a te r scarcity, 
so il erosion and land-use change, as w e ll as loss o f b io d iv e rs ity  are consequences o f c lim ate 
change on the reg iona l scale o f the m ou n ta in  area. C lim ate  change thus im pacts on 
ecosystem services, no t ju s t fo r  the societies in  the m ounta ins b u t also fo r the inhab itan ts  of 
the adjacent low lands. G loba liza tion  processes also exert an ever faster im pact on 
ecosystems. Even m ore d ram atic  is th e ir effect on  the cu ltu ra l landscape, on ag ricu ltu re , 
p o p u la tio n  structure , m o b ility , as w e ll as the u rb an iza tio n  and m a rg ina liza tion  o f pe riphera l 
m ou n ta in  regions. Societies are affected in  socio-economic, p o lit ic a l and in s titu tio n a l term s 
and requ ire  decis ion m ak ing  at reg iona l and local level. B oth  subsystems in te ract in  the 
sphere o f land  use and la nd  m anagem ent (Fig. 10).
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Fig. 10. M an-env ironm en t system  in  m ou n ta in  regions (m od ified  from : IGBP, 2005)

Since G lobal Change affects m an-env ironm en t systems w ith  g rea tly  v a ry in g  in te ns ity  and 
speed in  d iffe re n t m ou n ta in  regions, com prehensive lo ng -te rm  observation and m o n ito r in g  
program m es are necessary to  capture it. One such program m e is the g loba l G LO R IA  
in it ia t iv e  w ith  its  h ig h -m o u n ta in  ecology m o n ito r in g  ins trum en ts  (G rabherr et al., 2010; 
P au li et al., 2007). I t  is no t enough to  s tud y  in d iv id u a l system  elements o f the na tu ra l- and 
the anthroposphere (single d isc ip lin e  approach) or the in te rac tion  betw een subsystems or 
even the entire  m an-env ironm en t system  (in te rd isc ip lin a ry  approach). W hen a ll is said and 
done, such analyses are a lw ays restric ted to  the p ro d u c tio n  o f system know ledge.
The challenges o f clim ate change and g lobalization increasing ly call fo r  target know ledge to  be 
p ro v id ed  to  decision m akers in  po litics and the economy. E verybody uses key terms such as 
susta inability , preserving b iod ive rs ity , safeguarding ecosystem services, disaster protection, 
establishing protected areas, ensuring economic capab ility , com petitiveness and social 
coherence as th ings to  strive for. These are the expression o f a heightened awareness o f social
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and po litica l responsib ility , b u t as a ru le  they are not ve ry  specific and the ir im p lem enta tion  is 
no t w ith o u t conflict. Therefore it  is v ita l to  inc lude stakeholders, no t on ly  in  the creation of 
system know ledge b u t even m ore im p o rta n tly  in  the assessment and transfo rm a tion  in to  
target know ledge in  t ru ly  transd isc ip lina ry  style. The m ountain.TR IP  project is m ak ing  a 
valuable con tribu tion  to  the dissem ination o f system and target know ledge to  a varie ty  o f 
recipients (stakeholders and general populace) b y  fac ilita tin g  the sharing o f insights (Braun, 
2010). A no ther im portan t aspect is creating and d issem inating management know ledge at 
d iffe ren t levels and across d iffe rent regions. The D IA M O N T  project p roduced exem plary 
databases on steering instrum ents and best practices (Borsdorf et al., 2010).
Touris t advertis ing  m ay ta lk  about 'tim e  standing s till ' b u t global clim ate change and 
g loba liza tion  have triggered dram atic changes in  the A lps tha t can be made vis ib le  us ing the 
ind ica tors m entioned. In  the cu ltu ra l landscape, persistent structures used to  be at w o rk  fo r a 
long  tim e, b u t the process that has its roots in  the beginnings o f in du s tria liza tion  is fo rc ing  
accelerating dynam ics onto them, speeded u p  fu rth e r in  recent decades as a result of 
globalization.
W ith in  the c u ltu ra l space o f the A lps , social and econom ic im pact factors m ay dom inate  (cf. 
S laym aker, 2001), b u t w ith  each 'w a rm ' year it  becomes clearer tha t c lim ate  factors are 
ga in ing  in  significance. C lim ate  change determ ines to u rism  ju s t as m uch  as the g ro w th  
op tions fo r settlements and com m ercia l areas, w h a t is and is no t a secure road and the 
ro u tin g  o f new  roads and ra il tracks. W e m ay no t yet perceive the fu l l  extent o f th is  im pact, 
yet the consequences are rea l and ever m ore sign ificant. There is m uch  to  research!
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Are Debris Floods and Debris Avalanches 
Responding Univocally to Recent Climatic 
Change -  A Case Study in the French Alps
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Grancher, D.1, Brunstein, D.1 and Leone, F.2 
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2U n i v e r s i t y  M o n tp e l l i e r  3  

F ra n c e

1. Introduction
D ebris  f lo w  is a do m in an t mass m ovem ent process in  m ou n ta in  areas a ll over the w o r ld  and 
is a s ign ifican t na tu ra l hazard. A  classical d is tin c tio n  is m ade betw een a debris f lo o d  (DF) 
correspond ing to  a rap id , su rg ing  f lo w  o f w a te r, he av ily  charged w ith  debris in  a steep 
channel, and a debris avalanche (D A ) correspond ing  to  a ra p id  o r ex trem e ly ra p id  sha llow  
f lo w  o f p a rtia lly  or fu l ly  saturated debris on a steep slope w ith o u t con finem ent in  an 
established channel (H u ng r, 2005). In  m ou n ta in  areas like  the A lps , the increase in  hum an 
a c tiv ity  has resu lted in  increased risks o f na tu ra l hazards such as debris flow s. There is thus 
a g ro w in g  dem and fo r  hazard zon ing  and debris f lo w  pro tection . H ow eve r, debris flo w s  are 
caused b y  com plex in te ractions betw een loca l topography, w eathe r and sedim ent 
properties, m ak ing  the unde rs tand ing  o f debris f lo w  a c tiv ity  ve ry  d iff ic u lt. Because 
an tic ipa ted  changes in  c lim ate  m ay a lte r the dynam ics o f slope processes and the frequency 
o r m agn itude  o f extrem e events, unde rs tand ing  the mechanism s that l in k  c lim ate  and debris 
f lo w  a c tiv ity  is the firs t step in  any a ttem pt at forecasting. Consequently, m any studies have 
focused on the m eteoro log ica l cond itions tha t tr ig g e r debris flo w s  in  d iffe re n t 
env ironm en ta l cond itions in  no rth e rn  Europe (Innes, 1985; Rapp, 1995; N yb e rg  and Rapp,
1998) and in  the A lp s  (Haeberli et al., 1990; Z im m erm a n  &  H aeberli, 1992; Rebetez et al., 
1997). T rigg e rin g  th resholds based on analyses o f in tense ra in y  events o r lo ng  d u ra tio n  
p re c ip ita tio n  have been proposed fo r d iffe re n t spatia l scales (Caine 1980; G uzze tti et al., 
2008). A n  increase in  tem peratures and changes in  the am ount and frequency o f ra in fa ll 
have been observed in  d iffe re n t m ou n ta in  reg ions in  the last few  decades. Such changes in  
c lim ate  cond itions  cou ld  have an im pact on the in te ns ity  a n d /o r  frequency o f debris flow s. 
H ow eve r, on ly  a few  au thors conducted deta iled analyses o f the im pacts o f c lim ate  change 
on DF a c tiv ity  to  check the v a lid ity  o f th is  hypothesis. In  B ritish  C o lum b ia , Canada, Jakob &  
Lam bert (2009) p red ic ted  an increase in  the to ta l num ber o f debris flo w s  b y  the end o f the 
cen tu ry  due to  increases in  prec ip ita tion . F rom  tree -ring  series S toffe l &  Beniston (2006) 
c learly  show  that the de b ris -flo w  frequency at R itig raben (Swiss A lps) increased in  the 
1866-1895 pe rio d  tha t fo llo w e d  the m a x im u m  extent o f L IA  glaciers and tha t events 
occurred m ost o ften  in  the early  decades o f the 20th century.
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S urp ris in g ly  few  papers have been devoted to  debris avalanches and the ir re la tionsh ips 
w ith  m eteoro log ica l o r c lim a tic  cond itions (Jom elli et al., 2004, 2009). In  the French A lps, 
Pech &  Jom elli (2001) un d e rlin e d  the active ro le  o f the ap ica l eone o f ta lus slopes in  D A  
a c tiv ity  as the m a in  factor responsible fo r  asynchrony betw een sequences o f heavy ra in fa ll 
and D A  trigge ring . Jom elli et al., (2007) observed a contrasted response o f D A  a c tiv ity  to 
recent c lim a tic  change depend ing  on the geom orph ic characteristics such as the lith o lo g y  
and the na ture  o f stored debris. H ow ever, there are several geom orph ic differences between 
DF and D A . For instance B lijenberg (1998) observed tha t the tr ig g e rin g  o f DF and D A  is 
p a rtly  con tro lled  b y  the re la tionsh ip  betw een slope angle and the in te ns ity  o f p re c ip ita tio n  
in  the tr ig g e rin g  area. DF events occur in  con fined channels; hence slopes in  the tr ig g e rin g  
zones m ay d iffe r  fro m  those in  the tr ig g e rin g  zone o f D A  catchments. M oreover, sedim ent 
su p p ly  is a p rio ri m ore  lim ite d  in  D A  catchments than in  DF catchments because m ost DF 
events transport sedim ent te m p o ra rily  stored ins ide the channel (Veyra t &  M en ie r, 2006). 
C onsequently these differences in  m o rp ho m etrica l and sed im ento log ica l characteristics m ay 
tr ig g e r a d iffe re n t response b y  DF and D A  to  c lim ate  change.
A  na tura l hazard such as debris flow s  is defined as the resu lt o f a com bination  o f hazards that 
correspond to  the na tura l event and the v u ln e ra b ility  o f elements exposed to  th is event, linked  
to  hum an presence (A lexander, 2005). Thus, r isk  invo lves the exposure o f popu la tions and 
the ir in frastructures to  a po ten tia lly  dam aging na tura l event. Concerning the r isk  o f DF, most 
studies focused on understand ing and reducing na tura l events, whereas v u ln e ra b ility  to  DF is 
bo th  a re la tive ly  new  and innovative  concept. Several studies have been conducted on the 
structura l v u ln e ra b ility  o f b u ild in gs  (H ulsbergern &  Carree, 1987; A lexander, 1988; Leone et 
al., 1996). For instance Fuchs et al., (2007) showed that vu ln e ra b ility  to  DF in  the A lp s  is h ig h ly  
dependent on the construction m ateria l used fo r structures exposed to  th is  risk. H ow ever, few  
analyses have been made o f the v u ln e ra b ility  o f transport networks.
E x is ting  studies on the v u ln e ra b ility  o f com m un ica tion  ne tw orks focused on seismic risk, 
p a rtic u la r ly  fo llo w in g  the Los Angeles (1994) and Kobe (1995) earthquakes (Hassani &  
Takada, 1995; Chang, 2000). H ow eve r, new  assessment m ethods have been developed fo r 
n e tw o rk  d isturbances, especially the r is k  o f landslides, and these approaches can be 
transposed to  DF hazard. For instance, Leone (1996, 2008) developed a m ethod  based on 
calcu la tions o f the rate o f damage in  o rder to  establish a re fe ren tia l (damage m atrix ) fo r the 
econom ic assessment o f the s truc tu ra l and fun c tiona l v u ln e ra b ility  o f transporta tion  
netw orks. This approach enabled physica l damage to  be d is tingu ished  fro m  the resu ltin g  
d is rup tions. M anche (2000) em phasized the la tte r aspect and developed a m ethod  fo r 
an a lyz ing  fu n c tiona l disturbances in  m ounta inous areas, based on the concept o f loss of 
accessibility. Here the a im  was to  h ig h lig h t the fact tha t consequences m ay occur fa r fro m  
the affected area. C leyze (2007) tackled these concepts in  m ore detail, in  p a rticu la r the 
degree o f damage to  the phys ica l in fras tructu res com p ris in g  the transp orta tio n  n e tw o rk , b u t 
also the de te rio ra tion  in  the services p ro v id e d  b y  tha t ne tw ork . H ow eve r, ex is ting  studies 
focus on road ne tw orks, w h ile  few  tackle the v u ln e ra b ility  o f ra il networks.
The a im  o f th is  paper is tw o fo ld : 1) to  analyze the m orp ho m etrica l characteristics o f DF and 
D A  catchments and to  com pare the response o f these tw o  processes to  c lim a tic  change in  
recent decades (since the 1970s) in  the French A lps ; and 2) because the French a lp ine  
econom y m a in ly  depends on transp orta tio n  ne tw orks, to  com pare the v u ln e ra b ility  o f ra il 
and road ne tw orks to  recently  docum ented debris f lo w  ac tiv ity .

2. Study area
D F and D A  catchm ent areas are w idesp rea d  th ro u g h o u t the French A lps. For th is  s tudy, 
w e  selected 308 D F in  the A rc  and u p p e r Isere r iv e r  va lleys  close to  the to w n  o f St M ich e l
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de M au rienne , and  111 D A  in  the m assif des Ecrins a ro u n d  the D urance r iv e r  close to  the 
to w n  o f B riançon  (45°00'S, 6°30'E) (Figs. 1-2). The A rc  and  u p p e r Isere reg io n  consists 
m o s tly  o f schist and sandstone, w h ile  the M ass if des Ecrins is a c rys ta llin e  fo rm a tio n  and 
m a in ly  consists o f g ran ites and m e tam o rph ic  rocks. T yp ica l geom orph ic  D A  
characteristics have the fo llo w in g  com ponents: (1) a funne l-shaped debris  source area 
cons is ting  o f b ro ad  steep g ran ite  and  m e tam o rph ic  w a lls  (100-400 m  in  he igh t), (2) a zone 
w h e re  debris  levees are fo u n d  on b o th  sides o f the f lo w  track  on scree slopes or 
tra n s itio n a l deposits (Jom elli &  Francou, 2000; Pech &  Jom e lli 2001); and (3) a te rm in a l 
p a rt w here  the levees jo in  to  fo rm  a fro n ta l lobe o r a co m b in a tio n  o f several lobes (Van 
Steijn,1991; V an  S te ijn  et al., 1988; M a jo r, 1997). These D A  deposits are located be tw een 1 
600 and 2 400 m  asi w h ic h  is close to  the 0°C annua l iso therm . D F catchm ents consist o f 
steep non-vegeta ted slopes in  the tr ig g e r in g  zone, an inc ised  channel w i th  an in te rm itte n t 
w a te r f lo w  tha t can be eroded b y  debris  f lo w  events, and a gentle depos it zone s itua ted 
be tw een 450 and 1 900 m  asi. In  the p e rio d  1961-2000, the annua l average tem pe ra tu re  at 
B riançon  and at P ra lognan w as respective ly  6.1 °C and 5.5 °C, and annua l average 
p re c ip ita tio n  w as 1 064 m m  and 974 m m .

3. Data source
3.1 DF and DA surveys
DF data used in  th is  s tudy  came fro m  a survey conducted b y  the service Restauration des 
Terrains de Montagne (RTM ) w h ic h  w as established b y  foresters in  the 1900s and covers the 
en tire  French A lps. The organ iza tion  has a departm enta l structure  and fo r ou r s tud y  w e 
used the database o f H autes-A lpes and Savoie departm ents. DF data w ere also collected 
fro m  sc ientific  and technica l jou rna ls , m onographs b y  local publishers, technica l reports  and 
un pu b lishe d  docum ents fro m  the arch ives o f local au tho rities  and state agencies stored at 
the RTM.
The in ve n to ry  and cartog raphy o f D A  was carried  ou t b y  ana lyz ing  series o f aeria l 
pho tographs s ta rting  in  1970 and com ple ted b y  fie ld  observations m ade every year between 
1995 and 2010 (Jom elli et al., 2003). The scale o f the aeria l photog raphs ranged betw een 1: 
15000 and 1: 30000. W e ll-de fin ed  debris avalanche deposits show ing  clear lobes and levees 
w ere dated b y  com b in ing  three approaches: analysis o f aeria l photographs, o ld  docum ents 
fro m  RTM , and fro m  departm ent archives. Some D A s  w ere dated b y  dendrochrono logy: 
damage to  Larix deciduas trees in c lud ed  b ro ken  tree trunks , im pact scars, and stem  t i lt in g  
lead ing  to  the p ro d u c tio n  o f reaction w ood. Samples w ere processed in  accordance w ith  
standard m ethods o f dendrogeom orpho logy (Stoffe l et al., 2006).
D escrip to rs o f each DF and D A  event in c lud ed  an id e n tific a tio n  num ber fo r each catchment 
area, the year o f the event, the e leva tion  o f the s ta rting  and ru n o u t zone, some 
m orp ho m etrica l characteristics such as the d iffe rence (8h) in  he igh t (m) betw een the uppe r 
l im it  o f the source area and the deposit (fig. 3). The vo lum e o f some recent D A  deposits was 
estim ated fro m  the leng th , w id th , he igh t o f the deposit lobe m easured in  the fie ld . In  the 
case o f DF deposits, w e  used rare docum ented events in  the R T M  data base.

3.2 Clim ate data
Sixteen m eteoro log ica l stations at d iffe re n t locations (Fig. 1) and elevations w ere  selected to  
characterize c lim a tic  cond itions in  the s tudy  area. O bserved cum u la tive  p re c ip ita tio n  and 
m in im u m  and m a x im u m  tem perature data at a d a ily  tim e  scale w ere  m os tly  available fo r 
1971-2010 and in  a few  cases, fo r a longer p e rio d  (table 1). Tem peratures w ere analyzed to
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Grenoble
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Debris avalanches 

•  Meteorological station

1 Beaufort 10 LeMonêtier

2 Le Bourg 11 St Christophe

3 Pralognan e n 0  sans

12 Torrent de Malefosse
4 Torrent
d e lara/oi re 13 Briançon

5 Lanslebourg 14 LaSalette

6 Valloire 15 Corps

7 Besse 16 Freissinières

8 La Grave 17 Embrun

9 Névache 18 Barcelonnette

Elevation
High :4718 m 

^ 1 .  Low : 200 m

Fig. 1. Location map.
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Fig. 2. D ebris  f lo o d  (le ft) and debris avalanche (r ig h t) catchments selected in  th is  s tu d y  tha t 
show  d iffe re n t geom orph ic  and  m a te ria l properties  in  the  tr igg e rin g , tra n s it and deposit 
zones.

docum ent possib le recent w a rm in g  u s in g  t-tests. P rec ip ita tion  w as analyzed to  id e n tify  
changes in  the in te n s ity  and frequency o f p rec ip ita tion . F irs t w e  checked i f  d a ily  
p re c ip ita tio n  above a th resho ld  of, fo r  exam ple, 10 m m / d  o r 21 m m / d  o r 33 m m / d  changed 
s ig n ifica n tly  in  recent decades. To answ er th is  question, a pe rtin e n t th resho ld  ha d  to  be 
determ ined. For each s ta tion  the choice o f the th resho ld  w as de te rm ined  b y  a m ean res idua l 
p lo t. In  a series o f p re c ip ita tio n  events w e  tr ie d  to  id e n tify  the low est th resho ld  (fo r exam ple 
12 m m /d )  above w h ic h  p re c ip ita tio n  events are considered as h ig h  in te n s ity  events i.e. 
extrem e events. The low est th resho ld  w as selected to  analyze as m any data as possib le 
above it. A  specific th resho ld  w as com puted  fo r  each m eteoro log ica l station. To characterize 
a possib le trend  in  the  in te n s ity  o f p re c ip ita tio n  fo r  a g iven  th resho ld , w e  com puted  the 
d is tr ib u tio n  o f extrem e events above the th resho ld  and com pared the param eters o f the 
d is tr ib u tio n  estim ated fo r  the  pe rio d  1970-1990 w ith  those ob ta ined fo r  the p e rio d  1990-2010 
fo r  each station. The G eneralized Pareto D is tr ib u tio n  (GPD) i.e. the d is tr ib u tio n  o f extrem e
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Fig. 3. Parameters m easured in  the DF and D A  catchments (after Lorente et al., 2003 
m od ified ). 1: The e leva tion  o f the top  o f the debris flow . 2: the e leva tion  at w h ic h  debris f lo w  
depos ition  begins; 3: the e leva tion  at the ru n o u t deposit ends; 4: d ifference in  he igh t (m) 
betw een the to p  and the trans it zone; 5: difference in  he ight (m) be tw een the to p  and the 
base; 6: to ta l le ng th  (m) o f the debris f lo w  betw een the up pe r pa rt and the b e g inn ing  o f the 
deposit; 7: le ng th  (m) o f the debris f lo w  deposit fro m  end o f channel to  the fron t; 8: the to ta l 
le ng th  (m) o f the la nd fo rm ; 9: average g rad ient at the top ; 10: average g rad ien t o f the 
channel; 11: average grad ien t o f the deposit; 12: average w id th  o f the channel; 13: average 
w id th  o f the deposit; 14: estim ated vo lum e o f m ate ria l m ob ilized  b y  the debris flow .

events above a g iven  th resho ld  (Em brechts et al., 1997) was then fit te d  to  d a ily  p re c ip ita tio n  
data. The second step in v o lv e d  ana lyz ing  changes in  the frequency o f these extrem e 
p re c ip ita tio n  events since the 1970s. To com pare the num ber o f intense p rec ip ita tions  per 
year before and a fte r 1990, w e  used a Poisson m ode l because the num ber o f in tense ra in fa ll 
events above a g iven  th resho ld  fo llo w e d  a Poisson d is tr ib u tio n  (Embrechts et al., 1997). This 
Poisson d is tr ib u tio n  can be de fined as fo llow s:

\ X
P(x) = exp( -  X)—  w here  x  e N  (1)

X

w here  X is the param eter o f Poisson la w  and .v the num ber o f events.
For each station, w e  estim ated the X param eter describ ing the d is tr ib u tio n  o f the ra in fa ll 
events be tw een tw o  d is tinc t observation pe riods (1970-1990; 1990-2010). A fte r testing, 
com parison o f the X param eters obta ined fo r the tw o  pe riods m ade i t  possible to  id e n tify  
s ign ifican t va ria tions in  p rec ip ita tion . These clim ate data w ere also used to  l in k  the 
tr ig g e rin g  o f debris flo w s  w ith  c lim ate cond itions. D iffe re n t c lim a tic  param eters were 
calculated: mean m o n th ly  p re c ip ita tion , num ber o f ra in y  days per m on th , num ber o f ra in y  
days w ith  d a ily  cum u la tive  ra in fa ll greater than 10, 20 and 30 m m / day, m o n th ly  m in im u m  
and m a x im u m  tem peratures.
P rin c ipa l Com ponents A na lys is  (PCA) was used to  extract a com m on reg iona l c lim ate signal 
fro m  the d iffe re n t m eteoro log ica l stations. This analysis enabled us to  reduce data 
d im en s ion a lity  b y  p e rfo rm in g  covariance analysis betw een factors and to  ob ta in  non 
corre la ted factors, i.e. linea r com binations o f values. By us ing  P C A  separately fo r each 
tem perature  and p re c ip ita tio n  characteristic, w e  generated new  synthetic va lue o f these 
param eters tha t com bine the com m on com ponents o f the selected m eteoro log ica l stations. 
The values o f the p r in c ip a l coordinates were then used fo r  fu rth e r analyses in  the log is tic  
regression p ro b a b ility  m ode l described be low .
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4. Statistical method used to characterize factors that trigger DF and DA
To be tte r unders tand the re la tio nsh ip  betw een clim ate  param eters and the occurrence o f 
debris floods/ava lanches, w e  used a log is tic  regression (LR) m ode l (A ld r ic h  &  Nelson, 
1984). LR  analysis is o ften used to  investigate the re la tionsh ip  betw een a set o f exp lanato ry 
variab les such as m eteoro log ica l factors and discrete responses such as eve n t/non -eve n t or 
presence/absence (H osm er and Lem eshow, 2000). The log is tic  regression estimates
p robab ilities  o f the occurrence o f the event and non-event, depend ing  on the exp lanato ry
variables. O u r objective fo r  the LR  p ro b a b ility  m ode l at a yea rly  tim e  scale was to  f in d  the 
best annua l tem perature  and p re c ip ita tio n  param eters tha t exp la in  D F /D A  tr ig g e rin g  in  the 
region. The f irs t com ponent o f Pc values o f the d iffe re n t c lim a tic  param eters w ere  used as 
exp lana to ry  variables.
The dependent variab le  Y i is o rdered and has values fro m  1 to  k. The m ode l based on 
cum u la tive  p robab ilities  is:

L o g it(p j)  = f(P r(Y ¡ < i|x ) )  = cq + ß 'x  + e (2)

w here  f (x )  is the log is tic  d is tr ib u tio n  fun c tion , i  varies fro m  1 to  k, the in te rcep t a¿ varies 
fro m  a l  to  ak-1, ß ' is the slope coeffic ien t and e the error. The log is tic  d is tr ib u tio n  constrains 
the estim ated p robab ilities  to  betw een 0 and 1. The cum u la ted  p ro b a b ility  p i o f the 
occurrence i  is calcula ted fro m  the equation:

g L o g it(P i)

P l “ l  +  e ^ P i )  (3)

To check the q u a lity  o f the m odel, fo r each LR, several ve rifica tio n  tests w ere  com puted and 
com pared to  select the m ost s ign ifican t m ode l results. F irs t the p ro b a b ility  o f the ad justed 
m ode l was tested against a test m odel. I f  th is  p ro b a b ility  P r > LR  was less than  the 0.05 
significance th resho ld  tha t was set, the c o n trib u tio n  o f the variab le  to  the ad justm ent o f the 
m ode l was sign ificant. O therw ise, i t  was rem oved fro m  the m odel. N ext, the estim ated 
values, the correspond ing  standard dev ia tion , W ald 's  C h i2, the correspond ing  p -va lue  and 
the confidence in te rva l w ere  d isp layed  fo r  the constant and fo r each variab le  o f the m odel. 
The best m ode l had the highest C h i2 values. The table o f standard ized coeffic ients was used 
to  com pare the re la tive  w e igh ts  o f the variables. The h ighe r the absolute va lue o f a 
coeffic ien t, the greater the w e ig h t o f the correspond ing  variab le. W hen the confidence 
in te rva l a ro un d  standard ized coeffic ients had a va lue o f 0, the w e ig h t o f a variab le  in  the 
m ode l was no t s ign ificant. W e also com puted  the percentage o f w e ll-c lass ified  observations 
fo r the d iffe re n t exp lana to ry  c lim a tic  parameters. I f  the fin a l percentage score was h igher 
than  50%, the m ode l w as considered to  be sign ificant. A fte r a ll the tests, the best com p ila tio n  
o f tem perature  a n d /o r  p re c ip ita tio n  param eters was chosen based on the highest LR  m odel 
coeffic ien t values.

5. Estimation of transportation network vulnerability
To analyze the im pacts o f DF on the transp orta tio n  ne tw ork , w e  d is tingu ished  physica l 
damage to  roads (d irect im pacts) fro m  fun c tiona l disturbances i.e. the consequences o f the 
phys ica l damage (ind irec t im pacts). The m ethod consisted in  c o m p ilin g  an in v e n to ry  o f 
d isturbances to  the transp orta tio n  n e tw o rk  docum ented b y  the R T M  and the D D E  (d irec tion
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départem enta le de l'équ ipem ent) responsible fo r  m aintenance o f the roa dw ay n e tw o rk  and 
SNCF in  charge o f the ra ilw a y  ne tw ork . The in te ns ity  o f these disturbances was then 
classified us ing  the m ethod  proposed b y  Leone (1996) w ith  m od ifica tions, and fro m  a 
classification o f the damage b y  the SNCF (société nationale des chem ins de fer français) 
(ISRI index) (fig. 4). H ow ever, the d ifference betw een d irect and in d ire c t im pacts was 
d iff ic u lt  to  d is tin g u ish  in  the SNCF damage testim onies.

D pm ax Type of d a m ag e  to road

S D N o d a m a g e  d e s c r ib e d  [b u t fu n c tio n a l p e rtu rb a tio n )

D D a m ag e  bu t no  d e ta ils

□  P D a m ag ed  b ridge  [road  c lo s e d  as p re ca u tio n )

□  1 D e g ra d a tio n  o f pave m en t

D 2 S u b s id e n c e  o f  th e  p la tfo rm

D 3 O b s tru c tio n  o f  th e  roa d w a y

D4 D e s tru c tio n  o f th e  p la tfo rm  w ith o u t th e  b ridge  b reak ing

D5 D e s tru c tio n  o f th e  p la tfo rm , b ridge  b roken

PFrnax Functional d isturbance due lo d a m ag e  to road

S P  No p e rtu rb a tio n  d e s c r ib e d  [bu t p h y s ic a l d a m a g e )

F  I  Pe rtu rbati on bu t n o d e ta i I s

P1 L im ita tio n  o f s ize  o f veh ic le

P P  Tra ffic  in te rru p te d , d u ra tio n  no t sp e c ifie d

C
 T e m p o ra ry  in te rru p tio n  o f road tra ffic  (s o m e  hou rs)

P ro lo n g e d  in te rru p tio n  o f road tra ffic  (s o m e  d a y s )

Long term or permanent interruption of road traffic (weeks, months)

ISRI Type o f in c iden t on the railroad

G4 S im p le  d e te c t io n  o f  even t

G3 N o d ire c t im p a c t, re q u ire s  repa irs

G2.b P o te n t ia lly  s e r io u s  in c id e n t, requ ires  w o rk s

G2.a M a jo r in c id e n t a ffec tin g  re g u la r ity  and s a fe ty  o f rail tra ffic , requ ires  w o rks

G1 S e rio u s  r is k  fo r rail tra ffic  s a fe ty  (1 .a  c ra s h , d e ra ilm e n t, 1 .b  c ra s h , d e ra ilm e n t avo ided)

Fig. 4. In ten s ity  o f road and ra il disturbances.

6. Results
6.1 C lim atic analysis
In  the French A lps, since the nineteen cen tu ry  the tem perature  has increased b y  1 or 2°C 
(depend ing on the season and the loca tion  (Déqué, 2007). Table 1 shows tha t since the 1970s 
and independent o f a ltitude , m ost m eteoro log ica l stations recorded a s ign ifican t increase in  
tem peratures (M an n-W h itn ey  test; 0.05 level) at a yea rly  tim e  scale. Th is trend  con firm s 
o ther observations fo r  the w h o le  E uropean A lp s  us ing  hom ogenized in s tru m en ta l tim e  
series (Böhm  et al., 2001; Beniston et al., 1997). A na lys is  o f seasonal data (results no t shown) 
revealed tha t in  spring , tem peratures increased s ig n ifica n tly  (t-test) since the b e g inn ing  o f
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the 1970s at m ost stations. In  sum m er, the mean va lue o f th is  increase was a round  0.9 °C. In  
au tum n  and spring , the increase in  tem peratures (0.6°C) was also s ign ifican t (t-test) at m ost 
stations. In  w in te r, there was a general s ign ifican t increase (0.7 °C) over the w h o le  p e rio d  at 
a ll stations. C oncern ing changes in  the num ber o f freez ing  days since the 1970s, a s ign ifican t 
decrease (t-test) in  the num ber o f freez ing  days (between 10-15%) was recorded at d iffe ren t 
stations.
A na lys is  o f p re c ip ita tio n  revealed trends in  the in te ns ity  o f sum m er p re c ip ita tio n  and 
changes in  th e ir frequency above a certa in  th resho ld  (Table 1). Changes in  in te n s ity / 
frequency w ere analyzed over the w h o le  period . A t  an annua l tim e  scale, o n ly  the stations at 
St C hris tophe  en Oisans, Névache and Beaufort presented s ign ifican t va ria tions  in  in te ns ity  
since 1970. The m in im u m  th resho ld  at w h ic h  changes in  the in te ns ity  w ere  considered 
s ign ifican t was 10 m m  at Beaufort station, b u t 21 m m  at Nevache. The frequency o f ra in fa ll 
events increased (Student's test; 0.05 level) at m ost stations except Corps, Briançon, 
Freissinière and Lanslebourg  (Table 1). The m in im u m  th resho ld  at w h ic h  changes in  the 
frequency w ere  considered s ign ifican t was 10 m m  at La Grave station, b u t 30 m m  at St 
C hris tophe  en Oisans. A na lys is  o f seasonal data (results no t show n) revealed tha t in  sp ring  
the m o n th ly  p re c ip ita tio n  mean increased s ig n ifica n tly  (t-test) since the b e g inn ing  o f the 
1990s at m ost stations, whereas in  sum m er, the m ean d id  no t reveal any s ign ifican t change. 
In  fa ll the increase in  the m o n th ly  p re c ip ita tio n  m ean was s ign ifican t (t-test) at m ost stations. 
In  w in te r  there was a s ign ifican t increase in  the w h o le  p e rio d  at a ll stations. A na lys is  o f 
va ria tions  in  the num ber o f ra in y  days revealed a s ign ifican t increase over the last decades 
at Lanslebourg, P ralognan, St C hris tophe en Oisans and Vallo ire .

6.2 G eom orphic characteristics
A  com parison o f the geom orphic characteristics o f D A  and DF catchments revealed 
s ign ifican t differences. The m ean va lue o f the g rad ient w here  depos ition  started was 19.8°, 
w i th  a w id e  range o f gradients (15-27°) in  gran ite  D A  catchments. Th is variance can be 
exp la ined b y  the cond itions un de r w h ic h  D A  occur. The angle o f depos ition  can be s trong ly  
in fluenced  b y  the presence o f b reak angles in  the le ng th  p ro file  o f the scree slope (Jom elli &  
Francou, 2000) o r b y  forest patches, and b y  varia tions  in  w a te r content. These values are 
close to  those reported  b y  Lorente et a l (2003) in  the Pyrenees. By com parison, DF depos ition  
occurred on gentler slopes (< 20°) w ith  the same lith o lo gy . The d iffe rence in  angle between 
DF and D A  can be exp la ined b y  the fact tha t slope deposits on  w h ic h  DF and D A  f lo w  do 
no t have the same sed im ento log ica l characteristics. M ost D A  deposits w ere recorded on 
scree slopes com posed o f a superfic ia l coarse-grained open w ork  layer (Jom elli &  Francou, 
2000) tha t favors w a te r in filtra t io n , w h ile  DF deposits m a in ly  occurred on slope deposits 
com posed o f a superfic ia l m assive layer, to ta lly  o r p a rtia lly  f il le d  w ith  a sorted, fine -g ra ined  
m atrix .
The m ean le ng th  o f the D A  deposits was 22.1 m  w ith  a m in im u m  le ng th  o f 5.8 m , and a 
m a x im u m  le ng th  o f 55.6 m , w h ic h  is m uch  shorter than  in  DF catchments w here  deposits 
longer than  100 m  w ere observed. R e la tive ly  large differences in  the leng th  o f b o th  types o f 
debris f lo w  deposits w ere  observed due to  the in fluence o f local top og ra ph y  especially local 
differences in  slope gradient. H ow eve r, d iffe re n t lengths w ere  also expected due to  
varia tions  in  w a te r content. A no the r m ajor d iffe rence was in  the low est a ltitu d e  reached by  
the DF and D A  deposits. DF ended at about 1 150 m  (standard de v ia tion  = 426 m ) w h ile  D A  
ended at about 1 820 m  (standard d e v ia tion  = 211 m).
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L ocation
E leva­
tion

P rec ip ita ­
tio n

T e m p e ra ­
tu re

P e rio d  of
observation

F req u en cy In te n sity P e rio d  of
observation

Y early  tim e  
scale

S u m m e r
tim e
scale

S ig n ifican t
tre n d

T h re sh o ld
S ign ifican  
t  t re n d

T h re sh o ld
S ign ifican t
T re n d

S ign ifica­
n t  T re n d

S t C h ris to p h e - 
e n  O isans

1570 1963-2010d In crea se 30 m m Yes 15m m
1961-2010
m

Increase Increa se

E m b ru n 849 1950-2010d In crea se 25m m N o 1950-2010d Increa se Increa se
N év ach e 1600 1961-2010d In crea se 30 m m Yes 21m m 1978-2010d Increa se Increas
V allo ire 1460 1973-2010d In crea se 10m m N o 1983-2010d Increa se Increa se

C o rp s 1265 1947-2010d N o N o N o
N o t
an a ly sed

N o t
a n a ly se d

L a G rav e 1780 1961-2010d In crea se 10m m N o 1961-2005d Increa se Increa se
L a S ale tte 1770 1970-2010d In crea se 25m m N o 1970-2010d Increa se Increa se
M o n é tie r  les 
ba in s

1450 1950-2010d In crea se 3 0m m -
N o t
av a ilab le

1961-2010d Increa se Increa se

B arce lonne tte 1155 1970-2010d In crea se 15m m N o 1970-2010d Increa se Increa se
B riançon 1324 1970-2010d N o N o 1970-2005d Increa se Increa se
F re iss in ie re 1320 1970-2002d N o N o 1970-2010d Increa se Increa se
B eau fo rt 1030 1970-2010d In crea se 2 5m m Yes 10m m 1970-2010d Increa se Increa se
L a n sleb o u rg 2000 1970-2010d N o N o 1970-2010d Increa se Increa se
P ra lo g n a n 1420 1970-2010d In crea se 15m m N o 1970-2010d Increa se Increa se
B ourg 865 1970-2010d In crea se 25m m N o 1970-2010d Increa se Increa se

Besse 1416 1950-2001d In crea se 20m m N o
N o t
av a ilab le

1961-2010
m

Increase Increa se

Table 1. A na lys is  o f s ign ifican t va ria tions  (0.05 level) in  p re c ip ita tio n  and tem perature since 
the 1960s fo r  16 stations in  the French A lp s  (see fig u re  1); m - d  = m o n th ly  and da ily  
observation respective ly

To estim ate ru n o u t distance us ing  m orp ho m etric  param eters w e  used the s im p le  fo rm u la  of 
V andre  (1985), w h o  fo u n d  tha t ru n o u t distance is about 35-45% o f the d ifference in  he ight 
be tw een the head o f the source area and the p o in t at w h ic h  depos ition  starts (8h). The 
fo rm u la  is:

R unout = a8h  (4)

w here  a  is an e m p ir ic a lly  de rived  frac tion  param eter expressing the ra tio  o f ru n o u t to  8h. In  
the case o f D A , the a  va lue w as a round  0.43 w h ile  fo r  DF, it  was a ro un d  0.605.
A  ve ry  clear d iffe rence was observed in  the vo lum e o f m ate ria l m ob ilize d  b y  DF and D A  
(Brochot et al., 2002). The estim ated vo lum e o f m ate ria l m ob ilized  based on 26 D A  deposits 
averaged 130 m 3 and the m a x im u m  value was 472 m 3. Thus accord ing to  Innes (1983), these 
cases can be de fined as "s m a ll scale" debris avalanches. These values are o f the same order 
o f m agn itude  as m ost debris avalanches c ited  in  the lite ra tu re  (B lijenberg, 1998). 
U n fo rtu na te ly , the vo lum e o f DF was ra re ly  docum ented in  the database. For 36 
docum ented DF events, the vo lum e averaged 35 000 m 3 w ith  a m a x im u m  value o f 500 000 
m 3.

6.3 Changes in the frequency o f DF and DA
The analysis o f va ria tions  in  the frequency o f debris avalanches was based on 111 events 
tha t occurred since 1970. D ebris avalanches are a ve ry  com m on geom orph ic process w ith  a
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m ean recurrence in te rva l o f 3.7, m ean ing tha t m ore than  one event occurred in  one o f the 
va lleys every th ird  year. H ow eve r, recurrence in te rva ls  va ried  considerab ly betw een the 
catchments w ith  a standard d e v ia tion  o f 21.9 fo r  the w h o le  region. W e used a S tudent's t- 
test to  check i f  changes in  the frequency o f debris avalanches w ere  s ign ifican t at a leve l o f 
0.125. Some catchments un de rw en t a s ign ifican t increase in  the num be r o f debris avalanches 
in  the last 20 years com pared to  p rev ious periods. H ow eve r, in  m ost cases the num ber o f 
events per catchm ent was not h ig h  enough to  reveal a s ign ifican t change over the s tudy 
period . W e also tested i f  the num ber o f events changed s ig n ifica n tly  over the last fo u r 
decades at the reg iona l scale. Results revealed no s ign ifican t v a ria tio n  in  the occurrence of 
D A . H o w eve r th is  g loba l resu lt masks tw o  d iffe re n t trends in  D A  a c tiv ity  depend ing  on 
m in im u m  e leva tion  o f the s ta rting  zone. A t lo w  a ltitudes (< 2 200 m ), the num ber o f D A  
decreased s ig n ifica n tly  since the 1990s, whereas at h ig h  a ltitudes  (> 2 200 m ) it  has 
increased. The data w ere  then classified accord ing to  the to ta l le ng th  o f the D A  system. A  
s ign ifican t decrease (0.01, M a n n -W h itn ey  test) in  the num ber o f debris avalanches was 
observed fo r the systems less than  600 m  in  leng th  (Fig. 5). In  contrast, there w ere  no 
s ign ifican t va ria tions  in  the num ber o f the debris avalanches longer than  600 m  betw een the 
tw o  periods (Fig. 5).

2000 2010 2000

Fig. 5. Occurrence o f debris avalanches over the last fo u r decades accord ing to  the m in im u m  
e leva tion  o f the s ta rting  zone: le ft = b e lo w  2200 m  asi; r ig h t = above 2200 m  asi.

H ow eve r, th is  trend  shou ld  be in te rp re ted  w ith  cau tion  because the in ve n to ry  o f events 
cannot be considered as com plete. Indeed, in  a system  w ith  a h ig h  degree o f ac tiv ity , 
younger deposits can easily cover or som etim es erode o lde r flow s. The ove ra ll decadal 
frequency o f debris avalanches is show n in  f ig u re  5. O n  average, tw o  and three events per 
decade years w ere  id e n tifie d  d u r in g  the s tudy  period. A  s ligh t trend  tow a rds  m ore debris 
avalanches w as observed in  the second 20-year period.
The same analysis was conducted on debris floods. Results revealed the same trend  
cons idering  tha t m ost started at h ig h  elevations i.e. h ighe r than 2 000 m  asi. There was an 
increase in  the num ber o f debris f lo o d  since the end o f the 1980s (fig. 6). A b o u t 5.8 events 
w ere trigge red  per year betw een 1970 and 1989 versus 13.3 between 1990 and 2010.
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Catchm ent areas w ith  h ig h  a ltitu d e  tr ig g e rin g  zones w ere  m ore active. Even i f  there is 
p robab ly  a bias in  the in ve n to ry  (the data reported  in  the survey represent m in im u m  
frequencies) w e  be lieve tha t the h igher debris f lo o d  a c tiv ity  m ay no t o n ly  be the resu lt of 
sample skewness because th is  trend  was observed in  m ost va lleys fo r  w h ic h  w e  had a 
su ffic ien t num ber o f data and in  va lleys w here  the people responsible fo r  the observation 
w ere the same fo r the tw o  periods.

2 0  — i

1 9 7 0  1 9 8 0  19 90  2 0 0 0  20 10

Fig. 6. Changes in  debris f lo o d  a c tiv ity  since 1970.

6.4 Clim ate conditions responsible for DA and DF activity
W e analyzed the clim ate cond itions  responsible fo r tr ig g e rin g  D A . B inary  lo g is tic  regression 
was pe rfo rm ed  yearly. W e carried ou t the annual sum  o f the num ber o f occurrence observed 
D A . The resu lt was classified in  tw o  groups o f equal size (obta ined s ta rting  fro m  a 
th resho ld  o f three annua l releases) g iv in g  to  the years w ith  less than  three occurrences the 
code 0, and to  the years w ith  at least three occurrences the code 1.
W e tested a ll f irs t com ponents o f the PAC o f d iffe re n t param eters one b y  one and then 

com bined them  to  id e n tify  m ost s ign ifican t param eters in  the tem perature  and p re c ip ita tion  
series. A fte r d iffe re n t com binations, the independent variab les tha t gave the best f i t  were 
m ean m o n th ly  tem pera ture  and num ber o f d a ily  ra in fa ll events greater than 20 m m /d a y  
(Nd20) be tw een M a y  and O ctober 1971-2010. The m ode l is:

Log itipJ  = 4.7 -  (0.38 X i nenn TX) - (0.5717 x  Nd20) + e (5)

The percentage o f correct p red ic tions fo r the presence/absence o f a D A  event was h igher 
than  75% (Table 2).
W e conducted the same analysis fo r D F events. The num ber o f occurrence was classified in  
tw o  groups o f equal size (obta ined s ta rting  fro m  a th resho ld  o f five  annua l releases) g iv in g  
to  the years w ith  less than  fiv e  occurrences the code 0, and to  the years w ith  at least five  
occurrences the code 1.
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The independent variab les tha t gave the best f i t  w ere  m ean m in im u m  tem perature (Tri) and 
the num ber ra in y  days (Nrd) be tw een M ay  and September 1971-2008. The m ode l is:

Logitfp j) = - 0.14+ (0,44 *T n ) + (0,39 *Nrd) + e (6)

The percentage o f correct p red ic tions fo r  the presence/absence o f a DF event was h igher 
than  65% (Table 2).

Parameter Value
W a ld  C h i 

square
Pr>Chi2

% correct 
0

% correct 
1

°//O

correct_tota l

D A NFR 

N d  (20)

0.38

0.57

2.36

5.482

<0.03

<0.007
66.67 85.71 77.78

DF Tn

N rd

0.504

0.476

5.958

5.598

<0.0001

<0.0001
74.81 54.69 69.79

Table 2. Statistics fo r  the tw o  D A  and D F models.

6.5 Im pacts o f DF and DA activ ity on the transportation network
The analysis o f DF and D A  events revealed clear differences in  im pacts on the 
transp orta tio n  ne tw ork . N o  death was reported fo r e ither DF or D A . H ow ever, the social 
im pacts o f DF w ere  m uch greater than  those o f D A  m a in ly  due to  the fact tha t the DF 
deposit zone was located at lo w  a ltitudes  i.e. at an a ltitu d e  w ith  perm anent socio-economic 
ac tiv ity . Damage caused b y  D A  was m a in ly  due to  the depos ition  o f rock debris on roads. 
H o w eve r there w ere  on ly  a few  cases and these affected secondary roads used b y  o n ly  a few  
cars. The in d ire c t consequences o f the damage w as thus lim ite d . By contrast, DF a c tiv ity  had 
b o th  d irec t and in d ire c t im pacts on road and ra il ne tw orks. To illu s tra te  such im pacts w e 
selected tw o  catchments tha t had undergone m uch DF a c tiv ity  over the last decades. The 
firs t DF catchm ent nam ed "L a  R avo ire " is located in  the A rc  va lley , south o f Savoie 
departm ent (figs. 1-7-8). The e leva tion  ranges betw een 2 686 m  in  the uppe r pa rt to  499 m  at 
the confluence w ith  the A rc  r ive r, w ith  a average slope o f 16-17°. The watershed covers 10,5 
km 2 w ith  a h ig h ly  urban ized  debris fan  area o f 0.2 k m 2 at P ontam afrey v illage. La  Ravoire 
dra inage basin  is com posed o f m etam orph ic  and sed im entary rocks covered b y  superfic ia l 
deposits.
The second DF catchm ent nam ed "L e  M alefosse" is located in  the northeast o f H autes-A lpes 
departm ent (figs.1-7). This catchm ent is ra ther sm all w ith  a surface area o f 1.8 km 2 and 0.3 
km 2 fo r the debris fan. A lt itu d e s  range fro m  2 509 m  in  the uppe r pa rt to  1 315 m  at the 
confluence w ith  the Durance rive r, w i th  a h ig h  average slope o f 21.8°. The geological 
cond itions  at La  M alefosse catchm ent are s im ila r to  those at La  Ravoire. The transporta tion  
ne tw orks  affected b y  DF w ere  as fo llo w in g  fo r b o th  catchments:

the D1006 road in  Savoie departm ent lin k in g  France and Ita ly . The tra ffic  is re la tive ly  
h ig h  fo r th is  type  o f h ig h w a y  w ith  8515 vehicles per day (Conseil Général, 2010). 
the in te rna tiona l high-speed tra in  (TGV) lin k in g  Paris and T u rin , and the reg iona l line  
w h ic h  lin ks  d iffe re n t tow ns in  the va lley , w ith  a to ta l o f 71 tra ins  per day (SNCF, 2010). 
the N94 road in  H autes-A lpes departm ent; th is  is an in te rna tiona l trans it road lin k in g  
the m a in  tow ns in  the French A lp s  (Briançon, Gap, M arse ille , G renoble) w ith  Ita ly . In  
2006, d a ily  tra ffic  w as 9346 vehicles (DD E Hautes-A lpes).
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iPontamafrey]

Fig. 7. Location  m ap o f La Ravoire catchm ent (le ft) and Malefosse catchm ent (rig h t) show ing  
im pacted transporta tion  ne tw orks.

Rail drawbridge

D1006

\Arc river\
La Ravoire channel

Road drawbridge

Fig. 8. V ie w  o f Pontam afrey v illa g e  constructed on the debris eone o f La Ravoire. La Ravoire 
channel crosses the v illa g e  the in te rna tiona l lin e  o f high-speed tra in  (TGV) w h ic h  lin ks  Paris 
to T u r in  and the road w a y  D1006.

The survey o f DF conducted by  R TM -D D E  and SNCF reported  tha t 24 events w ere  triggered  
since 1970 in  the La Ravoire (fig . 9) catchm ent and tha t 14 had an im p ac t on the 
transporta tion  n e tw o rk  (43% on the ra ilw a y  and 57% on roads). In  the Malefosse catchm ent 
n ine  events w ere  reported  (fig . 9) o f w h ic h  5 dam aged roads. In  bo th  catchments, the
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m ajority of events that caused dam age occurred betw een June and August. A slight trend 
tow ards m ore DF w as observed in  the m ore recent years in  the Malefosse catchm ent while 
no trend  w as observed in  La Ravoire. Of the events that caused dam age in  bo th  catchments, 
69% w ere triggered by consecutive rainy days (between 2 and  6 days of rain  on average) 
recorded by the meteorological stations at Saint-M artin and Briançon. Six percent w ere 
triggered by a  single rainy day w ith  daily cum ulated precipitation < 20 m m  and 12% of 
events w ere triggered b u t no rainfall event w as recorded at the w eather stations. This can be 
explained by  localized rainfall such as storms. Finally, no inform ation concerning the 
w eather w as available for 13% of the events.

4

La Ravoire 

Le Malefosse

i

Fig. 9. Debris flow triggering at La Ravoire and  Le Malefosse catchm ents since 1970.

Results of the analysis of dam age caused by DF activity is show n in  figure 10. In bo th  
catchm ents, the m ain  physical dam age w as caused by rock debris transpo rted  by  DF and  
deposited  on roads in  a round  60% of docum ented cases in  bo th  catchm ents. The other 
dam age to  roads (21%) w as reported  b u t no details w ere given. The PFmax scale 
h igh ligh ted  the lack of a precise descrip tion of the functional d isturbance in  about 60% of 
docum ented  cases. This resu lt can be explained by  the fact that the evaluation  w as m ade 
just after the DF w as triggered  an d  it is often very difficult to pred ic t the real 
consequences of im pacts over a long period, and  thus to  quantify  functional disturbances. 
H ow ever La Ravoire underw en t a  large p roportion  of serious pertu rbations w ith  an 
in te rrup tion  of road  traffic of several hours. Finally, the ISRI scale revealed a large 
p ropo rtion  of m ajor incidents tha t affected the rail traffic an d  safety. Functional 
disturbances caused by this dam age usually  involved delays or tem porary  breaks in  rail 
traffic. The consequences w ere operating  losses and  econom ic losses due to the 
im m obilization of rolling stock. M oreover, in  the case of a tem porary  in te rrup tion  of rail 
traffic, the rail netw ork  ow ner (SNCF) m ust prov ide alternative m eans of transport (bus, 
taxi, transfer to  other rail lines, etc.). The rail netw ork  thus appears to be the m ost 
vulnerable in  term s of the intensity  of disturbances caused by the La Ravoire torrent, 
a lthough  the num ber of im pacts on the road  netw ork  w as higher.
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Fig. 10. D istribution of physical and functional dam ages (La Ravoire and  Malefosse 
catchments) and rail incidents (La Ravoire catchment).

The sudden  triggering of DF makes it difficult to m anage and  forecast the associated risk. 
Consequently, a  large num ber of m easures have been taken to reduce dam age to 
infrastructures caused by DF in high risk areas. Pontam afrey village, w hich is located on the 
debris fan of La Ravoire, provides an  illustration of possible netw ork protection strategies 
(fig. 8). The village has a bypass system  for the railroad (2.2 km  long), w ith  a draw bridge to 
allow trains to pass in  the case of in terrup tion  of the norm al railroad caused by a DF event. 
The road is also equipped w ith  a draw bridge that is autom atically activated by the torrent 
detection systems located upstream  on the La Ravoire river. The total cost of these 
installations w as 3,774,000 € (Cojean et al., 2002). How ever, the cost of dam age caused by DF 
before the construction of the protective structures rose to 4,548,000 € ( (Cojean et al., 2002). 
This exam ple highlights the need for assessm ent and  m anagem ent systems to  reduce 
netw ork vulnerability.

7. Discussion

In this paper, w e com pared the geom orphic characteristics of debris floods and debris 
avalanches in  the same alpine region and  the relationships w ith  climate conditions 
responsible for their triggering. The climatic trend  observed in  the French Alps w as 
characterized by  analyzing data on extreme sum m er rainfall events recorded daily at 16 
stations located in  Hautes-Alpes, Savoie and Alpes de H aute-Provence departm ents since 
1970. According to the generalized Pareto law (GPD) our results show ed that extreme 
sum m er rainfall events increased significantly in  the region. In addition, there w as a 
significant increase in  annual and seasonal tem peratures in  the last 20 years com bined w ith  
a significant reduction in  the num ber of freezing days. The occurrence of DF and DA 
exhibited tw o different trends depending on elevation. At low altitudes (< 2 200 m) the 
num ber of DF and DA decreased significantly since the 1980s, w hereas at high altitude (> 2 
200 m), it increased. Over the same period there w as a significant increase in  DF activity.
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H owever, despite this com m on trend  in  DF and DA activity, m odeling revealed that the 
climatic param eters responsible for the triggering of DF and  DA differed. The frequency of 
triggered DA depends m ainly on sum m er rainy events greater than  20 m m / day and 
m inim um  tem peratures w hile that of DF depends on m ean sum m er tem peratures and  the 
num ber of rainy days. The role of intense or long duration  precipitation in triggering debris 
flows has been know n for a long time. The data w e analyzed do not differ from  this rule. 
H owever, it is difficult to in terpret the fact that DA are m ainly caused by extreme events 
w hile DF are m ainly caused by long duration  precipitation. Extreme rainy events w ere an 
explanatory factor in  DF activity that w as less significant than  the num ber of rainy days. In 
addition, laboratory experim ents and  m odel results revealed that the m orphom etric 
characteristics of the catchm ent area (channel confinem ent for instance) play a significant 
role in  the dynam ics of debris flows and  depositional structures. In particular, debris flow 
behavior evolves in  response to changing pore pressures that depends on a com bination of 
m orphosedim entological characteristics and w ater infiltration (Major & Iverson 1999; Marr, 
et al., 2001). Consequently it is probable that the differences in  slope inclination betw een DA 
and  DF as well as the confinem ent/non-confinem ent of the channel m ay be an  explanation 
(Ham pton, 1975) b u t the scale at w hich m easurem ents w ere m ade in  this study d id  allow us 
to check this hypothesis. Indeed, w e w ere unable to m easure the local topography w hich 
has an  influence on the behavior of debris flow initiation (Blijenberg, 1998). Differences 
betw een the granulom etrical characteristics of DF and DA triggering zones w hich w ere 
im possible to quantify at the large spatial scale considered in  this study as well as probable 
differences in  the am ount of precipitation betw een meteorological data  collected at low 
elevations and  data collected in  the triggering zone m ay also be relevant. Indeed, sum m er 
storm s responsible for extrem e rainy events are often local and  are consequently not always 
recorded by m eteorological station pluviom eters. It is also interesting to note that bo th  DA 
and  DF triggering w ere sensitive to tem perature. This param eter is rarely considered as 
significant in  the literature. Some cases studies in  the Alps revealed a relationship betw een 
the rap id  snow m elt a n d /o r  glacier retreat and  perm afrost degradation  induced by a 
tem perature and  the triggering of debris flows (Haeberli & Beniston, 1998; W egm ann et al., 
1998; Im hof et al., 2000; Bardou & Delaloye, 2004). Perm afrost degradation m ay be a relevant 
explanation for the high altitude DF and  DA triggering selected in  this study. As the m ean 
altitude of the triggering zone of DA is about 2 200 m  in this region close to the 0°C 
isotherm , the significant trend  observed for high altitude DA activity (fig. 5) suggests a 
change in  the m obilization of rock debris triggered by  w arm er tem peratures. Such an 
increase in  tem perature at high altitudes has been dem onstrated in  recent decades by 
different authors w orking on hom ogenized series (Beniston et al., 1997; D iaz and  Bradley, 
1997; Böhm et al., 2001). It m ay also reflect the influence of tem perature on the sn o w /ra in  
lim it w ith  liquid precipitation occurring at high altitudes or possible changes in  the duration 
of the snow cover, w hich m ay expose the high slopes to greater tem perature variations. 
H ow ever one can w onder if this relationship is only due to  the recent increase in 
tem perature observed from  the 1990s on. To test this hypothesis, w e com puted a logit 
analysis for the 1970-90 period. Results revealed that tem perature w as less im portant than 
rainfall b u t w as nevertheless significant.
A nother im portant aspect is the consequences of these changes in DF and DA activity for 
society. The analysis of DF and DA data revealed clear differences. N o death  w as reported 
due to either DF or DA. H owever, the social im pacts of DF w ere m uch greater than  for DA 
m ainly due to  the fact that the DA deposit zone w as located at low elevations, i.e. w here 
there is perm anent socio-economic activity.
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8. Conclusion

The aim  of this study w as to analyze the m orphom etrical characteristics of DF and DA 
catchm ents and  to com pare the response of these tw o processes to  climate change in  recent 
decades (since the 1970s) in  the French Alps. Two areas the H autes-A lpes and  Savoie 
regions, w ere selected. In the tw o areas, a total of 419 debris floods and  debris avalanches 
occurred since the beginning of the 1970s. Significant geom orphic differences w ere observed 
betw een the tw o processes. The debris avalanches w ere "sm all scale" events according to 
the definition of Irtnes (1983). Located at high elevations, they occurred on steep slopes. By 
contrast, DF w ere m uch larger events triggered in  larger catchm ent areas that spread to 
urbanized areas. A climate analysis w as perform ed using data  from  16 meteorological 
stations located in  the area. This analysis revealed a significant increase in  annual and 
seasonal tem peratures in  the 20 last years com bined w ith  a significant reduction in  the 
num ber of freezing days. Changes in  the frequency of sum m er rains w ere also observed. 
The response of debris flows and debris avalanches to  this climate change w as investigated. 
There w as a  significant increase in  the occurrence of bo th  processes at high elevations (> 
2 200 m). In addition, logistic regression m odels w ere used  to characterize the relationship 
betw een climate and the frequency of debris floods and  debris avalanches. Results revealed 
that different climatic param eters are responsible for the triggering of DF and DA. We 
show ed that the probably frequency of triggered DA depends m ainly on sum m er rainy 
events greater than  20 m m / day while that of DF depends on the num ber of rainy days and 
m ean seasonal tem perature. Consequently, w e observed a univocal response of DF and  DA 
to recent climatic change because for b o th  processes climate param eters responsible for their 
triggering changed. Finally an  analysis of the socio-economic im pacts of DF w as perform ed. 
The results show ed that such processes cause direct and  indirect damages. By identifying 
the critical sections of road and rail netw orks and their strategic value in  organizing the 
territory, this approach allow ed us to characterize the types of im pacts that are most 
frequently observed in  these networks. O bstruction and  degradation of roads w ith  
tem porary in terruption  of traffic are the m ain types of dam age. The cost of dam age w as also 
estimated. How ever, evaluating the vulnerability of the netw ork has some limits, such as the 
lack of visibility and  inform ation available on the dam age, particularly w ith  respect to 
functional disturbances w hose consequences extend beyond the area of the event.
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1. Introduction

Glaciers are repositories of inform ation for climate change studies, as they are sensitive to 
global tem perature and precipitation changes. Due to global w arm ing the im pact w as 
directly influencing in  the m elting of the glaciers and  enhancing in  recent decades. The 
rap id  m elting of glaciers reduce the glacier area by w hich the glaciers are fragm ented w ith  
increase in  glacier num ber (Bajracharya et al., 2006a,b, 2007a,b, 2008, 2009a). The history of 
glacier study in  N epal is not old, it w as just started by Fritz M uller in  1956; w ho visit N epal 
as a  participant in  the Swiss Everest Expedition. D uring following years, the num ber of 
scientific expeditions has gradually increased. H owever, N epal has no glaciers under long­
term  observation, though a num ber of fragm ented and short studies have been m ade on the 
AX010 Glacier, M era Glacier, Yala Glacier and  Rikha Samba Glacier. The AX010 has the 
densest observations in  term s of Glacier extent, m ass balance, and  ice flow (Fujita et al.,
2001). The systematic investigation of glaciers in  N epal w as first organized by N agoya and 
Kyoto Universities of Japan. The Glaciological Expedition of N epal (GEN), led by H iguchi 
(1976,1977,1978,1980), carried out a series of field studies in  coordination w ith  D epartm ent 
of H ydrology and  M eteorology (DHM) Nepal. The first detailed study of AX010 glacier w as 
conducted in  1978/1979 (Ageta et al., 1980, 1992; K adota et al., 1997), Yala Glacier w as 
studied  since the 1980s, and  Rikha Samba Glacier has been surveyed interm ittently since 
1974 (Nakawo et al., 1976; Fugii et al., 1996; Fugita et al., 1997). The glaciers of N epal was 
first m apped  by ICIMOD in 2001 from  the Indian  Survey topographic m aps published from  
1963 to 1982. The m aps w ere p repared  from  the aerial photographs of 1957 to  1959 w ith  
extensive field w ork  (Mooí et al.; 2001, 2005). The study revealed 3,252 glaciers w ith  
5,323km2 glacier area, w hich is alm ost 3.6% of the total land cover of Nepal. The second 
generation of glacier m apping of N epal (Bajracharya et al., 2011 unpub.) w as based on the 
satellite im ages of 2008/2009, w hich shows that the num ber of glacier has apparently  
increased b u t the total area has decreased drastically. The total num ber of glaciers in this 
survey shows 3808 glaciers w ith  4212km2 glacier area and 346km3 estim ated ice reserves. 
The glacier area loss is about 20% in last 40 years. The glacier cover of N epal reduces to 2.9% 
of total land cover in  Nepal. The subsidence of glacier surface by 0.40m per year in  D udh 
Koshi basin  is also reported  since late 1960's due to the m elting of the glaciers (Bolch, 2008). 
Bajracharya et al., 2008 has also reported  the glacier retreat rate of 10 to 60m per year in  
D udh  Koshi basin. GEN, 2006 has studied  m any glaciers and reported  the glacier retreat
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w ith  different rate. The m onitoring of glaciers in  the high altitude of rem ote area w ith  harsh 
climatic condition is thorny and  cum bersom e, hence; rem ote sensing approach is the best 
w ay of m onitoring in  the first round  for the prioritization of detail m ass balance study. The 
aim  of the present study is to show  the suitability of m ulti-tem poral optical rem ote sensing 
data to m ap and m onitor the glaciers and  to illustrate the glacier retreat from  different 
elevations. M oreover, the accuracy of m ulti-tem poral Landsat data is addressed.

2. Study area

N epal is one of the small, m ountainous and  landlocked South Asian countries extending 
betw een 26° 15' to 30° 30' N  latitude and  80° 00' to  88° 15' E longitude (Fig. 1). The country 's 
total area is 147,181km2 and  its length is 840km. The w id th  of the country ranges from  90 to 
230km (about 180km in average) from  east to  west.

Fig. 1. Location m ap of N epal

It is bordered  by m assive countries, T ibet/C hina to the north  and  on the rem aining three 
sides by  India. The northern  border runs along the crow n of glaciated and snow y peaks 
w ith  flat terrain  to  the southern border. The country has a  great altitudinal variation ranging 
from  64m asl in  the southeast to  8850m asl (Mt. Everest) in  the north  w ith in  the range of 
150km, the greatest land-based relief in  the w orld. The country is vulnerable to various 
hazards due to great elevation differences, fragile geological conditions, soft soil cover, steep 
river gradients and  high intensity rainfall especially during  the sum m er monsoon. An 
excessive m onsoon rainfall usually triggers a variety of slope m ovem ents in  N epal often 
causing extensive dam ages to life and  property.

3. Data and methods

3.1 Data

Landsat 7 ETM+

Glaciers show different spectral reflectance, w hich helps characterize them  in satellite data 
to  delineate glacier outline. The Landsat 7-ETM+ are freely dow nloadable and suitable for
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glacier m apping  and  m onitoring. The Landsat im ages of 2008 and  2009 w ith  least snow 
cover and no cloud cover w ere selected and acquired. The SLC-off w as corrected w ith  tw o 
im ages either SLC-off and  SLC-on im ages or bo th  cases the SLC-off im ages in  w hich gaps is 
overlap each other from  the Landsat Gapfill tools in  the ENVI software.

Digital Elevation M odel (DEM)

The glacier outlines w hen  com bined w ith  a digital elevation m odel (DEM) to derive glacier 
param eters such as hypsom etry, slope and  elevation of crow n and snout of the glaciers. The 
Shuttle Radar Topography M ission (SRTM) of 90m resolution data is used to derive the 
glacier param eters.

3.2 Methods
The m ethodology of sem i-autom ated m apping of glaciers (Bajracharya et al., 2009 unpub.) is 
used to delineate the glacier boundary. The GLIMS ID is given to each one of the glacier 
polygons and  the glacier attribute param eters w ere generated by com bining the earth  
observation data  and  digital elevation m odel using GIS techniques.
The spectral uniqueness of glacier ice in the visible and  near infrared (NIR) bands of the 
electrom agnetic spectrum  enables use of sim ple algorithm s perm itting  semi-autom atic 
m apping of glaciers (Frauenfelder et al., 2009; Paul, 2000), in  contrast to a tedious fully 
m anual approach. A m ong Clean ice type (Cl-type) and  Debris covered (DC-type) glaciers 
latter poses challenges in  illum inating errors due to effect from  surrounding  materials. The 
threshold value of algorithm  differs slightly in  different scenes of the images. Bearing in 
m ind the spatial scalability of features of interest, m ulti-band Landsat images enable 
extraction of inform ation by  standardized, uniform  processing steps. The approach in 
m apping of Cl-type and DC-type glaciers is different (Fig. 2). The threshold value of NDSII 
for C l-type and m ean slope for DC-type ideally m aps all glacier pixels; further filtering 
using different variables such as NDVI (for vegetation), land & w ater m ask (water bodies), 
m ean hue, m ean slope and  m ean altitude (glaciers), and then ultim ately om itting polygons 
w ith  areas less than 0.02 Km2, elim inates most misclassified pixels and efficiently generates 
a product suitable for m anual editing.
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Fig. 2. Flow diagram  of m ethodology for m apping  of Clean lee and  Debris Cover glaciers 
using satellite images
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4. R e s u lts

Altogether 3808 glaciers w ere m apped  from  Nepal. The to tal aerial extension of glaciers in  
N epal is 4212km2 w ith  an  estim ated ice reserves of about 346km3. The estim ated ice reserves 
is higher in  central an d  eastern N epal than  in  w estern  Nepal, b u t the num bers of glaciers are 
higher in  central an d  w estern  N epal than  eastern N epal (Fig. 3).
The rap id  m elting of glaciers fragm ented the glaciers w ith  the result of increase in  num ber 
of glaciers an d  decrease in  glacier area. The overall glacier area of N epal is reduced from  
3.6% to 2.9% of to tal land  of N epal from  1970 to  2008 (Bajracharya et al., 2010). The largest 
glacier in  the ICIMOD inventory of 2001 w as Ktr_gr 193 in  Kanchenjunga of Tam or sub­
basin, w hich  h ad  a to tal glacier area of 94km2 b u t due to  the shrinkage of glacier it has broke 
dow n in  to  tw o glaciers an d  the larger part is hav ing  the area of around  77km2, that m eans 
the Ktr_gr 193 is no  longer the largest glacier in  Nepal. The new  glacier data show s that the 
Ngojum ba Glacier of D udh  Koshi sub-basin is the largest glacier in  Nepal. How ever, the 
area of N gojum ba Glacier is also reduced from  82.6km2 to 80.7 km2.

Legend
^  Glaciers 

Drainage 

I Sub Basins Boundary 

□  Basin Boundary 

  National Boundary
200
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Fig. 3. Glaciers of N epal

4.1 Change in g lacier num ber, area and estim ated ice reserves
The glacier study  in  2001 revealed that som e 3,252 glaciers covering a to tal area of 5,323km2 
an d  including 481km3 of estim ated ice reserves occur in  the N epal H im alaya (Table 1). This 
w as the first inform ation on  glaciers of N epal, w hich served the im portant baseline 
inform ation on glaciers. As the tim e an d  source m aterials w ere different, the glacier
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inform ation w as heterogeneous and  is not m atching in  the present context due to  rapid 
m elting of glaciers as an  im pact of global warm ing. The present glacier inventory is based 
on the single source of Landsat satellite images of 2008 and  2009. The overall glaciers 
m apped  in  N epal are 3808 in  num ber and  4212 km 2 of glacier area w ith  346km3 estim ated 
ice reserves.

SN Sub-basins
B

as
in

s

Glacier Inventory 2001 Glacier Inventory 2010

Data source: Topom ap of 1963 
to 1982 and Images of 1999

Date
im a

source: Landsat 
ges of 2008/2009

No Area
(km2)

lee
reserve
(km3)

No Area
(km2)

lee
reserve
(km3)

1 Tam or

K
os

hi

261 474.15 56.64 261 407.33 45.66
2 A run 91 216.07 23.47 108 163.81 16.70
3 D udh 278 482.20 51.01 287 415.10 41.62
4 Tama 80 109.69 10.37 85 93.75 9.03

5 Sun Koshi 23 74.56 7.19 39 57.66 4.81

6 Indraw ati 18 22.98 1.44 37 17.91 0.79
7 Likhu 28 30.19 1.94 26 24.30 1.53
8 Trishuli

G
an

da
ki

74 246.65 27.47 163 2 31.66 22.82
9 Budhi 180 442.14 40.40 242 387.40 33.67

10 M arsyangdi 311 614.31 54.99 385 545.38 44.01
11 Seti 61 164.48 16.88 45 72.10 8.35
12 Kali 399 562.67 51.65 502 562.93 43.06
13 Bheri

K
ar

na
li

452 583.40 47.77 400 397.33 27.91
14 M ugu 254 220.39 12.52 205 127.78 6.40
15 Tila 58 54.69 3.75 66 39.21 2.05
16 Kawari 39 53.33 3.29 48 33.37 1.78
17 H um la 424 534.53 36.006 474 361.71 20.90
18 West Seti 134 294.13 24.48 268 160.85 8.47
19 M ahakali 87 143.34 10.06 167 112.23 7.13

Nepal 3252 5323.9 481.32 3808 4212.03 346.7

Table 1. Sum m ary of change in  glaciers in  2001 and  2010 Inventory

The inventory of 2010 shows that the num ber of glaciers in  N epal has increased by about 
17% com pared to 2001 inventory (Fig. 4). The num ber of glaciers increased largely due to 
actual shrinking and fragm entation of the glaciers as an  im pact of global w arm ing, although 
the overall glacier area and ice reserve has been decreased by 21% and  28% respectively 
(Fig. 5 and 6). The glacier area of N epal is decreasing 30km2 per year since 1970s. If this 
trend  continues, the glaciers of N epal will d isappear in  140 Years or by  2150AD. As 
m entioned previously, it cannot be excluded that some of the apparent change betw een 
surveys is an  artifact of the differing data bases, m ethodologies, and  analysts. Further w ork 
is needed to sort th rough this com pletely and  arrive at final conclusions about actual 
changes in  the glacier num bers, areas, and  volumes.



450 Climate Change -  Geophysical Foundations and Ecological Effects

4.2 Change in hypsography
Glacier Area - A ltitude of 100m b in  is calculated based on the SRTM DEM of 90m resolution 
in  bo th  glacier inventories. D uring the conversion of glacier polygon from  raster to vector, 
there w as a loss of 2% of glacier area w hich is rectified in  the final glacier database.

4000
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2500
2000
1500
1000

500

■ 2001

■ 2009

Fig. 4. C om parison of num ber of glaciers m apped  in  2001 and 2010 inventories of Nepal.

Fig. 5. C om parison of glacierized area m apped  in  2001 and 2010 inventories of Nepal.

4.2.1 G lacier hypsography o f 2001 inventory
The glaciers w ere m apped  from  the elevation 2425 to  8485m asl in  N epal (Fig. 7a). The 
lowest and  highest elevations of glaciers are found from  the G andaki basin and Koshi basin 
respectively. The lowest elevations of glaciers w ere m apped  from  3536m asl, 3637 and 
3940m asl in  Karnali, M ahakali and  Koshi basins respectively (Fig. 7). The glaciers are 
densely populated  at the elevations of 5000m asl to 6000m asl w ith  the total glacier area of 
about 3700km2. The elevations from  5200 to 5500m asl contain about 400km2 in each 100m 
b in  w hereas the elevations below  4500 m  asl and above 6300m asl contain less than  100km2 
in each 100m bin.



Glaciers Shrinking in Nepal Himalaya 451

^  600 
" s 500
Ä  400 
> 300 
§ 200 
*  100

■ 2001

■ 2009

Fig. 6. Com parison of estim ated ice reserves in  2001 and  2010 inventories of N epal

4.2.2 G lacier hypsography o f 2010 inventory
The glacier polygons w ere delineated from  the elevations ranging from  above 3200m asl to 
8485m asl w ith  lowest in  G andaki basin and highest in  Koshi basin as in  2001 inventory. A 
com parison of the glacier area-altitude d istribution for N epal shows a m axim um  glacierized 
area is 320km2 at 5500 to  5600 elevation, how ever m ore than 100km2 are found from  4800 to 
6300m asl in each 100m bin  (Fig. 7). The highest glacier area in  Koshi basin is 100km2 at 
elevation 5400-5500m asl, 140km2 at 5800-5900m asl for G andak basin, 110km2 at 5300- 
5400m asl for Karnali basin  and about 10km2 at 5000-5100m asl for M ahakali basin.

4.2.3 Change in g lacier hypsography
By com paring the glaciers hypsographs of 2001 and  2010 glacier inventory stick out the 
disappearance of glaciers from  the elevations below  3200m asl. It is also noticed that the 
glacier area has been decreased only from  below  the elevation 5800m asl of N epal (Fig. 7). 
There are no changes in  glacier area of N epal above 5800m asl (Fig. 7a). How ever, the 
threshold value of unchanged glacier area is 5700m asl for Koshi basin, 5900m asl for 
G andaki basin and 5600m asl for Karnali basin  (Fig. 7). In contrary to this the glacier area is 
increased in  M ahakali River basin  above 5500m asl bu t the glacier area has shrunk 
com paratively very high at the elevations of 5300 to  4000m asl. The glacier area is reduced 
m axim um  from  the elevation 5000 to 5500m asl in  Nepal. The glacier area loss percentage is 
higher in  Koshi and  M ahakali basins, m oderate in  Karnali basin  and  low in G andaki basin. 
H ow ever the cum ulative glacier area loss shows constant in  Koshi, Gandaki, Karnali and 
th roughout N epal except in  M ahakali basin (Fig. 8). The glacier retreat rate is higher in 
Karnali and  M ahakali River basins below 5000m asl com pared to other basins of Nepal. The 
low retreat rate in  low er elevations in  other basins m ight be due to  the presence of debris 
cover.

4.3 Decadal g lacier area change in Langtang valley o f Trishuli basin
Based on the developed m ethodology, an attem pt of a decadal change of glaciers in 
Langtang sub-basin of Trishuli River w as made. For this, base m aps of glacier polygons 
w ere established from  the recent satellite image. The glacier polygons derived from  Landsat 
7 ETM+ im age of 2009 w ere used as a base m ap of glacier to that year and  by  overlaying the 
glacier polygons of 2009 on the older satellite images of 1977, 1988 and 2000, the polygons
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w ere edited and m odified to that years separately. In this w ay the glaciers of 1977, 1988, 
2000 and 2009 w ere generated and  com pared for the change graphically and spatially.
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Fig. 7. H ypsograph of glaciers of 2001 and 2010 inventory.
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The Langtang sub-basin is a sm all northeast-sou thw est elongated  basin, tribu tary  of 
Trishuli River no rth  of K athm andu an d  bordered  w ith  C hina to the north. The basin  
encom passes an  area of 554km2. The basin  contains 192km2 of glacier area in  1977 and  
changes to  171km2 in 1988, 152km2 in 2000 an d  142km2 in  2009. In 32 years from  1977 to 
2009 the glacier area is reduced  by 26%. The decrease in  glacier area is recorded  below  the 
elevation 5800m asl. Due to  shrinkage of glaciers the snout elevations of L irung and  
K im jung Glaciers shifted vertically 100m u p w ard  an d  the snout of Yala Glacier by  100 to 
150m (Fig. 9).

5. Discussion

The data  sources and  m ethods of the tw o inventories differ, until further study is 
undertaken  of the older survey, conclusions regarding tem poral changes are considered 
tentative. Questions rem ain about w hether the increase in num bers of glaciers is due mainly 
to  (1) actual fragm entation of glaciers, (2) reduced snow cover in  the m ore recent survey, or 
(3) a m ore detailed m apping in  the m ore recent survey. W ith either the second or third 
explanations, it w ou ld  be likely that the first survey overestim ated the glacier area and 
underestim ated the total num ber of glaciers, w hereas under the first explanation the 
changes docum ented betw een the tw o surveys are real. A great deal of evidence has 
accum ulated to  show that the long valley glaciers of N epal have, for the most part, retreated 
drastically in  the past few decades, and since these glaciers contribute so strongly to the 
total areas occupied by glaciers, the decreased glacier area betw een the tw o periods of the 
tw o inventories is very likely to be correct. How ever, a focused scrutiny of the earlier 
survey, and  a cross com parison of the tw o surveys in  sam ple areas, is needed to gain full 
confidence in the docum ented changes indicated here, especially w ith  regard to the num ber 
of glaciers. In any case, the change in  num ber of glaciers occurs m ainly at the smaller glacier 
sizes, w hich are m uch less significant than  the big glaciers w ith  respect to their contributions 
to total glacier area, estim ated ice reserves, and river flow.
Consideration below  of just one example, that of w hat w as once N epal's largest glacier, 
Ktr_gr 193, w hich fragm ented into tw o glaciers subsequent to the first survey, shows that 
this phenom enon of fragm entation is not restricted to small glaciers. Nevertheless, a 
detailed quantitative com parison of the tw o inventories is needed and  recom m ended for the 
near future. A good approach could be a b lind  re-inventory, using the sam e m ethodology 
and  same analysts of a small sam ple of glaciers using the old data used in  the first 
inventory, and  then com parison w ith  the first inventory results.
The elevations of the glaciers in  N epal range from  8485 to  3273m asl. The glacier snout 
elevation ranges from  basin to basin, the lowest elevation of glacier extension is about 
3300m asl in  G andaki basin in  central Nepal, about 3600m asl in Karnali basin of w estern 
N epal and  about 4000m asl in  Koshi basin  of eastern Nepal.
Space based m onitoring of glaciers is a valuable aid  to climate change scientist, policy 
m akers and  civil engineers assigned to w ater resources and  climate change researchers, 
though  these m ethods have their lim itations as well (Fujita et al. 2009; Kargel et al. 2011). 
Accurate know ledge of overall glaciers will enhance each nation's abilities to  deal w ith  the 
w ater resources. A digital GIS repository of relevant data then can inform  policy m akers to 
m ake sensible decisions on responsible developm ent and  land m anagem ent.
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Fig. 9a. Glaciers in  1977 Fig. 9b. Glaciers in  1988

Fig. 9c. Glaciers in  2000 Fig. 9d. Glaciers in  2009

Kyanjin

Fig. 9. Glacier area change in  Lirung, Kimjung and  Yala Glaciers of Langtang Valley.



456 Climate Change -  Geophysical Foundations and Ecological Effects

6. Conclusions

The H im alayan region is one of the m ost dynam ic, fragile and  com plex m ounta in  ranges 
in  the w orld  due to  tectonic activity and  a  rich d iversity  of clim ates, hydrology and  
ecology. The high H im alayan region is the fresh w ater tow er of sou th  Asia. The m elt of 
snow  and  ice from  these tow ers feeding the ten  largest river system s in  Asia, on w hich 
over 1.3 billion peoples are dependent. Glaciers and  snow m elt runoff from  the m ountains 
is of course just a p art of the w ater supplies of these rivers. H ow ever, in  a chronically 
w ater-short and  in  places an  over-populated  region, these alpine sources of w ater are very 
im portan t, especially for populations in  the proxim al river valleys. In  the context of global 
w arm ing  the glaciers are m elting rap id ly  causing the shrinking, subsidence and  retreating  
of glaciers w ith  the result of expansion and  form ation of glacial lakes to  the stage of 
po tential glacial lake ou tburst floods. The glacier retreat phenom ena has been  taking 
place rap id ly  in  recent decades, w ith  the com m on an d  w idespread  fear of too m uch w ater 
(GLOFs) and  too little w ater (glacier retreat). If it continues for long period  definitely 
there w ill be negative balance of ice w ith  the deficiency of fresh w ater resources and  
increase in  the frequency of GLOF disasters in  near future. In som e places, increased 
m elting  of glaciers m ight p rov ide a tem porary  surge in  w ater supplies lasting  some 
decades, an d  in  other places, retreat and  d isappearance of glaciers can cause a 
d isappearance of certain  types of m ounta in  hazards an d  disasters. In general, how ever, 
rap id ly  changing glaciers are b o th  caused by instabilities in  clim ate an d  further cause new  
instabilities in  the natural system. The instabilities can im pact people severely, especially 
those resid ing w ith in  or near the m ountains. For the quick delivery of glacier data  a sem i­
autom atic m ethod  w as developed using  the advanced  rem ote sensing and  geographic 
inform ation system s tools an d  techniques. The prim ary  glacier data  u p o n  analysis w as 
perform ed consist of the L andsat satellite im ages of 2008 and  2009. This study  w ill help  to 
und erstan d  the glaciers dynam ics in  the H im alaya. Some im perative findings of this study 
are listed below:
• Due to shrinkage of glaciers, the num ber of glaciers has increased due to fragm entation 

of glaciers. There has been about a 17% increase in  the num bers of glaciers com pared to 
the inventory of 2001.

• The area and estim ated ice reserves of glacier have declined 21% and  28%, respectively, 
com pared to  the inventory of 2001.

• The glaciers below  3200m asl has been disappeared from  G andaki basin.
• The glacier area is shrinking and  retreating only below  the 5800m asl in  Nepal.
• The glaciers are advancing in M ahakali basin  above 5800m asl b u t the retreat rate is 

higher in M ahakali and Karnali below  the elevation 5000m asl.
• The glacier retreat rate is high at the elevations 5000 to 5500m asl. The low  retreat rate 

below  5000m asl m ay be due to the presence of debris cover glaciers.
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1. Introduction

Life beneath  glaciers requires efficient adaptive strategies in  order to thrive in  these extreme 
habitats that are characterized by nutrient and energy lim itation, low tem peratures and 
reduced w ater availability. Together w ith  the deep subsurface and  the deep oceanic basins, 
subglacial (beneath glaciers) environm ents are am ong the last biosphere-exploration 
frontiers on Earth. At present w e have only a vague idea about the types of organism s that 
live beneath  ice sheets and  glaciers as well as their characteristics (Willerslev et al., 1999,
2007). As a consequence w e do not know  w hat will happen  to them  as climate am elioration 
causes glaciers w orldw ide to recede and  disappear. W hat w e observe today in  alm ost all 
glacierised regions of the W orld is that previous subglacial environm ents change into 
proglacial (in front of glaciers) environm ents, w here the environm ental conditions are very 
different. In this chapter w e will provide an  overview of our current know ledge on the 
subglacial and proglacial ecosystems, and  highlight potential consequences of climate 
change on these habitats.
The m ultidisciplinary study of subglacial and proglacial ecosystems, is only in  its infancy 
and  the literature is rapidly expanding. The reported  results are not only relevant for our 
understanding  of biological diversity and adaptability  in  general, bu t they also provide the 
foundation for hypotheses on how  w e im agine life survived during  the periods w here the 
Earth w as totally ice-covered (the so-called Snowball Earth glaciations) and  how  life m ay 
survive on Earth in  case of a  global nuclear disaster (the so-called N uclear Winter). In fact, 
the results m ay seed far-reaching theories on w hether subglacial environm ents m ay host 
past or present extra-terrestrial (astrobiological) habitats on Mars, Jupiter's m oon Europa, 
Saturn 's m oon Titan, and even on planets and m oons beyond our solar system  (Des M arais 
et al., 2008). In addition, cold-adapted organism s m ay also provide a valuable source for 
enzym es that m ay have biotechnological applications (Reddy et al., 2009).
A prerequisite for life as w e know  it is liquid w ater required for biochemical processes, 
electrochemical gradients and transfer of chemical substances. The occurrence of w ater in 
subglacial environm ents is largely dependent on the subglacial therm al regime. Beneath 
cold-based glaciers, i.e. glaciers w here the sole is frozen to the substratum , liquid w ater is a 
lim ited resource and  m ay be prim arily restricted to a few subglacial channels. How ever, it
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has been argued that liquid w ater is present at subfreezing tem peratures in  the micron- 
diam eter vein netw ork betw een ice crystals (Price, 2000) and as a nanom eter-thick w ater 
film  interface betw een ice and  entrained m ineral grains (Price, 2007). These tw o potential 
habitats m ay bo th  contain ion-rich solutions that allow im m obilized m icrobial life to  extract 
energy from  redox reactions (Price, 2007). Rohde and Price (2007) have proposed the 
existence of a th ird  habitat w ith in  ice crystals, w here m etabolism  is achieved by diffusion of 
small molecules th rough  the ice crystal structure. It is likely that m icroorganism s in  these 
habitats go into a  state of 'survival m etabolism ' or 'dorm ancy ', sufficient to repair DNA 
dam age as it occurs bu t not sufficient to grow (Price, 2009). In addition, em bedded viable 
endospores, i.e. bacterial spores, and bacterial endospore form ers have been observed in  ice 
cores (Christner et al., 2003; Sheridan et al., 2003; M iteva et al., 2004; M iteva and Brenchley, 
2005; Yung et al., 2007). These endospores m ay re tu rn  to a metabolic state w hen  the 
conditions for w ater and  nutrient access im prove, bu t the long-term  accum ulation of 
dam ages DNA m ay not be repairable. Hence, it is likely that the most successful strategy for 
surviving in  sub-zero environm ents on glaciation-interglaciation scales (~ IO5 years) is to 
enter a survival m etabolism  state rather than  convert to endospores (Price, 2009). If 
subfreezing environm ents, containing endospores and m etabolizing microbes, undergo 
environm ental changes in  the form  of thaw ing and accessibility to essential substrates, the 
surviving microbes m ay experience rap id  grow th and  found a new  m icrobial consortium  
adap ted  to unfrozen subglacial conditions (H um lum  et al., 2005).
Beneath polytherm al glaciers (i.e. glaciers w here the peripheral areas are frozen to the 
substra tum  w hile the central part of the glacier bed is at the pressure-m elting point of ice) 
and  tem perate glaciers (i.e. glaciers w here the entire bed  is unfrozen), w ater flow is routed 
along various pathw ays from  large fast-flow channels to th in  slow-flow w ater films or as 
groundw ater flow w ith in  subglacial aquifers (e.g., Bertn and  Evans, 2010). Subglacial 
drainage systems are very dynam ic, and  spatial and  tem poral changes occur frequently. 
M icroorganism s that live beneath  these types of glaciers m ust therefore be able to adapt to 
environm ental changes in  order to survive. The m ost com m on causes of death  for 
m icroorganism s besides desiccation due to freezing m ay be cold shock, exhaustion of 
nutrients, and  a-particle radiation  from  decay of U  and  Th-containing m inerals in  subglacial 
rocks and  sedim ents (Price, 2009).
The origins of subglacial and  proglacial microbial com m unities are closely related to  the 
history of glaciers and, thus, to regional and  global climate changes (Figure 1A). W hen 
glaciers grow during  a cold climatic period, they increase in  volum e and advance across 
their proglacial forelands tow ards a state w here their mass balances are in  equilibrium  w ith  
the prevailing climate conditions (Figure IB). O pposite, w hen  the climate changes tow ards a 
w arm er period glaciers recede and  previous subglacial environm ents becom e proglacial 
environm ent (Figure 1C). In this context, it m ust be em phasized that not all glacier 
fluctuations are directly linked to  short-term  (IO1 -  IO4 years) climate change, although 
climate is the dom inant control on long-term  (~ IO5 years) scales (Yde and Paasche, 2010). 
Nevertheless, proglacial forelands may harbor sediment, soil, forest, lake, or m arine 
ecosystems that, w hen  overridden by  glacier advance, provide founding microbial 
com m unities for subglacial ecosystems (Figure IB). A dditional m icroorganism s m ay be 
added  by  m elt-out of m icroorganism s that have been buried  in  snow  on the glacier surface 
and  transported  in  ice to the glacier bed, or by subglacial deposition of m icroorganism s that 
have been entrained in  m eltw ater on the glacier surface and transported  to the glacier bed
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via crevasses or glacier wells (moulins) (Hodson et nl., 2008). Since the end of the Little lee 
Age, the global climate has am eliorated and glaciers around  the w orld  have receded or even 
disappeared (IPCC, 2007). As a consequence, large areas have been deglaciated and 
subglacial ecosystems are now  exposed to proglacial conditions. If global w arm ing 
accelerates or continues at the present rate for centuries, it is easy to  im agine that m any 
subglacial com munities, w hich have survived in  niches beneath  glaciers during  several 
interglaciation periods, m ay disappear.
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Fig. 1. Potential pathw ays for the flow of m icroorganism s in  subglacial and adjacent 
ecosystems. (A) The subglacial ecosystem  receives m icroorganism s from  the glacier surface 
via snow- and icemelt and from  basal melt-out, and  exports m icroorganism s th rough 
outflow  m eltw ater and basal entrainm ent; (B) during  glacier advance, m icroorganism s in 
overridden soils and vegetation are incorporated into the subglacial ecosystem; w hereas (C) 
during  glacier recession, subglacial m icroorganism s becom e exposed to atm ospheric 
conditions and  the system  changes into a proglacial ecosystem.

2. Microbial influence on greenhouse gas cycles

M icroorganism s play a major role in  the cycling of m acronutrients, such as carbon and 
nitrogen, th rough a variety of aerobic and  anaerobic processes. These processes include 
respiration, m ethane oxidation and  production, nitrification and  denitrification, sulfur 
oxidation and  reduction, and  are relevant in  climatic term s since they directly affect 
greenhouse gas (GHG) budgets on a global scale. Therefore, focus on carbon dioxide (CCh), 
m ethane (CH4) and nitrous oxide (N2O) has increased considerably in  recent years due to 
the w arm ing potential of these gases and  their im portance for the present and  future 
climate.
M uch attention has been given to the anthropogenic sources of major GHGs and  how 
hum an em issions affect their budgets, bu t the m icrobially-m ediated pathw ays governing
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C 0 2, CH 4  and  N 20  fluxes in  various environm ents have also attracted increasing research 
efforts. At present, the physiology of m any of the involved m icroorganism s and their 
responses to changing environm ental conditions are not yet fully understood, especially 
w hen  it comes to extreme habitats as it is the case for subglacial and  proglacial ecosystems. 
Due to the harsh  physical environm ental conditions com m only found in  subglacial and 
proglacial environm ents, biological enzym atic processes slow dow n due to the low 
tem peratures and  lim ited nutrient supply, forcing m icroorganism s to develop adaptive 
strategies that enable them  to harvest available substrates. Therefore m icroorganism s found 
in  these habitats are often characterized as oligotrophs, i.e. organism s that thrive in  low 
nutrient level environm ents.
In subglacial and  proglacial environm ents, GHGs are produced and assim ilated by 
m icroorganism s in  a  num ber of w ays (Figure 2). G eneration of C 0 2 occurs during 
autotrophic and  heterotrophic respiration and  m icrobial oxidation of organic carbon. Anoxic 
conditions m ay occur bo th  in subglacial (W adham  et al., 2008) and  proglacial (W adham  et 
al., 2007) environm ents, favoring ferm entative form ation of CH 4  from  substrates such as 
hydrogen gas and C 0 2 by  m ethanogenic m icroorganism s (Boyd et ah, 2010, in  press). 
H owever, uptake of CH 4  by  m ethanotrophs also seems to be a com m on process on 
proglacial forefields (Bárcena et al., 2011). N ot m uch is know n about generation and 
assim ilation of N 20  in  subglacial and  proglacial environm ents. Studies of M idtre 
Lovénbreen, Svalbard, have provided indirect evidence of subglacial nitrification, 
denitrification and m icrobial assim ilation of am m onia (W ynn et ah, 2006, 2007; H odson et ah, 
2 0 1 0 ), indicating active m icrobial influence on nitrogen cycling.

Proglacial
ecosystem

C H , » l e a s e

N; 0  « l e a i  e

C H i u p ta k e , 'telea
C O ; » l e a s e  

f

C O ; u p ta k e
(p h o t o s y u th p r â l»  lease

iii:
S o il n t p i i a t  ion

C H ^ p ro d u d  in
- T j

C H A p ro d u c tio n

W ater table

Svbgtacial
e c o s y s t e m

Fig. 2. Conceptual overview  of potential processes to  greenhouse gas fluxes in  subglacial 
an d  proglacial ecosystems.

3. Subglacial ecosystems

The study on subglacial ecosystems has started w ith in  the last decade and  is rapidly 
growing. At present, most investigations have focused on the basic characteristics, such as 
w ho is there (biodiversity) and how  do they obtain energy and  nutrients (metabolism). So 
far, non-photosynthetic Bacteria from  a variety of phylogenetic groups have been described 
from  subglacial environm ents (Christner et ah, 2008; H odson et ah, 2008), and as 
p sychroph ila  Archaea (Finster, 2008) and  viruses (Anesio et ah, 2007) are know n to exist in 
other cold environm ents there are high expectations of their presence in  subglacial microbial
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com munities. In addition, studies of glacial m eltw ater and basal ice have show n that 
basidiom ycetous yeasts inhabit subglacial ecosystems (Buzzini et al., 2005; Butinar et al., 
2007, 2009; de Garcia et al., 2007; Turchetti et al., 2008), and  Kornobis et al. (2010) suggest that 
endem ic groundw ater arthropods on Iceland have survived in  subglacial refugia during 
glaciations. Thus, the consortium  of m icroorganism s beneath  glaciers is not only restricted 
to  prokaryotes bu t also includes eukaryotes. In the following, w e will focus on the 
biodiversity  and metabolic processes of Bacteria as this dom ain is likely to dom inate in 
subglacial ecosystems, bu t first w e will examine the physical conditions and  ice-bed 
interface processes that define the subglacial environm ent.

3.1 Physical environm ental conditions
The subglacial zone consists of three com ponents: (1) basal ice, (2) subglacial m eltwater, and 
(3) the substratum . Basal ice is defined as ice form ed by processes occurring at the lower 
part of glaciers and ice sheets (for com prehensive reviews of basal ice, see Knight (1997) and 
H ubbard  et al. (2009)). Basal ice is generally com posed of a series of ice layers w ith  
distinctive characteristics (basal ice facies) form ed by  different processes at the ice-bed 
interface, w hich are able to incorporate significant am ounts of debris into the basal ice. The 
m ost com m on processes are regelation w here ice is form ed by pressure-m elting on the up- 
glacier side and  refreezing on the lee side of m inor bedrock obstacles; ice infiltration w here 
low porew ater pressure in  unconsolidated sedim ents allows ice to  pressure-m elt and 
refreeze into subglacial debris; and  net adfreezing w here the freezing front m igrates 
dow nw ards into w ater-saturated  subglacial debris as a consequence of heat deficit at the ice 
bed. All these processes result in  incorporation of sedim ents, solutes and  m icroorganism s 
into the basal ice. After form ation, basal ice m ay undergo m etam orphic processes w ith in  the 
ice layer, w hich cause recrystallisation of ice and  redistribution of incorporated particles. 
Basal ice is also disturbed by deform ation and th rusting  due to ice-flow extension and 
com pression stress-form ation and stress-release.
The configuration of the subglacial hydrological system  controls atm ospheric oxygen 
concentrations and, hence, redox potentials (Eh) (Tranter et al., 2005). The m ain channelized 
system  rapidly routs snow  and  ice m eltw ater from  the glacier surface th rough  the glacier 
w ith  a  residence tim e of hours to a few days. M icroorganism s inhabiting the channelized 
drainage system  and  its hyporheic zone (the channel m arginal zone) are likely to have 
access to oxygen and  other atm ospheric gasses, and a steady supply  of flushed nutrients and 
organic m aterial from  the surface during  the ablation season. A llochthonous (derived from  
adjacent environm ents) m icroorganism s originating from  supraglacial ecosystems, e.g. 
cryoconite hole habitats, are also exposed to potential in-w ash into the subglacial 
hydrological system  w here they m ust com pete w ith  autochthonous (indigenous) 
m icroorganism s, p roviding an im portant coupling betw een the tw o ecosystems (Sharp et al., 
1999; H odson et al., 2008).
The hyporheic zone defines a transition betw een the channelized drainage system  and  the 
distributed drainage system, w hich is characterized by w ater-saturated, pressurized 
conditions in  a  to rtuous slow-flowing network. W ater flow and  nutrient exchange betw een 
the channelized and  distributed systems passes the hyporheic zone, m aking it a  particular 
favorable habitat for subglacial ecosystems (Tranter et al., 2005). In the d istributed drainage 
system  oxygen is released by geotherm al or frictional m elting of bubble-containing glacier 
ice and consum ed by  microbially m ediated chemical w eathering reactions (Tranter et al.,
2002). H owever, the distributed drainage system  is alm ost isolated from  atm ospheric gasses 
and  is generally considered to b e  anoxic (e.g., Sharp et al., 1999).
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The tem perature at the ice bed is constantly close to zero degrees Celsius. There may be 
slightly higher tem peratures in  infiltrating w ater from  tributary  stream s that enter glaciers 
along the lateral ice-margins, b u t beneath  most parts of w arm -based glaciers the 
tem perature is at the pressure-m elting point (0 -  -2°C). It is impossible for light to penetrate 
the ice thickness all the w ay to the subglacial zone, prohibiting photosynthesis to take place.

3.2 Subglacial m icrobiology
Subglacial microbial com m unities have now  been described from  a num ber of glaciers 
w orldw ide. The m ain focus has been to  present total cell count num bers and phylogenetic 
analyses of 16S ribosom al DNA sequences of isolates. A short overview  is p rovided below  
and  presented in Table 1.

3.2.1 Greenland
The bottom  13 m  of basal ice from  the deep G reenland ice core (GISP2) has attracted 
significant attention as this provides a rare opportunity  to study subglacial ice sheet 
microbiology. Sheridan et al. (2003) found 6.1 x IO7 and  9.1 x IO7 cells ml-1 in  tw o duplicate 
samples, w hile Tung et al. (2006) counted about IO11 cells g-1 of sediment. Isolated anaerobic 
and  aerobic enrichm ent culture studies show  a diverse com m unity represented by  several 
major phylogenetic groups: a-, ß- and y-Proteobacteria, Thermus-Deinococcus, Bacteroides, 
Eubacterium, Clostridium, Fusobacterium and Actinobacteria (Sheridan et al., 2003; M iteva et al., 
2004; M iteva and Brenchley, 2005). The CH4  concentration in  basal ice at GRIP and GISP2 ice 
cores is m uch higher (6 , 0 0 0  and 1 2 , 0 0 0  ppm , respectively) than  atm ospheric concentrations 
(1.8 ppm ) (Tison et al., 1998; Price and  Sowers, 2004), and Tung et al. (2005, 2006) have 
detected m ethanogens that are likely to be responsible for producing excess CH 4  

concentrations. Similarly, Fe-reducers are inferred to be responsible for excess CO 2 

concentrations (Souchez et al., 1995) in  the GRIP ice core (Tung et al., 2005, 2006). At the 
G reenland lee Sheet m argin, Yde et al. (2010) found a total cell count 2.3 x IO8 cells en r 3 in 
basal ice and  sequenced a clone library dom inated by a-, ß- and  d-Proteobacteria, Bacteroidetes 
and  Firmicutes, bu t also including Actinobacteria, Acidobacteria, Gemmatimonadetes, Chloroflexi, 
Caldiserica, and  spore-formers. The presence of Fe-reducers in  the form  of Rhodoferax and 
Geobacter sequences indicates a high potential for Fe reduction, bu t lithotrophic ß- 
Proteobacteria Fe-oxidizers w ith in  the genera Gallionella and  Ferritrophicum w ere also 
identified.

3.2.2 Iceland
Microbial com m unities have been described in  tw o of the three subglacial volcanic lakes 
beneath  the Vatnajökull lee Cap. Gaidos et al. (2004) retrieved lake w ater and tephra 
sedim ents from  the G rim svötn caldera lake w ith  cell counts of 2 x IO4  cells mT1 and  4 x IO7 

cells g-1, respectively. They prim arily identified isolates affiliated w ith  ß-, y- and e- 
Proteobacteria. At w estern  Skaftá lake, Gaidos et al. (2009) exam ined anoxic bo ttom  lake 
w ater in  detail and  discovered a w ide variety of bacterial phylotypes including a-, ß-, y-, 8 - 
and  c-Proteobacteria, Thermus-Deinococcus, Bacteroidetes, Clostridium, Bacillus, Actinobacteria, 
Caldilinea, Erysipelotrichi, Gemmatimonadetes, Verrucomicrobia and Chlamydiae. In the anoxic 
bo ttom  w aters of this subglacial lake it seems that acetogenic bacteria thieve instead of 
m ethanogens. The cell counts w ere 4.7-5.7 x IO5  cells mT1.
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3.2.3 Svalbard
Subglacial sedim ents from  below  W erenskioldbreen and Torellbreen have been analyzed to 
characterize their m icrobial com m unity structures (Kastovská et a l, 2007). Viable 
cyanobacteria and  m icroalgae w ere found in  addition  to bacterial cells. Bacterial cell counts 
show ed 2.1 x IO8 cells g-1 of sediment.

3.2.4 A laska
The subglacial ecosystem  beneath  Bench Glacier has show n to include a-, ß-, y-/ ô- and  e- 
Proteobacteria, Bacteroidetes, Holophaga/Acidobacteria, and Spirochaeta (Skidmore et al., 2005). 
The clone library consisted alm ost exclusively of Proteobacteria (97% of clones) w ith  ß- 
Proteobacteria being the dom inant group (6 8 % of clones). Cell counts in  snowm elt, ice- 
m arginal and subglacial bu lk  m eltw ater and subglacial borehole w ater ranged betw een 6 . 6  x 
IO4  and 3.7 x IO5 cells ml-1.

3.2.5 Canada
John Evans Glacier on Ellesmere Island, N unavut, has the currently best-exam ined 
subglacial ecosystem. Skidmore et al. (2000) conducted aerobic and  anaerobic incubations to 
show the presence of heterotrophs, NC>3-reducers, SC>4-reducers and  m ethanogens. The 
m icrobial com m unity com prised a-, ß- and  y-Proteobacteria, Bacteroidetes, 
Holophaga/Acidobacteria, Planctomycetales, Actinobacteria and  Verrucomicrobia (Skidmore et al, 
2005), although a later study using different gene prim ers and sequence techniques only 
found ß-Proteobacteria, Bacteroidetes and  Actinobacteria (Cheng and  Foght, 2007). The 
subglacial com m unity w as different from  supraglacial and proglacial com m unities and, 
thus, appeared to be adapted  to subglacial conditions (autochthonous) rather than 
allochthonous (Bhatia et a l, 2006).

3.2.6 The European Alps
Basal ice and sedim ent at Glacier de Tsanfleuron and  subglacial m eltw ater at H aut Glacier 
d 'Arolla, Switzerland, w ere analyzed for microbiological activity by  Sharp et al. (1999). Total 
cell counts ranged betw een 9.3 x IO5 and  5.9 x IO7  cells mb1 at Glacier de Tsanfleuron and 5.3 
x IO4  and  1.8 x IO6 cells m H  at H aut Glacier d'Arolla. Incubation experim ents w ith  basal ice 
from  Glacier de Tsanfleuron revealed a considerable production  of SO42-, leading Sharp et al. 
(1999) to infer that m icrobial-m ediated sulfide oxidation enhances the oxidation rate in 
subglacial environm ents.

3.2.7 New Zealand
U nfrozen subglacial sedim ents and  basal ice w ere collected at Fox Glacier and  Franz Josef 
Glacier by  Foght et al. (2004). The total cell counts in  the sedim ent sam ples w ere 2.3 and 7.4 x 
IO6 cells g-1 sedim ent at Fox Glacier and  Franz Josef Glacier, respectively. Phylogenetic 
analyses detected a- and ß-Proteobacteria and Actinobacteria at Fox Glacier, and  a- and ß- 
Proteobacteria, Thermus-Deinococcus, Bacteroidetes, Actinobacteria and  Firmicutes at Franz Josef 
Glacier.

3.2.8 Antarctica
In Antarctica there have been microbiological investigations in  different subglacial 
environm ents at the West and  East Antarctic lee Sheets and  in  basal ice at a local glacier. At
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the West Antarctic lee sheet, unfrozen subglacial sedim ent from  beneath  Kamb lee Stream  
(formerly lee Stream  C) had  a cell abundance of 2-4 x IO5 cells g-1 w et sedim ent (corrected 
for 15 m onths storage grow th from  cell counts of 1.5-2.7 x IO7 cells g-1) and  a clone library 
represented by a- and  ß-Proteobacteria and  Actinobacteria (Lanoil et al., 2009).
At Taylor Glacier, an  outlet glacier from  the East Antarctic lee Sheet, the saline Fe-rich 
anoxic subglacial discharge called Blood Falls has been investigated for microbial 
composition. Cell counts ranged betw een 0.3 x IO4 and  7.6 x IO5 cells mb1 (Mikuchi et al., 
2004, 2009; M ikuchi and  Priscu, 2007). The clone library consists of a-, ß-, \¡-, and  8- 
Proteobacteria, Bacteroidetes and Chloroflexi (Mikuchi and  Priscu, 2007). At Victoria U pper 
Glacier, a local glacier in  the M cM urdo Dry Valleys, Klassen (2009) counted 2.7 x IO3 cells 
ml-1 in  the lowest part of the basal ice and identified a- and ß-Proteobacteria, Thermus- 
Deinococcus, Bacteroidetes, Arthrobacter, Flavobacterium, Frigoribacterium, Janthinobacterium, 
Kocuria and Microbacterium. Detailed studies of heterotrophic, aerobic Hymenobacter-\Tke 
strains (belonging to Bacteroidetes) have revealed non-vertical evolution, i.e. not by 
diversification by  descent, w ith in  this genus (Klassen and  Foght, 2011).
The potential for lacustrine ecosystems in  subglacial lakes beneath  the East Antarctic lee 
Sheet has received m uch attention (e.g. Price, 2000; Siegert et a l, 2001, 2003). At the largest of 
the subglacial lakes, Lake Vostok, an  ice core has been drilled into the accretion ice (refrozen 
lake w ater) facies above the lake. This ice contained 2-3 x IO2 cells ml-1 (Karl et al., 1999) and 
a low biodiversity com prising a- and  ß-Proteobacteria and  Actinobacteria, w hich likely 
derived from  lake w ater (Priscu et al., 1998). At present, there has not been any sam pling of 
Antarctic subglacial lakes in  order to  avoid contam ination of these pristine ecosystems.
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GIS in te rio r Z Z Z Z Z Z Z Z
GIS m a rg in Z Z Z Z Z Z Z

GL, Ice lan d Z Z Z
SL, Ice lan d Z Z Z Z Z Z Z Z z
BG, A laska Z Z Z Z Z Z z

JEG, C a n a d a Z Z Z Z Z z
FG , N e w  Z e a la n d Z Z Z
FJG, N e w  Z e a la n d Z Z Z Z Z Z

KIS, W A K Z Z Z
V U G , A n ta rc tica Z Z Z Z z

TG , E A B Z Z Z Z Z z
LV, E A B Z Z Z

Table 1. Identified Bacteria phyla in  subglacial environm ents; G reenland lee Sheet (GIS), 
G rim svötn caldera lake (GL), Skaftá subglacial lake (SL), Bench Glacier (BG), John Evans 
Glacier (JEG), Fox Glacier (FG), Franz Josef Glacier (FJG), Kamb lee Stream  (KIS) belonging 
to the West Antarctic lee Sheet, Victoria U pper Glacier (VUG), Taylor Glacier (TG) and  Lake 
Vostok accretion ice (LV) belonging to the East Antarctic lee Sheet. See references in  the text.
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3.2.9 Microbial diversity
From  this sum m ary it seems clear that lithotrophic ß-Proteobacteria dom inates the microbial 
diversity in  m any subglacial ecosystems, and a-Proteobacteria, Bacteroidetes and Actinobacteria 
are relatively com m on (Table 1). It can also be concluded that subglacial ecosystems m ay 
host a w ide variety of microbes, including aerobic and m icroaerophilic heterotrophs; 
obligate and  facultative aerobes and  anaerobes; Fe-reducers; denitrifiers; sulfate-reducers 
and  sulfur-oxidizers; homoacetogens; m ethanogens; strict psychrophiles and 
psychrotolerants; and spore-form ers and  non-spore-formers. How ever, it is notew orthy that 
while some phyla and  genera are abundant in  some subglacial environm ents, they m ay be 
rare or absent in  others (Skidmore et al., 2005). Also, the total cell counts indicate that 
subglacial sedim ents contain a higher num ber of microbial cells than  debris-poor basal ice. 
The reasons for this m ay be due to a higher area of debris surfaces w here microbes can 
metabolize, a  higher nu trient transport in  liquid w ater flow and the presence of an  initial 
preglacial microbial population  that has become glacier-covered.

3.3 Subglacial b iogeochem ical p ro ce sse s
Throughout the last decade it has becom e clear that m icroorganism s have a  strong im pact 
on m ineral w eathering rates and  biogeochemical cycling in  subglacial environm ents (Sharp 
et al., 1999). Microbial m ediation m ay increase the rate of redox reactions such as sulfide 
oxidation. W here the hydrological drainage system  is d istributed and  the w ater residence 
tim e is long, atm ospheric CO 2 and  O 2 in  m eltw ater m ay becom e exhausted (Tranter et al., 
2005). Hence, anoxia is likely to occur in  m any subglacial environm ents, and  microbially- 
p roduced CO 2 m ay be a significant driver for subglacial carbonation reactions (W adham  et 
a l, 2 0 1 0 ).

3.3.1 Organic matter
Organic m atter (OM) is a potential metabolic substrate for heterotrophic microorganisms. 
OM  is incorporated into the subglacial substra tum  w hen  glaciers advance across their 
proglacial forelands (Barker et al., 2009). The am ount of subglacial OM  is heterogeneously 
distributed and relict soils (e.g. H um lum  et al., 2005) and vegetation (e.g. K nudsen et al.,
2008) m ay be preserved in situ beneath  glaciers. For instance, du ring  the form ation of 
Pleistocene continental ice sheets such as the Laurentide lee Sheet and  the Scandinavian lee 
Sheet, boreal forests, tund ra  and  organic-rich lake sedim ents w ere overridden and  their 
organic content becam e available for subglacial oxidation reactions (W adham  et al., 2008). 
The organic carbon (OC) content can be used as a  proxy for the am ount of OM. In basal ice 
at the m argin of the G reenland lee Sheet, Yde et al. (2010) found that OC com prised 0.15 -
0.21% by m ass of the total debris content. This is in  accordance w ith  previous findings of
0.27% OC by m ass in  suspended sedim ent em anating from  K uannersuit Glacier on Disko 
Island, West G reenland (Yde et al., 2005), and indicates that OC is potentially available for 
heterotrophic m etabolism  after centuries of glacier cover (Yde et al., 2010). Even after about 
100.000 years of glacier cover, OC of 0.002% has been detected beneath  the G reenland lee 
Sheet (Tung et al., 2006). This subglacial reservoir of organic carbon m ay be m etabolized by 
m ethanogens, producing subglacial m ethane that m ay be releasing to  the atm ospheric 
(W adham  et al., 2008). We will discuss this in  m ore detail later, bu t the overall im pression is 
that organic m atter, and  particularly organic carbon, m ay be a valuable nutrient resource for 
subglacial m icroorganism s, influence biogeochemical w eathering rates and  be subglacially 
converted to greenhouse gasses.
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3.3.2 B iogeochem ical weathering
Interpretations of the chemical com position of subglacial m eltw ater often reveal 
circum stantial evidences of m icrobially-m ediated chemical w eathering reactions (Tranter et 
al., 2002; H odson et al., 2004, 2005; Skidmore et al., 2005, 2010; W ynn et al., 2006, 2007; 
W adham  et al., 2010). The exact effect of microbial activity on the total solute flux from  
glaciers have not yet been quantified because it requires very detailed know ledge on 
biodiversity and metabolic rates, biotic and  abiotic geochemical w eathering rates, subglacial 
therm odynam ic processes, hydrology, and  the tem poral and spatial fluctuations of these 
variables over the sam pling period. How ever, as m ore and  m ore inform ation becomes 
available w e are approaching a state w here realistic conceptual m odels m ay sim ulate solute 
fluxes from  glacierized catchm ents based on scenarios w ith  entirely abiotic and assum ed 
biotic geochemical reactions.

3.4 Subglacial eco sy stem  resp o n ses to clim ate ch an ge
Subglacial ecosystems m ay be sensitive to clim ate-driven environm ental changes such as (1) 
changes in  the basal therm al regime; (2) changes in  the hydrological regime; or (3) changes 
in  glacier extent. In the H igh Arctic, small glaciers m ay becom e thinner as a  consequence of 
negative net m ass balances during  a w arm ing climate. This m ay change their basal therm al 
regim es from  polytherm al or tem perate to cold-based because the isolation effects of a 
thinner glacier cover are unable to keep the basal tem perature at the pressure m elting point. 
This will term inate the d istributed drainage regim e and thereby reduce the accessibility of 
w ater-transported  nutrient supply to the subglacial com munities. Changes in  liquid and 
solid precipitation, the m agnitude and frequency of precipitation events, and  contribution 
from  ice m elt m ay also affect the hydrological regim e and supply of nutrients to  subglacial 
habitats. Unfortunately, w e know  little about how  subglacial ecosystems will respond to 
these changes due to the inaccessibility of the glacier bed. It is, how ever, easier to study how 
atm ospherically-exposed subglacial com m unities change following glacier recession. This 
will be discussed in  the following section.

4. Proglacial ecosystems

Proglacial landscapes consist of a variety of landform s such as glaciofluvial outw ash plains, 
m oraine systems, till and  dead-ice deposits, bedrock exposures, proglacial lakes and rivers. 
These landform s host different form s of life that either origin from  the subglacial 
com m unities or later settlem ent of pioneering species. Hence, the proglacial landscape 
allows us to  study how  the microbial consortium  changes from  being dom inated by 
subglacial structures to gradually adap t to proglacial environm ental conditions. It also 
allows us to examine how  colonizers and  soil developm ent processes affect biogeochemical 
processes and  GHG fluxes over time.
The transition from  subglacial to proglacial ecosystem  is closely linked to climate w arm ing 
via the dynam ic response of glaciers. W hen the ecosystem  has becom e proglacial its 
adaption  rate is prim arily controlled by the tim e since exposure (e.g. Barcena et al., 2010). 
Similar non-glacial processes are well know n in the proglacial area after the w ithdraw al of 
glaciers and  are generally in  geological literature referred to as paraglacial processes 
(Church and  Ryder, 1972). An interesting challenge is to  assess and  quantify the climatic 
feedback due to net microbiologically-driven changes in  CO 2, CH4  and  N 2O fluxes. To date, 
w e have lim ited know ledge on how  proglacial ecosystems respond to climate change, but
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research on proglacial ecosystems is rapidly grow ing and w e start to get an  im pression of 
m icrobial diversity and biogeochemical processes from  a num ber of proglacial sites 
w orldwide.
In the following, w e focus on proglacial ecosystems, w here bacterial diversity and 
biogeochemical processes have been exam ined along deglaciation gradients. How ever, it 
m ust be em phasized that changes in  proglacial microbial com m unities cannot be isolated 
from  effects of pioneering plants (Tscherko et al., 2003; Miniaci et al., 2007) and  soil 
invertebrates (Doblas-M iranda et al., 2008), bu t at present there is little know ledge on the 
coupling betw een invasive eukaryotes and m icrobial processes (Bernasconi et al., 2008).

4.1 Glacier forefields
The term  glacier forefields generally refers to new ly-form ed landscapes in front of glaciers 
that recently have been exposed after glacier retreat (M atthews, 1992). Glacier forefields 
often provide excellent opportunities to  study tem poral and  spatial variations along a 
chronological deglaciation transect, referred to as a chronosequence. The glacial recession 
history since the term ination of the Little lee Age can be reconstructed from  old m aps and 
expedition accounts, aerial photos and  satellite imagery. This allows a quantitative 
assessm ent of the ecological variations of prim ary successional com m unities betw een 
sam pling sites along transects as a consequence of tim e since deglaciation, w ithout needing 
long-term  observations from  the same sites.

4.1.1 Microbial com m unity structures
It is now  generally believed that the initial stage after deglaciation is dom inated by a 
developm ent in  heterotrophic com m unities, w hich decom pose allochthonous organic 
carbon deposits previously overridden by glacier advance (Tscherko et al., 2003; Bardgett et 
al., 2007). This is followed by increased fixation of carbon by  autotrophs that bu ild-up  an 
organic carbon pool, w hich sustains the heterotrophic com m unity w hen  the ancient organic 
carbon pool is exhausted (Bardgett et al., 2007). The low availability of carbon and nitrogen 
is likely to  be lim iting factors in  the early deglaciation stage (Yoshitake et al., 2007), bu t as 
the proglacial ecosystem  ages the nitrogen pool increases, probably due to fixation of 
nitrogen by a grow ing com m unity of nitrogen-fixing bacteria such as Cyanobacteria 
(Nem ergut et al., 2007). Also, a  m olecular study by Kandeler et al. (2006) has show n changes 
in  gene com position and  abundance of the denitrifying com m unity along a chronosequence. 
This could indicate a coupling betw een nitrogen fixers and denitrifiers, how ever this needs 
to  be confirm ed by further studies.
Little is know n about the sulfur cycle in  glacier forefields. Schmalenberger and  Noll (2010) 
found a surprisingly high diversity of desulfonating Bacteria in  young proglacial ecosystems 
at D am m a Gletscher, Switzerland, indicating that atm ospheric deposition or glacier-derived 
particles m ay inoculate glacier forefields. Also, the com m unity structure of desulfonating 
genetic phylotypes varied along the chronosequence, suggesting that the desulfonating 
com m unities change w ith  age based on their affiliation w ith  p lant host rhizospheres 
(Schmalenberger and  Noll, 2010).
The potential role of glacier forefields as either CH 4  sinks or sources is very interesting in 
context to proglacial ecosystem responses to climate change. A study by  Bárcena et al. (2010) 
has show n CH4  production in  young deglaciated sediments, in  accordance w ith  the 
m ethanogenesis observed in  subglacial ecosystems (W adham  et al., 2008). How ever, the 
m icrobial com m unity changes from  net m ethanogenic to net m ethanotrophic as a function
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of tim e since déglaciation (Bárcena et ah, 2010). The highest CH 4  consum ption rate of 0.76 
pgcH4 h_1 n r 2 w as m easured at the top of the Little lee Age m oraine (Bárcena et al., 2010), 
w here incubation experim ents at 10°C and 22°C show ed atm ospheric CH4  rates of 1.2 and 
2.1 nm ol CH4  d a y 1 g-1 sedim ent, respectively (Bárcena et al., 2011). Similar to the denitrifying 
and  desulfonating com m unity studies, the high-affinity m ethanotrophic diversity also 
changes along the chronosequence, show ing the highest diversity at the oldest sites.
Total cell counts in  proglacial ecosystems have been conducted at a num ber of sites. At 
D am m a Gletscher chronosequence the total cell count increased from  8.2 x IO7 to 1.5 x IO9 

cells g-1 sedim ent (youngest to oldest), w hereas at near Rotfirn Gletscher, Switzerland, the 
total cell count increased from  1.1 x IO8 to 1.9 x IO9 cells g-1 sedim ent (Sigler and Zeyer, 2002). 
The m agnitude of about 1 x IO8 cells g-1 sedim ent is confirm ed by total cell counts from  six 
Swiss glacier forefields, including D am m a Gletscher (Lazzaro et al., 2009). At five glacier 
forefields near Ny-A lesund, Svalbard, the m ean total cell count w as 6.5 x IO7 cells g-1 

(Kastovská et al., 2005), and at P indari Glacier in  the H im alayas it ranged betw een 2.2 and 
8.7 x IO8 cells g-1 sedim ent (Shivaji et al., 2011). Based on these studies, the m agnitude range 
of proglacial com m unities is w ith in  1 0 7-1 0 9 cells g-1 sediment.

4.1.2 Soil developm ent
Several studies on glacier forefield ecology have m ainly focused on processes involving the 
establishm ent and  developm ent of soils after a glacier's recession (Cooper, 1923; Field, 1947; 
Crocker and  M ayor, 1955; Evans, 1999; H odkinson et ah, 2003; Egli et ah, 2006; H e and  Tang, 
2007; Breen and  Lévesque, 2008; M oreau et ah, 2008; Schmidt et ah, 2008; Strauss et ah, 2009), 
m ostly based on approaches regarding plant colonization patterns and  changes in  soil 
properties along a chronosequence.
D uring the last decade, interest in  microbial processes taking place in  proglacial areas has 
increased due to the essential role of microbiology in  nu trient cycling (Sigler et ah, 2002; 
Bekku et ah, 2004; Kastovská et ah, 2005; Kandeler et ah, 2006; Bardgett et ah, 2007; H äm m erli 
et ah, 2007; Lazzaro et ah, 2009; Schütte et ah, 2010). The study of soil developm ent is critical 
in  glacier forefield ecology research. Pedological inform ation m ay elucidate im portant 
aspects of a  chronosequence such as age of glacial and  glaciofluvial deposits and  define 
successional patterns that determ ine the m aturity  of different zones in  a forefield. In the 
early stage after deglaciation, soils are m erely disorganized accum ulations of m oraine debris 
w hose significant properties show no regular variation w ith  depth. W ith the deposition of 
the stranded glacial till in  a  stable position, climate and  vegetation begin  to m odify the soils, 
and  to im part them  other characteristics (Crocker and  M ayor, 1955). Nevertheless, it is 
essential to address the role of m icroorganism s in  soils from  early after deglaciation, since 
inputs of nutrients and  organic m atter during  ecosystem  developm ent are assum ed to be 
dom inated by microbial carbon and  nitrogen fixation (Schmidt, 2008).
Soil form ation on glacier forelands has bo th  autogenic (endogenous) and  allogenic 
(exogenous) com ponents. The autogenic com ponent refers to biotic driven variations; while 
allogenic refers to changes driven by external environm ental factors. Soils in these types of 
environm ents are characteristic for being developed on relatively coarse-textured till 
m aterial (e.g. Bárcena et ah, 2011) and the im print from  parent m aterial is highly significant, 
especially in  early stages after glacial recession.

4.1.3 Proglacial eco sy stem  resp o n ses to clim ate ch an ge
Proglacial ecosystems are likely to be affected by clim ate-driven environm ental changes in 
sedim ent tem perature and m oisture. The transition from  subglacial to  proglacial ecosystem
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is of particular interest since it m ay involve significant changes in  net GHG sinks and 
sources. The study by  Bárcena et al. (2010) indicates a rap id  change from  a subglacial 
m ethanogenic com m unity to  a  m ethanotrophic com m unity in new ly-exposed deglaciated 
areas. This change is unlikely to have any effect on global climate as the CH 4 consum ption 
rates are low  com pared to other CH4  fluxes, bu t it has a significant ecological im pact on 
these cold ecosystems. Future studies should also include investigations of CO 2, CH4  and 
N 2O flux rates along chronosequences.

5. Conclusion

Both subglacial and proglacial ecosystems are likely to be affected by climate-forcing 
environm ental changes. In subglacial environm ents m icroorganism s are sensitive to changes 
in  the basal therm al regime, in  the hydrological regim e, and in  glacier extent. The transition 
from  subglacial to proglacial ecosystem  due to glacier recession is of particular interest 
because studies indicate a climatic feedback response in  the form  of rap id  changes from  
subglacial m ethanogenic com m unities to m ethanotrophic com m unities in  deglaciated areas. 
In proglacial environm ents the rate of soil developm ent is linked to climate change, and 
proglacial chronosequence studies have show n to provide essential assessm ents of how 
m icrobial com m unities change as a function of tim e since deglaciated.
At present w e know  very little about these harsh  glacial ecosystems. Therefore, initial 
research efforts have attem pted to provide qualitative and quantitative data on microbial 
biodiversity and  abundance, m icrobial-m ediated geochemical w eathering processes, and 
prim ary succession rates. A review  of current literature on subglacial biodiversity shows 
that lithotrophic ß-Proteobacteria dom inates the microbial diversity in  m any subglacial 
ecosystems, and a-Proteobacteria, Bacteroidetes and Actinobacteria are relatively common. 
H owever, it is clear that subglacial ecosystems host a w ide variety of microbes, including 
aerobic and  m icroaerophilic heterotrophs; obligate and  facultative aerobes and anaerobes; 
Fe-reducers; denitrifiers; sulfate-reducers and sulfur-oxidizers; homoacetogens;
m ethanogens; strict psychrophiles and  psychrotolerants; and spore-form ers and  non-spore- 
formers.
This research topic is under rap id  developm ent, and  fu ture research will give m ore detailed 
inform ation on the linkages betw een biodiversity, environm ental conditions and 
biogeochemical processes. Especially, m ore research on ecological changes during  transition 
from  subglacial to proglacial ecosystems is needed in order to understand  how  the climatic 
feedback mechanism s of these ecosystems. So far, focus has been on C F I4 fluxes, bu t future 
studies should also include investigations of CO 2 and  N 2O flux rates.
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Why Do We Expect Glacier Melting to Increase 
Under Global Warming?
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1. Introduction

M edia stories about global w arm ing alm ost always m ention "m elting glaciers" and their 
effects upon  global sealevel. The reader m ight therefore ask w hy the title of this chapter 
includes a  question mark. It m ay seem  blindingly obvious that global w arm ing will cause a 
rise in  global sealevel w ith  a  substantial contribution from  m elting glaciers, bu t the reasons 
are less obvious despite the copious literature. For example, the IPCC assessm ent reports 
1991,1996, 2001 and  2007 all include m any references to published papers on glaciers (IPCC, 
2011). These are adm irable sum m aries of who has said what, or who has done what, bu t they 
do not explain why. My purpose for the present chapter is to provide a clear narrative on 
why w e expect glacier m elting to increase w ith  any change in  tem perature, w hether due to 
global w arm ing or to natural fluctuations. By its very nature, the why of increased glacier 
m elting m ust also answ er the question of how much extra melting?
A sim ple and  direct relation betw een glacier m elt and air tem perature has not always been 
as self-evident as it m ay appear today. For example, H oinkes (1955) wrote: In recent years 
many authors, on the basis of careful studies, have come to the conclusion that summer temperature is 
to be regarded as the most important factor influencing the behaviour o f glaciers and he quotes four 
references to support this statem ent, to  w hich I could ad d  m any more. H oinkes (1955) then 
goes on to say: This result is not in contradiction to the results o f the measurements which are given 
here (according to which radiation is the main source o f energy for the ablation o f the alpine glaciers) 
so long as it is not combined with the idea that the greater heat exchange from air to ice during a hot 
summer is sufficient to account for the greater ablation. Braithwaite (1981) discusses the fallacy 
beh ind  this statem ent from  H oinkes (1955) that seems to conflate large average values of 
radiative energy w ith  large variations in  m elt energy. The present chapter dem onstrates 
em pirically that higher m elt is associated w ith  higher air tem perature. I do this in  three 
stages: (1) correlating daily melt w ith  daily air tem perature for some Arctic a n d /o r  
G reenland locations, (2) linking the results to the w ider literature on the degree-m ethod, and 
(3) show ing that recent changes in glacier m ass balance in the Alps are consistent w ith  
higher air tem peratures in  and around the Alps. I refer the reader to K uhn (1979), 
Braithwaite (1980 and 1981), Am bach (1988), Braithwaite and Olesen (1990a and  1990b) and 
Braithwaite (1995) for the theoretical interpretation of the m elt-tem perature relation in  term s 
of the energy balance at the glacier surface.
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2. Short-term variations in glacier melt

I start the narrative by considering studies of short-term  variations in  glacier m elt that w ere 
m ade in  Arctic C anada (1960-63), South G reenland (1979-83), W est G reenland (1980-86) and 
N orth  G reenland (1993-94). See Fig. 1 and  Table 1 for locations and periods. The high arctic 
bias of the m easurem ents should be obvious w ith  four of the six sites being in  the region of 
year-round sea ice cover leading to  a  relatively dry continental climate (Braithwaite, 2005).

Fig. 1. Locations of the six sites in  the present study. (1) is W hite Glacier, Axel Heiberg 
Island, (2) is Sverdrup Glacier, Devon Island, (3) is Nordbogletscher, South G reenland, (4) is 
Q am anârssûp sermia, West G reenland, (5) is K ronprins Christians Land, N orth  G reenland, 
and  (6 ) is H ans Tavsen lee Cap, N orth  Greenland.

The data consist of daily, or nearly daily, m easurem ents m ade on stakes drilled into the ice 
near to a climate station, yielding a continuous record of air tem perature m easurem ents 
m ade 1.5-2 m  above the surface, located on or very near the glacier. As a technical point, I 
should say that the stake m easurem ents strictly refer to  ice ablation, i.e. m aterial lost by  the 
glacier surface, rather than  melt in  the strict sense. How ever, the difference betw een ablation 
and  m elt is small in  mass-balance term s under the conditions considered, i.e. w ith  relatively 
small sublim ation, condensation or re-freezing, and  is negligible com pared w ith  stake 
m easurem ent errors. You can therefore treat ablation and m elt as alm ost synonym ous for 
the present chapter bu t I will use the term  ablation w hen  referring to  m easurem ents m ade 
w ith  stakes drilled into the ice.
Braithwaite (1981) analysed the data from  Arctic C anada (see Section 2.1) and concluded 
that there w as a useful relation betw een ice ablation and air tem perature. W hen Braithwaite 
joined the staff of the Geological Survey of G reenland (GGU) in  1979, he persuaded  
colleagues Poul Clem ent and  Ole B. O lesen to ad d  daily ablation m easurem ents to routine 
program m es at N ordbogletscher and Q am anârssûp sermia, see Sections 2.2 and  2.3 below.
In 1993 and  1994 Braithwaite w as able to make relatively short visits to N orth  G reenland 
(see Section 2.4), w hich is norm ally difficult to access, and  gave high priority  to daily 
m easurem ents of ablation as part of energy balance studies (Braithwaite et al, 1998a and 
1998b).
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Latitude 
(° N)

Longitude 
(° W)

A ltitude 
(m a.s.l.)

Periods 

July-August 1960
79 91 2 0 0 June-A ugust 1961 

July 1962

76 83 300 July-August 1963

61 45 880
June-August 1979- 

1983

64 49 790
June-August 1980- 

1986

80 24 380 July 1993

83 36 540 July-August 1994

Site

1). W hite Glacier, Axel 
Heiberg Island

2). Sverdrup Glacier, Devon 
Island
3). Nordbogletscher, South 
Greenland
4). Q am anârssûp sermia,
West G reenland
5). K ronprins Christians 
Land, N orth  Greenland
6 ). H ans Tavsen lee Cap,
N orth  Greenland

Table 1. Locations of the sites used for this study.

For this chapter, w e represent the relation betw een daily ablation at and  daily m ean 
tem perature Tt by  the sim ple linear equation below:

at = a + ß.Tt + et (1)

The subscript f denotes the day of record and et represents the error in  the equation. If we 
have a series of m easurem ents for at and Tt covering N  days, w e can evaluate the intercept a 
and  slope ß param eters using the w ell-know n least-square algorithm  of linear regression, 
available in  m any com puter data  packages. According to this, a and  ß param eter values are 
chosen to m inim ise the variance of the error term  et. The square root of the error variance,
i.e. standard  deviation of the error term , is often called the root m ean square error, or RMSE. 
If the RMSE is relatively small com pared w ith  the fluctuating values of ablation w e can say 
that air tem perature is a good predictor of ablation. Alternatively, the correlation coefficient 
associated w ith  the regression equation (1 ) should be relatively high.
We can regard  a  series of parallel ablation and tem perature data for N  days as a statistical 
sample. We cannot expect to  find the same a and  ß values for different sam ples although w e 
m ight hope that they will be similar to  each other. For the study of the ablation-tem perature 
relationship, the hypotheses are (1 ) the correlation coefficient should be relatively high (or 
the RMSE should be relatively low) for the sam ple in  question, and  (2) the a param eters 
from  different sam ples should be similar if not identical, and same should hold for the ß 
param eters. The proposed ablation-tem perature relation w ould  be useful if bo th  (1) and (2) 
w ere true such that w e could accurately calculate glacier ablation for situations w here it is 
not m easured.

2.1 Arctic Canada
I took the data from  the w ork  of Fritz M üller (1926-80) and  his colleagues, w orking on W hite 
Glacier, (Axel Heiberg Island, NWT, Canada) and  Sverdrup Glacier (Devon Island, NWT, 
Canada). M üller and Keeler (1969) discuss the accurate m easurem ent of daily, or nearly 
daily, ablation in  connection w ith  studies of energy balance at the glacier surface. Their 
ablation m easurem ents involved attem pts to m easure accurately bo th  the low ering of the
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glacier surface by m ass loss and  the loss of m aterial from  w ith in  the surface layer, i.e. 
changes in  effective density of the surface material. The form ation of a  low-density 
"w eathering crust" and  its decay a few hours, or even a few days, later depends upon the 
w eather conditions. For example, selective absorption of global radiation  around  grain 
boundaries or dirt particles, e.g. on relatively sunny days, leads to form ation of the 
w eathering crust such that m ore ice ablates than is indicated by the m easurem ent of surface 
lowering. The w eathering crust disappears w hen  sto rm y / overcast w eather follows sunny 
weather: m easurem ent of surface low ering then overestim ate the am ount of ablation. Figs 1 
to  3 in  M üller and Keeler (1969) nicely illustrate these processes.
For the regression analyses underly ing Table 2, M üller and Keeler (1969) give the daily 
ablation for W hite Glacier 1961 and  1962, and for Sverdup Glacier 1963, and  I extracted daily 
ablation for W hite Glacier 1960 from  A ndrew s (1964). I found the corresponding air 
tem perature data in  A ndrew s (1964), M üller and Roskin-Sharlin (1967), H aven et al (1965) 
and  Keeler (1964). Fritz M üller and  colleagues set an  adm irable standard  in  docum enting 
their w ork by  providing extensive tables of data for possible use by  later researchers.

Location Year M onth a ß Days P RMSE
(mm d_1) (m m  d-i K-i) (mm d -1

W hite Gl. 1960 Periods 4 5.67 16 0.67 ±13
W hite Gl. 1961 June 7 3.74 14 0.37 +7
W hite Gl. 1961 July 6 4.64 31 0.75 + 8

W hite Gl. 1961 Au& -13 8.51 18 0.77 ±16
W hite Gl. 1962 Periods -3 7.89 1 1 0.84 ± 1 1

Sverdrup Gl. 1963 July 1 0 2.18 23 0 . 2 0 ±15
Sverdrup Gl. 1963 Aug. M 10.36 1 0 0.89 ± 2

Com bined 1 6.13 123 0.74 ±13

Table 2. Regression equation linking daily ablation and  tem perature for tw o sites in  Arctic 
Canada.

Correlation coefficients betw een daily ablation and daily m ean tem perature (Table 2) are 
generally reasonably high, i.e. greater than  the 0.71 that corresponds to "explanation" of 
50% of the ablation variance. How ever, depending on the w ay in  w hich the sam ples are 
sub-divided, low correlations p can also occur, e.g. for 14 days in  June 1961 for W hite Glacier 
and  for 23 days in  July 1963 at Sverdrup Glacier. In these cases, the low correlation 
coefficients coincide w ith  relatively large values of intercept a  and low  values of slope ß. 
This phenom enon is a p roperty  of regression lines that tend to the horizontal as correlation 
coefficients tend to zero. The low  values of correlation coefficients for these periods could 
reflect excessive m easurem ent errors in  the ablation data  or a real lack of 
tem perature-dependence in  the energy balance for these periods. I will explore this issue in 
future work.
I am  reluctant to calculate confidence intervals for the a , ß and p param eters for the small 
sam ples in  Table 2 as the background theory assum es that the et should be purely random . 
This is probably not the case for various reasons, e.g. serial correlation of m easurem ent 
errors and persistence of certain w eather types over m any days. The solution is to pool all 
the data into a single regression equation. This produces a  larger sam ple of 123 days, w hich 
should be m ore reliable from  the statistical point of view, bu t suppresses any real 
differences betw een the individual series. The bo ttom  line in  Table 2 shows the param eters
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for this com bined sam ple that represent a rough average of the individual samples. The 
underly ing p attern  is a small positive intercept (1 m m  d_1) and a slope of about 6  m m  d_1 K_1.

2.2 N ordbogletscher, South Greenland
The ablation data from  Arctic C anada (Section 2.1) involve m easurem ents of surface 
low ering together w ith  attem pts to m easure density changes w ith in  the glacier surface. 
M üller and Keeler (1969) fully discuss the latter b u t the m easurem ents seem  very tedious to 
m ake and are probably not very reliable. We therefore decided to  concentrate solely on 
m easurem ents of surface low ering at N ordbogletscher and Q am anârssûp sermia, and to 
treat variations in  surface density as an unavoidable error.

Year M onth a ß Days P RMSE
(m m  d_1) (m m  d-i K-i) (mm d_1

1979 July 15 4.53 31 0.48 ± 2 1

Aug. 1 0 4.64 30 0.60 ±13
1980 June 4 7.58 30 0.81 ±14

July 13 4.74 31 0.57 ±9
Aug. 15 2.13 31 0.23 ±14

1981 June 1 0 6.38 29 0.78 ±14
July 1 6 . 8 6 31 0.75 ±16
Aug. 1 5.02 31 0.83 ± 8

1982 June 14 5.54 30 0.82 ±9
July 6 6.38 31 0.70 ± 1 0

Aug. 6 6.36 31 0.83 ± 1 0

1983 June 4 6.38 30 0.80 ± 1 2

July 8 5.07 28 0 . 8 6 ±9
Aug. 8 5.22 31 0.85 ± 1 0

Com bined 7 5.68 425 0.74 ±13

Table 3. Regression equation linking daily ablation and  tem perature at Nordbogletscher, 
South Greenland.

The field team  m ade the ablation m easurem ents at N ordbogletscher on one stake close to 
the edge of the ice and  w e take the tem perature data from  the nearby base camp. Air 
tem perature above the m elting point generally decreases as one proceeds onto a glacier 
(Braithwaite, 1980: Braithwaite et al., 2002) bu t the present m easurem ent site is close enough 
to the ice edge not to show such "cooling effect". Ablation w as m easured every day in  early 
evening, w hile tem perature data  refer to a 24-hour day in  local time. This difference in 
tim ing introduces an  extra small error into the m elt-tem perature correlation.
Once again, as in  Table 2, correlation coefficients betw een daily ablation and  daily m ean 
tem perature for Nordbogletscher (Table 3) are generally reasonably high, e.g. 0.70 to 0.86, 
bu t there are also periods w ith  low  correlations 0.23, 0.48, 0.57 and  0.60. The latter values are 
associated w ith  relatively high intercept (10-15 m m  d_1) and  low slope values (2.13 to 4.74 
m m  d -1 K'1) as in  Table 2. H owever, a high intercept (14 m m  d_1) also occur in  June 1982 w ith  
a high correlation (0.82) w hen  the slope is not especially low  (5.54 m m  d -1 K_1).
The com bined sam ple for all data, covering a total of 425 days, shows a slightly higher 
positive intercept (7 m m  d_1) and  similar slope (about 6  m m  d_1 K_1 ) com pared to the Arctic 
C anada results in  Table 2. It is interesting that the respective com bined sam ples for Arctic
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C anada and  for N ordbogletscher show identical root-m ean square errors (+13 m m  d+) 
despite not m easuring variations in  surface density at the latter site.

2.3 Qam anârssûp sermia, W est Greenland
The ablation m easurem ents at Q am anârssûp serm ia w ere m ade on three stakes, w ith in  a 
few m etres of each other and  close to  the edge of the ice w hile tem perature data  are taken 
from  the nearby base camp. The results from  Q am anârssûp serm ia (Table 4) show generally 
sim ilar patterns to the other sites (Tables 2 and 3). There are some high correlations (0.70 to
0.95) bu t also some low correlations (0.43 to 0.60). Both intercept a  and slope ß seem  more 
variable than  in  the previous cases although the com bined sam ple shows a small positive 
intercept (3 m m  d_1) w ith  only a slightly higher slope of about 8  m m  d _1 K_1.

Year M onth a ß Days P RMSE
(m m  d+) (m m  d-i K-i) (mm d+

1980 June 2 7.35 1 0 0.95 +9
July - 6 7.70 28 0.49 ±19
Aug. - 2 0 10.34 23 0.79 ± 1 2

1981 June 4 7.24 26 0.85 ±13
July -19 10.99 28 0.72 ±23
Aug. 4 6.09 31 0.76 ±14

1982 June 6 6.13 17 0.74 ±13
July 0 8 . 8 8 27 0.81 ±13
Aug. 2 8.90 29 0.87 ±16

1983 June 9 7.85 25 0.82 ±18
July 5 8.54 25 0.70 ±24
Aug. 7 6.87 29 0.70 ±17

1984 June 9 4.76 2 1 0.58 ±16
July - 1 0 9.60 23 0.75 ± 2 0

Aug. -5 9.32 26 0.77 ±17
1985 June 2 9.76 2 2 0.80 ± 2 0

July 2 1 4.96 23 0.43 ±16
Aug. 9 6.61 25 0.76 ±15

1986 June 1 0 4.74 27 0.60 ± 2 0

July -7 9.12 31 0.78 ±18
Aug. J 9.32 28 0.80 ±19

Com bined 3 7.68 524 0.78 ±18

Table 4. Regression equation linking daily ablation and  tem perature at Q am anârssûp 
sermia, West Greenland.

We had  expected that m easuring ablation at three stakes and  averaging the results w ould  
give us slightly m ore accurate data than  at N ordbogletscher w here w e used only one stake. 
It is, therefore, rather d isappointing that the root-m ean square error at Q am anârssûp serm ia 
is actually slightly higher than  at Nordbogletscher, i.e. +18 com pared w ith  +13 m m  d_1.

2.4 North Greenland
The ablation m easurem ents in  K ron Prins Christians Land (KPCL) and H ans Tavsen lee Cap 
(HTIC) w ere m ade on 10 stakes, and  air tem perature data w ere taken from  a station a few
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m etres from  the stakes. The m arch of m odern  technology w as m arked by the fact that the 
tem perature data w ere recorded on a digital data  logger w hile earlier studies used data 
from  therm ographs checked by  m anual readings of mercury-in-glass therm om eters.
The results from  N orth  G reenland show  very low negative intercept and high slope in one 
case and small positive intercept w ith  relatively low slope in  the other case. W hen the tw o 
sam ples are pooled, the overall pattern  is for a small positive intercept (3 m m  d+) and a 
slope of about 7 m m  d_1 K_1.

Location Year M onth a ß Days P RMSE
(m m  d+) (m m  d-i K-i) (mm d+

KPCL 1993 July -14 13.27 2 0 0.76 + 6

HTIC 1994 July-Aug. 3 5.20 35 0 . 8 8 ± 6

Com bined 3 6.95 55 0.78 + 1 0

Table 5. Regression equation linking daily ablation and  m ean tem perature for tw o sites in 
N orth  Greenland.

We had  expected that m easuring ablation at ten stakes and averaging the results w ou ld  give 
us m ore accurate data than  at Nordbogletscher and  Q am anârssûp sermia, and  the 
root-m ean square error is indeed slightly low er than  in the previous cases, i.e. only + 1 0  m m  
d_1 for the com bined sample. M ore w orrying is that the 10-stake m easurem ents show that 
ablation varies by  about +1 0 % of m ean ablation w ith in  a few metres, probably due to  micro­
scale variations in  albedo (Konzelmann and  Braithwaite, 1995: Braithwaite et al., 1998b). 
This implies a +10% error in  any quantity  calculated from  stake m easurem ents, including 
degree-day factors (see below).

2.5 Ablation-temperature correlation
The daily m easurem ents of ablation in  the four cases, covering a total of 1,127 days, show 
reasonably high correlations (0.74, 0.74, 0.78 and  0.78) such that air tem perature variations 
explain slightly m ore than  50% of daily ablation variations. Errors in  the m easurem ents 
probably account for quite a sizeable percentage of the unexplained variance. The intercepts 
in  the regression lines are slightly positive (1 to 7 m m  d+) and  the slopes are about 6  to  8  

m m  d+ K' 1 in  round  figures.
For readers w ho prefer graphs to num bers, Fig. 2 shows plots of ablation versus 
tem perature for the four cases. Overall, the ablation-tem perature relations are rem arkable 
consistent despite differences in  geographical setting from  61 to 83 °N. The occurrence of 
some negative ablation values in  Figs 2b and 2c are clear signs of m easurem ent errors as 
ablation should never be less than  zero. The 95% confidence intervals around  the regression 
lines give an  im pression of possible sam pling errors in  the regression lines. In the following 
section, I try  to generalize this overall relation and  com pare it to  results from  other areas. 
H owever, I do intend in  future to look at the energy balance variations betw een the different 
periods in  Tables 2 to 5 to see if I can explain the apparen t anom alies of low or h igh slope in 
the ablation-tem perature regression equations.
The daily ablation m easurem ents w ere very laborious to  m ake as they involved m anual 
m easurem ents by  hum an operators every day. This m eant that fieldworkers had  to live for 
m any w eeks on, or near, the glaciers. This probably explains w hy nobody has attem pted to 
replicate the m easurem ents elsewhere, e.g. in Svalbard. If w e are realistic, w e have to agree 
that glaciologists m ay never again spend such long continuous periods in the field although
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new  technology m ay allow unattended  ablation m easurem ents over periods of m any 
m onths (Boggild et al, 2004: H ulth, 2011). One purpose in  w riting  this chapter is to  m otivate 
others to m ake sim ilar ablation m easurem ents in  key areas.
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Fig. 2. Daily ablation versus daily m ean tem perature for: (a) Arctic Canada, (b) South 
G reenland, (c) West G reenland and (d) N orth  Greenland.

3. Ablation and degree-day total

The intercept a  in  equation (1) represents the ablation that occurs w hen  daily m ean 
tem perature equals 0 °C. O ur statistical analysis shows that a  is generally positive bu t quite
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small, i.e. there is relatively little ablation w hen  daily m ean air tem perature is at 0 °C or 
below. M elt m ay occur at low  tem perature if energy from  global radiation is high enough to 
supply  m elt energy as well as m aintaining a heat flux from  the glacier surface to the 
overlying atm osphere (Ohm ura, 1981: Kuhn, 1987). H owever, another explanation lies in  the 
choice of daily m ean tem perature as our independent variable. For example, air tem perature 
m ay be above the m elting point for part of the day w ith  substantial ablation even if the daily 
m ean tem perature is at or below  the freezing point (Arnold and  MacKay, 1964). We can 
overcome this problem  by only considering air tem peratures that are above the m elting 
point. This leads to the degree-day approach, w hereby m elt during  any period is assum ed 
proportional to the sum  of positive tem peratures during  the same period. The approach is 
well established in  hydrology (De W alle and Rango, 2008).

3.1 Degree-day model
W ith m odern data loggers, the sum  of positive tem peratures during any period can be 
achieved simply by adding successive hourly values and dividing the total by 24. Data at 
Nordbogletscher and Qam anârssûp sermia were collected by therm ographs, w hich are now 
obsolete, supplem ented by readings of m axim um  and m inim um  tem peratures by  mercury-in- 
glass thermometers. A reasonable estimate of the positive degree-day total for each day at 
these stations can be achieved as the sum  of positive values of daily m ean tem perature 
(counted twice), daily m axim um  and daily m inim um  tem peratures, and dividing the resulting 
daily sum  by  4. Calculated in this way, the positive degree-day total is identical to daily m ean 
tem perature for high tem peratures and zero for low temperatures. There is an intermediate 
region w here daily degree-day total is already positive while daily m ean tem perature is 
negative. The extent of this interm ediate region is determ ined by the daily tem perature range.
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Fig. 3. 5-day averages of ablation an d  daily degree-day total a t Q am anârssûp sermia, West 
Greenland.

There is a  relatively good correlation betw een  ablation an d  daily degree-day total at 
Q am anârssûp sermia, as calculated above, b u t the correlation is not m uch better than  that 
betw een ablation an d  daily m ean tem perature (Fig. 2c). The apparently  negative values of 
ablation in  Fig. 2c are clear evidence of m easurem ent errors as ablation cannot be less than
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zero if accurately m easured. There are similar values for N ordbogletscher (not shown). 
Braithwaite et al (1998b) avoided sim ilar situations for N orth  G reenland data by  an  objective 
m ethod of screening gross errors, e.g. due to sim ple m isreading of the m easurem ent scale by 
several centimetres. However, for technical reasons, I cannot apply  the same m ethod 
retrospectively to the Nordbogletscher and  Q am anârssûp serm ia data.
As an  alternative, I applied  5-day averaging to bo th  daily ablation and daily degree-day 
total to see if this im proves the correlation, w hich is obviously the case (Fig. 3). A particular 
type of m easurem ent errors, involving a gross m isreading on one visit to the stake, will 
affect ablation data for that day and the following day, and the averaging should eliminates 
this error if the tw o data points happen  to fall w ith in  the same 5-day "w indow " for 
averaging. For this, or other reasons, there are no spurious negative values of ablation in  Fig. 
3. Krenke and Khodakov (1966) com m ented on a similar im provem ent in  ablation 
m easurem ents m ade over a few days. The results from  N ordbogletscher are sim ilar b u t I 
omit the graphs in  the interests of conciseness.

3.2 Degree-day factor
Scatter plots like Fig. 3 dem onstrate the validity of the degree-day approach for situations 
w here daily ablation readings are available. This is not often the case. M ore commonly, 
w orkers visit the glacier at intervals of w eeks or m onths and  m easure ablation totals for this 
tim e interval and then com pare them  w ith  the degree-day total for the same period. The 
ratio of these longer-term  totals is the degree-day factor. Estim ates of degree-day factor are 
available for a num ber of locations (Table 6 ) and show  w idespread variations. We cannot 
regard the conditions underly ing the listed values as being uniform  and, no doubt, some of 
the variations in Table 6  w ill be due to m ethodological differences as well as real differences 
in  glacier-climate conditions. H owever, the result that degree-day factors for snow are 
generally low er than  for ice seems plausible, and Braithwaite (1995) explains this in  energy 
balance terms. Ambach (1988) and  Braithwaite (1995) also show that degree-day factors for 
m elting ice m ay be quite large for low tem peratures b u t not for high tem peratures.
M any w orkers cite O hm ura (2001) for a physical explanation of the m elt-tem perature 
relation b u t O hm ura (2001) overlooks the tem perature sensitivity of the different energy 
balance term s that is relevant rather than  their absolute m agnitudes. O hm ura (2001) is 
correct in  saying that incom ing longw ave radiation  is generally greater than the sensible 
heat flux to  glacier surface, bu t the tem perature sensitivity of sensible heat flux is generally 
greater than  the tem perature sensitivity of longw ave radiation  (Kuhn, 1979: Braithwaite, 
1981: Ambach, 1988: Braithwaite, 1995) and hence accounts for a greater share of the 
degree-day factor.
I regard the results in  Table 6  as "w ork in  progress" and I hope that m ore data will become 
available representing a w ider range of conditions. In particular, w e can now recognize the 
effects of debris-cover and sublimation on ice ablation (Zhang et al. 2006) so future tables m ay 
not be so simply divided into results for "snow " and for "ice". Until w e get more data, I regard 
the present results as a safe basis for three hypotheses that w e can test in  future studies:
1. We can reliably calculate snow and  ice ablation from  degree-day totals,
2. Degree-day factors for snow ablation are generally about 3 to 5 m m  dr1, and
3. Degree-day factors for ice ablation are generally about 6  to 8  m m  d -1 KA
In the following section, I discuss the m odelling of glacier m ass balance using the proposed 
relationship betw een ablation and  positive degree-day total.
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Location Type M ean St. devn. Sample size
De Q uervain (1979) Snow 4.2 +1 . 0 28 m elt seasons

Braithwaite & O lesen (1988) Snow 2.5 - 1  glacier
Laum ann and  Reeh (1993) Snow 3.5 to 4.5 - 3 glaciers
Jôhannesson et al. (1993) Snow 2.8 to 5.7 - 3 glaciers

Vincent and Vallon (1997) Snow 3.8 - 1  glacier
Hock (1999) Snow 4.4 - 1  glacier
Hock (2003) Snow 5.1 +2 . 2 18 sites

A nderson et al (2006) Snow 4.6 - 1  glacier
Radie (2008) Snow 4.8 +1.5 44 glaciers

Braithwaite (2008) Snow 4.1 +1.5 6 6  glaciers
Shea et al (2009) Snow 3.0 +0.4 9 glaciers

Schytt (1964) lee 13.8 - 1  glacier
O rheim  (1970) lee 6.1 & 6.5 - 2 Seasons at 1 site

Braithwaite (1977) lee 5.4 + 2.3 4 glaciers
Braithwaite (1981) lee 5.5 to 7.8 - 2  glaciers

Am bach (1988) lee 18.6 1  site
Braithwaite & O lesen (1988) lee 7.2 - 1  glacier
Laum ann and  Reeh (1993) lee 5.5 to 6.0 - 3 glaciers
Jôhannesson et al. (1993) lee 6.4 to 7.7 -

Vincent and  Vallon (1997) lee 6 . 2 - 1  glacier
Hock (1999) lee 6.3 - 1  glacier
Hock (2003) lee 8.9 +3.7 32 sites

A nderson et al (2006) lee 7.2 - 1  glacier
Zhang et al (2006) lee 6.5 +3.7 15 glaciers

Radie (2008) lee 7.3 +2 . 6 44 glaciers
Shea et al (2009) lee 4.6 +0 . 6 9 glaciers

Table 6 . M ean and standard  deviation of degree-day factors from  different studies. Units are 
m m  d -1 K-l.

4. Modelling glacier mass balance

According to above results, w e can calculate the snow  or ice ablation for any period and 
location if w e know  the degree-day total, w hich w e calculate as the sum  of positive 
tem peratures at the same location and  period. If m easured data  are not available, w e can 
estim ate them  by extrapolation of tem peratures from  some location w here they are 
m easured, e.g. from  a w eather station at low er altitude in  the same region as the glacier. 
H owever, Braithwaite (1984) notes that it is tedious to find and  store daily tem peratures, or 
sub-daily tem peratures, if one only needs to ad d  them  up  to form  a single total, and he 
suggests a sim ple m ethod for estim ating m onthly degree-day totals from  m onthly m ean and 
standard  deviation of tem perature. To do this, w e assum e that tem peratures w ith in  the 
m onth  are norm ally distributed about the m ean tem perature w ith  a standard  deviation s, 
and  the degree-day total is given by  a num erical integration of tem peratures above 0 °C 
m ultiplied by  their probabilities. The area under the N orm al probability curve that lies 
above 0 °C is the duration  of positive tem peratures in  days.
The paper by  Braithwaite (1984), com bined w ith  the values of degree-day factor proposed 
by Braithwaite and  O lesen (1989), w as quite literally "sem inal" in  that m any w orkers later
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developed glacier m ass balance m odels w here ablation is calculated from  the degree-day 
approach. See papers by  Reeh (1991), H uybrechts et al. (1991), Laum an and Reeh (1993), 
Jôhannesson (1993), Van der Veen (1999, pages 355-363), Braithwaite and Zhang (1999a and 
2000), Braithwaite et al. (2002), De W oul and  Hock (2005), A nderson et al (2006 & 2010), and 
Radie and  Hock (2007 & 2011) for examples. Tarasov and  Peltier (1997) describe the 
degree-day approach as the standard methodology for parameterization of ablation over both 
glaciers and the Greenland ice sheet. This m ight be a slight exaggeration b u t Carlov and Greve 
(2005) regard the m ethod as sufficiently useful to m erit them  developing a m ore efficient 
algorithm  for the m any repeated  calculations needed for very long-term  sim ulations of the 
G reenland ice sheet. In some of these models, ablation is calculated directly from  m onthly 
m ean tem perature w hile other w orkers follow a variant of the m ethod w here m onthly m ean 
tem perature is estim ated from  annual m ean and  annual am plitude of tem perature. The 
latter approach, developed by Reeh (1991), is especially interesting as it links the degree-day 
approach to  several em pirical studies w here w orkers plot annual ablation, equal to annual 
accum ulation at the ELA, as a nonlinear function of sum m er m ean tem perature as first 
suggested by A hlm ann (1924) and  extended by O hm ura et al (1992) and  Braithwaite (2008).

4.1 Calculating ablation and snow accumulation
Figs 4a and  4b illustrate the perform ance of the Braithwaite (1984) model. Fig. 4a shows 
m onthly snow and  ice ablation as functions of m onthly m ean tem perature for suitable 
values of degree-day factor. Fig. 4b actually shows the calculated probability of 
tem peratures under 0 °C in  the m onth  b u t w e can in terpret this as the ratio of snow 
accum ulation to  total precipitation if precipitation rate is constant th roughout the m onth. 
The choice of standard  deviation s affects the precise shape of the curves (Braithwaite, 1984). 
Recent results from  G reenland (Fausto et al, 2009) suggest that standard  deviation might 
generally be som ew hat lower than  assum ed in  Fig. 4. I in tend to revisit this issue myself in 
the near future, and to extend the Braithwaite (1984) m odel to explicitly include variations in 
daily tem perature range, w hich is relatively small at high latitudes b u t m ay be quite large at 
low er latitudes.
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accum ulation / precipitation ratio from  the Braithwaite (1984) model.
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Figs. 4a and 4b show that the range -10 to +10 °C in  m onthly m ean tem perature is the critical 
range for glacier-climate conditions. If m onthly m ean tem perature is less than -10 °C in  the 
w arm est m onth, there will be no melting, w hich seems to be the situation over m ost of the 
Antarctic. As tem perature rises there is a slightly exponential rise in  m elting as m ore and 
m ore days experience tem peratures of over 0 °C and  there is m elting on every day in  the 
m onth  w ith  m onthly m ean greater than  10 °C. Fig. 4b shows that there no days w ith  
below-freezing tem peratures in  m onths w ith  m ean tem perature greater than  10 °C. This 
m ay explain the rough coincidence of the climatic tree line w ith  the +10 °C July isotherm  in 
the N orthern  H em isphere, i.e. there is at least one frost-free m onth  at the tree line.

4.2 Tuning the model
Fig. 5 sketches the operation of the glacier mass-balance m odel of Braithwaite and  Zhang 
(1999a and  2000) and Braithwaite et al (2002). M onthly values of air tem perature and 
precipitation are extrapolated to the glacier from  a nearby w eather station or gridded 
climatology (top left of the diagram). Degree-day factors for ice and  snow  are specified (very 
top  right of figure). The m odel calculates a tem porary value of annual balance (top right of 
figure) by  sum m ing m onthly ablation and accum ulation according to Figs 4a and  4b. The 
m odel then com pares the com puted mass balance w ith  observed m ass balance and adjusts 
the precipitation in  successive small steps until the com puted and  observed m ass balance 
agree closely. This represents the "tuning" of the m odel to fit observed m ass balance 
(bottom  right of figure) and w e can now  use the m odel for experim ents to explore the 
sensitivity of glacier m ass balance to changes in  different factors (bottom  left of figure).
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Fig. 5. Flow diagram  illustrating the principles of a glacier m ass-balance m odel based on the 
degree-day approach. From  Braithwaite et al (2002).

We can tune the mass-balance model in  Fig. 5 to fit an observed profile of mass-balance as a 
function of altitude. However, such data are probably only available for about 100 glaciers, i.e.
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w here workers have both  m ade and published the necessary measurements. This limits our 
ability to apply the model bu t w e can greatly extend it by  noting that all w e really need is a 
know n value of mass-balance somewhere on the glacier. We do know that m ass balance must 
be zero at the equilibrium  line altitude (ELA) of the glacier and w e can apply the model in  Fig. 
5 to the estim ated ELA of the glacier. We can estimate this w ith  an accuracy of about +100 m  
for m any thousands of glaciers using the "m edian" elevation param eter in  the W orld Glacier 
Inventory (Braithwaite and Raper, 2009). This allowed Braithwaite and Raper (2007) to tune 
the mass-balance model for seven glacier regions w ith good coverage in  the W orld Glacier 
Inventory, and then to extrapolate results to all m ountain glaciers in the w orld to estimate 21st 
Century sea-level rise from  m elting glaciers (Raper and Braithwaite, 2006).

4.3 Temperature sensitiv ity  o f g lacier m ass balance
C om m on experim ents on mass-balance m odels include changing air tem perature by +1 °K, 
either throughout the w hole year or just for the sum m er (June to August) , or changing 
annual precipitation by +10% w hile holding tem perature constant. A num ber of sensitivity 
studies have show n that precipitation m ust increase by  20-40% to offset the effects of a +1 K 
tem perature increase.
Fig. 6  shows the sensitivity of m ass balance to a +1 K tem perature change th roughout the 
w hole year for the seven glacier regions studied by  Braithwaite and  Raper (2007), w ho fitted 
the m ass balance m odel (Fig. 5) to the estim ated average ELA for each half-degree 
la titude /long itude grid cell in  the region. The circles denote the average values for the N  
grid cells in  each region, and  the error bars denote standard  deviations around  these 
averages. As Braithwaite and  Raper (2007) could not be com pletely certain of the correct 
values of degree-factors to use, they m ade calculations for low, m edium  and  high estim ates 
of the degree-factor for ice (6 , 7 and 8  m m  d -1 K+) in  the hope that the true values will be 
som ew here w ith in  the range of results.
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Fig. 6 . Tem perature sensitivity for glacier m ass balance in  seven regions calculated w ith  a 
degree-day based mass-balance model. From  Braithwaite and Raper (2007).



W hy Do We Expect Glacier Melting to Increase Under Global Warming? 493

Braithwaite and Raper (2007) tuned  the m odel w ith  climate data from  the gridded 
climatology of N ew  et al (1997). This climatology is centred on averages for the 30-year 
period 1961-1990 so w e can in terpret Fig. 6  as a prediction of how  m ass balance will change 
in  each region if the tem perature increases by 1 K com pared w ith  the 1961-1990 averages. 
Despite uncertainties about degree-day factor, it is clear that mass-balance sensitivity is 
highly variable betw een regions, varying by alm ost an  order of m agnitude betw een Axel 
Heiberg Island, in  the high arctic, and  N ew  Zealand. We can interpret this in  term s of 
contrast betw een extreme continental and  extreme m aritim e conditions as suggested by a 
num ber of w orkers. Svalbard is apparently  som ew hat less continental than  Axel Heiberg 
Island w hile N orthern  Scandinavia, Southern N orw ay, the Alps and the Caucasus are 
relatively similar to each other on the continen tal/m aritim e scale.
For the purposes of the present Chapter, I take the results show n in Fig. 6  as a definite 
prediction that the m ass balances of glaciers in  the Alps will decrease by  som ew hat less than 
1 m  ar1 for each +1 K tem perature change from  the 1961-1990 average. I focus here on the 
Alps because it is the m ountain  region w ith  best coverage of m ass balance and  climate data 
and  I test this prediction w ith  data from  the Alps in  the following sections.
You can regard the m odel in  Fig. 5 as a  m ethod for "upscaling" daily m easurem ents of 
ablation and  air tem perature, e.g. as described in  Figs 2 to 5, to variations in  annual balance. 
So, according to Fig. 6 , degree-day factors of 6  to 8  m m  d_1 K_1, com bined w ith  a +1 K 
tem perature increase, should be equivalent to a m ass balance change of u p  to 1  m  w.e. a-1 for 
A lpine glaciers.
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Fig. 7. Locations of glaciers and w eather stations in  the Alps w ith  long records. (A) denotes 
Glacier de Sarennes and Glacier de Saint Sorlin; (B) denotes Griesgletscher; (C) denotes 
Silvrettagletscher; (D) denotes Hintereisferner, Kesselwandferner, Vernagferner; (E) denotes 
Sonnblikkees.
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5. The Alps

The Alps occupy a key location in the m iddle of a continent w ith high levels of culture and 
education. It is no surprise therefore that the Alps, including its glaciers, have been a focus of 
scientific study for several centuries. However, actual m easurem ent of glacier mass-balance by 
stakes and snow pits, i.e. the so-called "direct" glaciological m ethod developed by H. W. 
A hlm ann (1889-1974), w as relatively late coming to the Alps. For example, the longest 
continuous series is from  Glacier de Sarennes that started in  1948 and continues today. Similar 
studies started at Lim m ern/Plattalvagletscher in  1948 but stopped in  1988. During the 1950's 
and 1960's mass-balance studies started on a num ber of glaciers and continue today.
The W orld Glacier M onitoring Service (WGMS, 2011) collects m ass-balance data  from  the 
individual field w orkers and  re-distributes them  to potential users. For the present study, 
w e need glaciers w ith  full records throughout the w hole 30-year period 1961-1990 and 
continuing u p  to nearly the present day, i.e. the balance year 2008/9 w hich is currently the 
latest year in  the WGMS dataset. This is so w e can com pare recent mass-balance values w ith  
those in  the climatic base period (1961-1990). I can identify mass-balance data for 37 Alpine 
glaciers although m ost of these have short records of only a  few years. There are six glaciers 
w ith  a  full record for all years 1961-2009, and there are a further tw o glaciers that w e can use 
because they have nearly full records, e.g. Griesgletscher for 1962-2009 and Vernagtferner 
for 1965-2009. Fig. 7 shows the location of these eight glaciers used in  this study.

5.1 M ass-balance variations
Figure 8  shows year-to-year variations in  m ass balance for the eight glaciers. The circles 
denote the average balance for each year for the eight glaciers, or for six or seven glaciers for 
the very first years of record. The bars denote the corresponding standard  deviations for 
each year, and  give a m easure of glacier-to-glacier variation.

Mean of 8 Alpine glaciers

- 2 -

1960/61 1970/71 1980/81 1990/91 2000/01 2010/11
Balance year

Fig. 8 . M ass balance variations 1961-2009 for eight glaciers in  the Alps w ith  long records.
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H owever, the year-to-year variations in  balance are larger than  these glacier-to-glacier 
variations, suggesting that the eight glaciers have very similar (but not identical) 
year-to-year variations. For example, principal com ponent analysis (PCA) shows that a 
single principal com ponent explains 80% of the total variance and  a second com ponent 
explains a  further 10%. These tw o com ponents are heavily loaded on m ass balance for 
eastern and  w estern  Alpine glaciers respectively. The general agreem ent in  year-to-year 
variations for the different glaciers agrees w ith  Reynaud (1980) w ho suggested 
hom ogeneous mass-balance variations across the w hole Alps.
Mass balance fluctuated around a constant base from  1961 to  about 1985 and then becomes 
m ore negative in  later years (Fig. 8 ). Positive balances occurred in  just under half the years 
u p  to 1984 and  then becom e very rare w ith  positive balances only in  1995 and  2001. The 
highly negative balance in  2002/2003 is notew orthy as m ost of Europe suffered from  a heat 
w ave in  the sum m er of 2003 (Schar et al, 2004). If w e in terpret the balance variations in Fig, 8  

as m ainly due to variations in  ablation, it is obvious that ablation has increased m arkedly in 
recent years, especially after 2001. Does this increase in  ablation agree quantitatively w ith  an 
increase in  air tem perature according to our earlier hypothesis?

5.2 Temperature variations
The N A SA /GISS (2011) website is a  convenient source of tem perature data from  established 
w eather stations. In and around the Alps, I could identify 13 w eather stations (Fig. 7) covering 
long periods of record including the period of interest, 1961-2009. Tem perature data are 
already available up  to M arch 2011 (as of w riting on 25 May 2011) but w e only have glacier 
mass-balance data u p  to 2008/09 at present. Seven of the stations are noteworthy in that they 
have tem perature records extending back well into the 19th Century. Three stations are located 
at 2500 m  a.s.l. or above (Saentis, Zugspitz and Sonnblick) and m ay therefore reflect conditions 
near to the glacier ELA, i.e. roughly 2500-3000 m  a.s.l. for the Alps. The 13 w eather stations are 
situated at different locations and altitudes and obviously do not have the same temperatures. 
However, if w e express tem peratures at each station as deviations (or anomalies) from  their 
1961-1990 averages, the year-to-year variations in anomalies are remarkably similar. The three 
high-altitude stations also show very similar time variations to those at the ten lower-lying 
stations. These results show a pattern of very similar tem perature variations over the whole 
region of the Alps in  agreement w ith Bohm et al (2001).

Period Summer M ean S.D. Cases %
1961-1990 June-August 0 . 0 0 +0.74 389 99.7
1991-2009 June-August 1.35 ±1 . 1 2 239 96.8
Difference 1.35

1961-1990 June-September 0 . 0 0 +0.75 388 99.5
1991-2009 June-September 1 . 0 2 +0.99 239 96.8
Difference 1 . 0 2

1961-1990 M ay-September 0 . 0 0 +0.73 389 99.7
1991-2009 May-September 1 . 1 1 +0.89 239 96.8
Difference 1 . 1 1

Table 7. M ean and standard  deviation (S.D.) of sum m er m ean tem peratures (°C) at 13 
w eather stations for different lengths of summer.
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Table 7 shows the m ean and  standard  deviation of tem perature anom alies for the 13 
w eather stations for the 30-year period 1961-1990 and  for the 19 years 1991-2009. The m ean 
tem perature anom aly for 1961-1990 is obviously zero by  definition of "anom aly". The 
colum n m arked "%" denotes the percentage of expected data that are actually present. The 
1961-1990 record is alm ost com plete for the expected 30 x 13 = 390 records except for one 
m issing m onth  at one station. There are slightly m ore m issing data for the later period. The 
standard  climate definition of "sum m er" is June-A ugust bu t Alpine glaciers generally have 
a longer m elt season (Braithwaite et al, 2002) and  I therefore calculated the anom alies for 
different lengths of sum m er to see if this is a critical issue. For any sensible choice of 
sum m er length, the period 1991-2009 is clearly on average 1.02 to 1.11 °C w arm er than the 
base period 1961-1990. A three-m onth sum m er (June to August) is too short to  cover the full 
m elting period on a typical Alpine glacier w hich is m ore like 120-150 days, i.e. 4 to 5 
months. I therefore adopt the average of tem perature changes for 4- and 5-m onth sum m ers,
i.e. +1.07 K, for the analysis in  the next section.

5.3 Temperature sensitiv ity  o f Alpine glacier m ass balance
Table 8  shows the m ean and  standard  deviation of m ass balance for the eight glaciers and 
for the tw o periods 1961-1990 and 1991-2009. For all eight glaciers, the m ean m ass balance 
for the second period is m uch m ore negative than  for the first period.
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Glacier M ean S.D. N M ean S.D. N Diff. Ab/AT

m  a -1 m  a-1 m  a-1 m  a-1 m  a-1 m  a^K ' 1

Saint Sorlin -0 . 2 0 ±0.83 30 -1.31 ±1.04 19 -1 . 1 1 -1.04
Sarennes -0.57 ±0.90 30 -1.64 ±1.29 19 -1.08 -1 . 0 1

Griesgletscher -0.35 ±0.76 29 -1.13 ±0 . 6 8 19 -0.78 -0.73
Silvrettagletscher +0.03 ±0.71 30 -0.60 ±0 . 6 6 19 -0.63 -0.59
H intereisferner -0.33 ±0.56 30 -0.98 ±0.44 19 -0.65 -0.61
Kesselwandferner +0.05 ±0.40 30 -0.34 ±0.49 19 -0.40 -0.37
Vernagtferner -0.09 ±0.41 26 -0.70 ±0.47 19 -0.62 -0.58
Sonnblickkees -0.08 ±0.75 30 -0.77 ±0.87 19 -0.69 -0.65
M ean -0.19 -0.93 -0.74 -0.70
S.D. +0 . 2 1 ±0.42 ±0.24 ±0.23

Table 8 . M ean and standard  deviation (S.D.) of m ass balance for eight glaciers for tw o 
different periods. Diff. is the average betw een m eans for the tw o periods and A b/ AT is the 
estim ated mass-balance sensitivity assum ing a tem perature change of +1.07 K.

The standard  deviation of m ass balance in  the period 1961-1990 varies greatly from  
relatively high values in the w estern  Alps (Saint Sorlin and  Sarennes), m edium  values in  the 
central Alps, low values in  the eastern Alps and a m edium  value in  the far-eastern Alps. 
This pattern  reflects the different m aritim e/continen tal character of the different glaciers as 
low er standard  deviations of m ass balance occur in  m ore continental environm ents 
(Braithwaite and Zhang, 1999b)
We can divide the differences in  m ass balance for the tw o periods by the estim ated increase 
in  m ean tem perature betw een the tw o periods, estim ated to be +1.07 K, to obtain estim ates
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of the m ass balance sensitivity. These range from  relatively large values, i.e. around  -1.0 
m  a_1 K'1, for the tw o w estern  glaciers, to a relatively small value for Kesselw andferner, i.e. 
about -0.4 m  ar1 KA The overall average m ass balance sensitivity for the eight glaciers is 
about -0.7 ± 0.23 m  a-1 KA This is in  good agreem ent w ith  the range of values predicted by 
the m odel for the Alps (Fig. 6) for low -m edium  degree-day factor (6-7 m m  d-1 K_1) bu t 
som ew hat smaller than  predicted for high degree-day factor (8 m m  d-1 K_1).
The m odel predictions in Fig. 6 are averages for all half-degree la titude /long itude grid cells 
in  the Alps, i.e. covering the w hole range of Alpine climates, w hile the eight glaciers are 
only a fairly small sam ple and m ay biased to m ore continental glaciers. H owever, there is 
also a m ethodological reason w hy the degree-day m odel should som ew hat overestimate 
m ass balance changes. This is because w e calibrate the m odel w ith  data  for present-day 
glaciers and then change the tem perature by +1 K w hile keeping the present-day area 
d istribution of the glacier. In the m odelling literature, w e call the resulting mass-balance 
sensitivity the "static sensitivity". How ever, as a result of the increased melting, glacier 
areas in  the second period are already smaller than  in  the first, thus reducing the negative 
m ass balance somewhat. G iven enough time, w ithout any further tem perature increase, the 
glaciers will arrive at a  new  equilibrium  w ith  zero mass balance. The tim e scale for this to 
occur for Alpine glaciers is of the order of IO2 years (Raper et al, 2000: Raper and 
Braithwaite, 2009).
In the above discussion, I have a ttribu ted  the w hole difference in  m ass balance for the tw o 
periods to  the effects of changing tem perature. H ow ever, precip ita tion  changes m ay be 
responsible for a part of the observed m ass balance change, although  sensitivity  studies 
w ith  the degree-day m odel (Braithwaite et al. 2002: Braithw aite and  Raper, 2007) suggest 
th is can only be a relatively small part. If w e w an ted  to verify this em pirically, w e w ould  
have to  use precip ita tion  data  at m uch  h igher spatial reso lu tion  than  the tem peratu re  data 
used  here as correlation distances for p recip ita tion  are m uch shorter th an  those for 
tem perature.

6. Conclusion
The increasingly negative m ass balance for Alpine glaciers and the recent rise in 
tem perature in  and  around the Alps should be no surprise to the reader as bo th  have been 
reported  by  other workers. It is, however, notew orthy that the tem perature-sensitivity of the 
m ass-balance change is in  good agreem ent w ith  the prediction in  Fig. 6. This implies that the 
range of degree-day factors used in  the m odel (6-7 m m  d-1 K_1) is also valid for the Alps. 
These param eters are inferred from  daily ablation-tem perature correlations in  the high arctic 
and  in  G reenland (Tables 2 to 5) and from  secondary data, covering a w ider range of 
geographical conditions (Table 6). In other w ords, w e can explain a recent trend  to 
increasingly negative m ass balance in  the Alps in term s of a theory based on m easurem ents 
m ade at other places, and  even a few decades ago.
If w e accept the validity of the degree-day m odel, w hich the results seem to dem onstrate, 
w e can be confident that high rates of m elting on Alpine glaciers will continue in  the future 
as long as tem peratures continue to rise as predicted by the theory of global warm ing. This 
is not a conclusion that pleases me as it m eans that Alpine glaciers w ill largely d isappear in 
the com ing century. O n the other hand, if tem peratures do not rise any further, for any 
reason, the m ass balances of Alpine glaciers will tend tow ards zero as the glaciers tend to a 
new  equilibrium.
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In strict logic, the above conclusion only applies to  Alpine glaciers, and  I should test the 
predictions for other areas, e.g. as show n in Fig. 6. N orthern  Scandinavia and southern 
N orw ay have relatively good coverage of m ass balance records so I m ight be able to use the 
same approach as here. O ther areas, w ith  m ore restricted data, m ay need m ore flexibility. 
For example, instead of using a 30-year reference period (1961-1990) it m ight be possible to 
use a shorter reference period for w hich there m ay be m ore mass-balance records. Aside 
from  glaciers w ith  mass-balance m easurem ents from  stakes and snow  pits, w e could also 
apply  the present approach to glaciers w here longer-term  m ass changes are available from  
geodetic m ethods, including increasingly high precision survey by satellites.
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1. Introduction
The Surface Mass Balance (SMB) can be seen, in first approxim ation, as the w ater m ass 
gained by the w inter snowfall accum ulation m inus the m ass lost by the m eltw ater run-off 
in summer. The m ass gain from rainfall as well as the m ass loss from erosion from the 
net w ater fluxes (the sum  of the evaporation, sublim ation, deposition and condensation) 
and from the w ind (blowing snow) are negligible in the SMB equation of the Greenland 
lee Sheet (GrlS) com pared to the snowfall and the m elt (B oxetal., 2004). The ice sheet 
mass balance takes also into account the m ass loss from  iceberg calving. Consequences 
of a w arm er climate on the Greenland ice sheet SMB will be a thickening inland, due to 
increased solid precipitation, and a thinning at the Greenland ice sheet periphery, due to an 
increasing surface melt. A climatic w arm ing increases the snow  and ice m elting in sum m er 
b u t it enhances also evaporation above the ocean. This leads to higher m oisture transport 
inland and, consequently, higher precipitation. The response of the iceberg calving to the 
climate change could be an acceleration of the glacier flow (Nick et al., 2009; Zwally et al., 
2002) bu t these projections are very uncertain (Sundal et al., 2011) and a lot of developm ents 
are still needed in the glaciology m odels for im proving our know ledge and m odelling of the 
Greenland ice sheet dynam ics. That is w hy w e will focus our study only on the SMB of the 
Greenland ice sheet.
The IPCC (Intergovernm ental Panel on Climate Change) projects, in response to global 
w arm ing induced by hum an activities, that the run-off increase will exceed the precipitation 
increase and therefore that the currently observed surface m elting of the Greenland ice 
sheet (Fettweis et al., 2011b; Tedesco et al., 2011; Van den Broeke et al., 2009) will continue 
and intensify during  the next decades (IPCC, 2007). An increasing freshw ater flux from 
the Greenland ice sheet melting could perturb  the therm ohaline circulation (by reducing 
the density contrast driving this last one) in the N orth Atlantic including the drift which 
tem pers the European climate. In addition, an enduring Greenland ice sheet melting, 
com bined w ith  the therm al expansion of the oceans and the m elt of continental glaciers, 
w ill raise the sea level w ith  w ell-know n consequences for countries such as the N etherlands, 
Bangladesh,... The contribution of the Greenland ice sheet SMB decrease to the sea level rise 
is currently evaluated to be 5-10 cm by 2100 (Gregory and Huybrechts, 2006; Fettweis et al.,
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2008; Franco et al., 2011; IPCC, 2007; M ernild et al., 2010). However, despite their im portance 
for the global climate, large uncertainties rem ain in these estim ations because m ost of the 
current studies are based m ainly on ou tputs from  atm osphere-ocean general circulation 
m odels (called hereafter global m odels) not well suited to the polar regions and w ith a typical 
horizontal resolution of 300 km  w hile the w id th  of the ablation zone is lower than 100km.
In response to these uncertainties, the regional m odelling is the ideal tool to provide 
som e m ore precise answ ers to understand and quantify how  the Greenland ice sheet 
SMB will respond to climate change. In particular, the regional climate m odel MAR 
(for Modèle Atmosphérique Régional) fully coupled w ith  a snow  m odel and extensively 
validated to sim ulate the SMB of the Greenland ice sheet (Fettweis et al., 2005; Fettweis, 
2007; Fettweis e ta l., 2011b; L efebreet al., 2003; 2005), is designated to study  the Greenland 
climate at high resolution (25 km), w ith a physic developed for and well adapted  to polar 
regions. Until now, the only future projections at high-resolution of the Greenland ice 
sheet SMB have been carried out w ith  m odels not taking into account the atm osphere-snow  
feedbacks occurring above the m elt area as the well know n surface albedo positive feedback 
(M ernild et al., 2008; 2010). Therefore, w e propose here to carry out future projections of 
Greenland climate w ith  the MAR m odel coupled w ith  a snow  m odel and forced by two 
scenarios of greenhouse gas emissions m ade for the next IPCC assessm ent report (AR5). This 
w ork fits in the ICE2SEA project (h t tp : / /w w w .ice2sea.eu) of the 7th Fram ework Program  
(FP7) w hich aims to im prove the projections of the continental ice m elting contribution to sea 
level rise.
After a brief description in Sect. 2 of the regional m odel w e used, Sect. 3 evaluates, 
by com parison w ith  the reanalysis and other IPCC AR5 global m odels (see Table 1), the 
global m odel CanESM2 w hich is used for forcing the MAR future projections. Sect. 4 
validates the CanESM2-forced MAR sim ulation over the current climate (1970-1999) in respect 
to the ERA-40 forced MAR simulation. Future SMB projections of CanESM2-forced MAR 
sim ulations are analysed in Sect. 5. Finally, future projections of sea level rise com ing from 
the Greenland ice sheet SMB decrease are given in Sect. 6 .

2. Data

The m odel used here is the regional climate m odel MAR coupled to the 1-D Surface Vegetation 
A tm osphere Transfer scheme SISVAT (Soil lee Snow Vegetation A tm osphere Transfer) 
(Gallée and Schayes, 1994). The snow-ice p art of SISVAT, based on the CEN (Centre d'Etudes de 
ia Neige) snow  m odel called CROCUS (Brun et al., 1992), is a one-dim ensional m ulti-layered 
energy balance m odel that determ ines the exchanges between the sea ice, the ice sheet surface, 
the snow-covered tundra, and the atm osphere. It consists of a therm odynam ic m odule, a 
w ater balance m odule taking into account the m eltw ater refreezing, a turbulence m odule, a 
snow  m etam orphism  m odule, a snow /ice  discretization m odule, and an integrated surface 
albedo m odule (Gallée et al., 2001). The blow ing snow  model, currently under developm ent, 
is not yet used here. SISVAT does not contain an ice dynam ics module. Therefore, a fixed ice 
sheet m ask (i.e. a fixed land surface classification of the pixels representing the Greenland 
ice sheet) and topography are assum ed for sim ulating both current and future climates. 
This explains w hy we only present here the SMB and not the ice sheet m ass balance of the 
Greenland ice sheet.
The MAR version used here is the one from  Fettweis et al. (2011b) calibrated to best com pare 
w ith  the satellite derived m elt extent over 1979-2009. Com pared to the set-up of Fettweis et al. 
(2005; 2011b), a new  tu n d ra /ice  m ask is used here based on the Greenland land surface

http://www.ice2sea.eu
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classification m ask from  Jason Box (h ttp ://b p rc .osu.edu/w iki/Jason_B ox_D atasets) and the 
filtering of the B am bere ta l. (2001) based topography is reduced by a factor two. The 
integration dom ain (shown in green in Fig. 1) as well as the spatial resolution (25 km) are 
the same than in Fettweis et al. (2005).
For studying the current climate, the ERA-40 reanalysis (1958-1999) and after that the 
ERA-INTERIM reanalysis (2000-2010) from the European Centre for M edium  Range Weather 
Forecasts (ECMWF) are used to initialize the meteorological fields at the beginning of the 
MAR sim ulation in September 1957 and to force every 6 hours the MAR lateral boundaries 
w ith  tem perature, specific hum idity  and w ind com ponents during  the simulation. The 
Sea Surface Tem perature and the sea-ice cover are also prescribed by the reanalysis. No 
corrections are applied to the MAR outputs.

M odel ID Institutes, Country
BCC-CSM1-1 
CanESM2 
CNRM-CM5

GISS-E2 
HadGEM2-ES 
INMCM4
IPSL-CM5A-LR Institut Pierre Simon Laplace, France

Beijing Climate Center, China
C anadian Centre for Climate M odelling and Analysis, Canada
Centre N ational de Recherches M étéorologiques et Centre Europeen
de Recherche et Form ation Avancées en Calcul Scientifique, France
NASA G oddard Institute for Space Studies, USA
M et Office H adley Centre, UK
Institute for Num erical M athematics, Russia

Table 1. List of the seven IPCC AR5 global m odels available in June 2011 and used in this 
paper. These ou tpu ts are provided by the World Climate Research Program m e's (WCRP's) 
C oupled M odel Intercom parison Project phase 5 (CMIP5) m ulti-m odel dataset 
(h ttp :/ /  cmip-pcmdi.llnl.gov /  cmip5).

For com puting future projections, w e use the 6 hourly ou tputs of CanESM2 (see Table 2). The 
daily sea surface tem perature and sea ice cover from  CanESM2 are used to force the ocean 
surface conditions in SISVAT. The CanESM2-forced MAR sim ulation starts in September 1964 
and lasts till December 2005 w ith  the ou tpu ts from the H istorical experim ent (representing the 
current climate). The MAR future projections (2006-2100) use the CanESM2 outputs from two 
new  scenarios (called RCP for Representative Concentration Pathways) of greenhouse gases 
concentration that will be used in the next IPCC report:

•  R C P  4 .5 : m id-range scenario corresponding to a radiative forcing of +4.5 w /m 2 at 
stabilization in 2100. This scenario corresponds to an increase of the atm ospheric 
greenhouse gas concentration during  the 21st century to a level of 850 CO2 equivalent 
p.p.m . by 2100.

•  R C P  8 .5 : pessimistic scenario corresponding to a radiative forcing of > +8.5 w /m 2 in 2100. 
This scenario corresponds to an increase of the atm ospheric greenhouse gas concentration 
during  the 21st century to a level of > 1370 CO2 equivalent p.p.m . by 2100.

We refer to Moss et al. (2010) for m ore details about the RCP scenarios.

3. Comparison of CanESM2 with other IPCC AR5 models
The aim of this section is to gauge the ability of the IPCC AR5 global m odels to reproduce 
the present-day climate conditions over Greenland. A good representation of the current 
climate is a necessary, bu t not sufficient condition for the global m odel ability to sim ulate

http://bprc.osu.edu/wiki/Jason_Box_Datasets
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MAR Forcing Periode
ERA-40 reanalysis 
ERA-INTERIM reanalysis

1957-1999
2000-2010

Historical experim ent from CanESM2 1964-2005 
RCP 4.5 experim ent from  CanESM2 2006-2100 
RCP 8.5 experim ent from  CanESM2 2064-2100

Table 2. Sum m ary of the different forcings used in the MAR sim ulations.

future climate change. Indeed, a m odel that fails to reproduce the current climate generates 
projections that lack in reliability and validity.
We will show that CanESM2 used for forcing MAR is one of the m ost suitable global m odels 
currently available from  the CMIP5 data base for sim ulating the current climate (1970-1999) 
over Greenland in respect to the ERA-40 reanalysis. In addition, its future projections of 
tem peratures are in the range of the other IPCC AR5 global models.

3.1 Evaluation over current climate
The global m odels listed in Table 1 from  the CMIP5 data base are evaluated w ith the aim  to use 
them  as forcing of a regional m odel. The general atm ospheric circulation in the regional model 
is fully induced by the global m odel-based boundaries forcing w hile the surface conditions 
(except the sea surface tem perature and sea ice cover w hich are used as forcing) sim ulated by 
the global m odel do no t im pact the results of the regional m odel. This m eans that the regional 
m odel is not able to correct biases in the general circulation coming from the global models. 
In addition, Fettweis et al. (2011a) show ed that the general circulation at 500hPa (gauged by 
the geopotentiel height) correlates significantly w ith  the surface m elt anomalies. Therefore, 
only the average state of the free atm osphere (here at 500hPa) is evaluated here.
As validation, the global m odel outputs at 500hPa coming from  the Historical experim ent 
(representing the current climate) are com pared to the ERA-40 reanalysis over 1970-1999 
(considered here as the reference period). Franco et al. (2011) show ed that at 500hPa, both 
ERA-40 and NCEP-NCAR (National Centers for Environm ental Prediction-N ational Center 
for Atm ospheric Research) reanalyses com pare very well and so a com parison w ith  only the 
ERA-40 reanalysis is enough here. The fields w hich are evaluated are:

• the mean temperature over the melt season (from May to September and called sum m er 
hereafter). A global m odel-based tem perature bias is propagated  through the regional 
m odel boundaries inducing a sim ilar tem perature bias in the regional m odel which 
im pacts the am ount of sim ulated surface melt. Only CanESM2 satisfactorily sim ulates 
the m ean sum m er tem perature although it is too cold in the South and too w arm  in the 
N orth  (see Fig. 1). HadGEM2-ES and INMCM4 are 2°C too w arm  at the north  of the GrlS 
and the other global m odels are rather several degrees too cold in summer. The observed 
doubling of the am ount of surface m elt since 30 years corresponds to a w arm ing of 2-3 °C 
(Fettweis, 2007; Fettweis et al., 2011a;b). Thus, it suggests that a bias in sum m er of several 
degrees a t the regional m odel boundaries is not acceptable.

• the mean temperature over the accumulation season (from October to April and called 
w inter hereafter). The global m odel-based tem perature at the regional m odel boundaries 
impacts the m axim um  m oisture content of the air m asses and so it impacts the am ount of 
precipitation sim ulated by the regional model. Except INMCM4, the global m odels are too 
cold in winter. The highest biases are observed for m ost of the m odels in the South-East of 
Greenland.
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Fig. 1. Difference between the sum m er (May-Sep) mean 500 hPa tem perature sim ulated by 
the global m odels for the Historical experim ent and from the ERA-40 reanalysis over 
1970-1999 (reference period). The solid lines in red (positive bias) and in blue (negative bias) 
p lo t the w inter (Oct-Apr) m ean 500 hPa tem perature difference w ith regard to the ERA-40 
reanalysis over 1970-1999. U nits are degrees. The m ean bias for w inter (Wi.) and sum m er 
(Su.) is given in brackets. Biases above 1°C in Sum m er and 2°C in w inter are statistically 
significant i.e. two tim es higher than the ERA-40 tem perature standard  deviation. Finally, the 
boundaries of the MAR integration dom ain are show n in green.

• the annual mean wind speed. M ost of hum idity  comes into the regional m odel dom ain 
from  the southern boundary  situated in the storm  tracks associated to the Icelandic Low. 
The w ind speed at the regional m odel boundaries impacts the m oisture advection into 
the integration dom ain and so the precipitation sim ulated by the regional model. The 
w ind speed sim ulated by HadGEM2-ES com pares the best w ith  the reanalysis (see Fig. 2). 
CanESM2 overestim ates the w ind speed in the south of the dom ain w hile the other global 
m odels rather underestim ate it.

• the annual geopotential height. This last one reflects the m ain general circulation pattern  
i.e. an eastw ard general circulation from the N orth American continent, adopting a 
north-w est direction over Baffin Bay before reaching the w estern coast of Greenland, and 
generating a north-eastw ard circulation over central Greenland. In southern Greenland, 
the regional circulation is m ore influenced by m eridional fluxes. Biases at the regional 
m odel boundaries in the direction of the m ain flows im pact the precipitation pattern. 
Only GISS-E2-R does not clearly show an atm ospheric circulation pattern  w hich is 
consistent w ith the reanalysis. In addition, along the East Greenland coast, BCC-CSM1-1,

M -
'  30°E 100°W B0°W 60°W 40°W 20°W 0° 30°E 100°W 80°W 60°W 40°W 20°W 0° 20°E 100°W 80°W 60°W 40“W 20°W 0® 20°E
: —2.4°C ) CanESM2 (S u .:  -0 .5°C ,W i.: -1 .5 ° C )  CNRM-CM5 (S u .: -2°C ,W i.: -2 .6 °C ) G IS S -E 2 -R  (S u .: -2 .5°C ,W i.: -1 .3 °C
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Fig. 2. Difference between the annual mean 500 hPa w ind speed (in m /s )  sim ulated by the 
global m odels for the Historical experim ent and from the ERA-40 reanalysis over 1970-1999. 
The solid lines in red and arrows in black p lo t respectively the yearly mean 500 hPa 
geopotential height in m eters and the w ind vectors. Finally, as last plot, the m ean 500 hPa 
geopotential height from the ERA-40 reanalysis is given as reference as well as the w ind 
vectors. The mean bias of w ind speed (WS) in m /s  and geopotential height (ZG) in m  are 
given in brackets.

INMCM4 and IPSL-CM5A-LR sim ulate a north-w est com ponent of the general circulation 
in disagreem ent w ith the reanalysis.

HadGEM2-ES (resp. CanESM2) is the top-perform ing model in sim ulating the present-day 
w ind speed and circulation (resp. the sum m er tem perature) at 500hPa. INMCM4 is too 
w arm  and the other global m odels are too cold and underestim ate the w ind speed. Knowing 
the im portance of the global m odel sum m er tem perature biases in the am ount of the melt 
sim ulated by the regional m odel, CanESM2 has been selected as the m ost suitable candidate 
for forcing the MAR model. However, sim ulations of MAR forced by HadGEM2-ES should 
be perform ed in future because the general circulation and the w inter tem peratures sim ulated 
by HadGEM2-ES are better than the one sim ulated by CanESM2. However, HadGEM2-ES is 
too w arm  in summer. The m ain biases of CanESM2 are a w ind speed overestim ation (resp. 
underestim ation) in the south (resp. north-w est) of G reenland and a cold bias in winter.

3.2 Future projections
In Fig. 3, w e see first that the run  of CanESM2 used for forcing MAR captures well the 
tem perature variability coming for the NCEP-NCAR reanalysis w ith  a sharp increase of
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Fig. 3. Time series of the current and future projections of the Greenland ice sheet annual 
tem perature anom alies (in respect to the 1970-1999 period) sim ulated by the global models 
for the RCP 4.5 (left) and RCP 8.5 (right) scenario and by the NCEP-NCAR reanalysis 
(representing the observed tem perature variability of the last 40 years). A 10-year running 
m ean is applied here and the Greenland ice sheet tem perature variability is taken over an 
area covering Greenland: 60e W < longitude<20° W and 60e N < la titu d e < 88° N. W hen 
several runs are available for a m odel (CanESM2 and IPSL-CM5A-LR), the average over all 
runs is show n and the error bar gives the range around this average. Finally, the run (called 
r li lp l)  of CanESM2 used for forcing MAR is show n in dotted  red.

the tem perature in the end of 1990's in respect to the 1970-1999 period. HadGEM2-ES 
sim ulates this tem perature increase too early in the 1990's while INMCM4 and CNRM-CM5 
underestim ate it. About the future projections, w e see that the CanESM2 future projections 
com pare well w ith  those ones from  BCC-CSM1-1, HadGEM2-ES and IPSL-CM5A-LR while 
INMCM4 and CNRM-CM5 seem to be less sensitive over Greenland to the greenhouse gas 
concentration increase. A t the end of the century, m ost of the global m odels project an annual 
tem perature increase in the Greenland area of 4-5°C (resp. 7-8°C) for the RCP 4.5 (resp. RCP 
8.5) scenario.

4. SMB evaluation of the CanESM2 forced MAR over current climate
As for the global m odels, it is im portant to evaluate, over the present-day climate, the 
regional m odel forced by the m ost suitable global m odel selected in the previous section. 
Before discussing future projections, w e have first to check if MAR forced by the Historical 
experim ent from  CanESM2 is able to sim ulate the current surface conditions over the 
Greenland ice sheet. That is why, the CanESM2 forced MAR sim ulation is com pared here over 
1970-1999 w ith  the ERA-40 forced MAR sim ulation considered as the reference sim ulation for 
the currently observed SMB over the Greenland ice sheet (Fettweis et al., 2011b).
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4.1 Average annual rates of the SMB components
At the scale of the w hole Greenland ice sheet, MAR forced by CanESM2 over 1970-1999 
underestim ates a few the SMB in respect to the ERA-40 forced run  due to an underestim ation 
of the w inter accum ulation (Oct-Apr) and an overestim ation of the run-off (See Table 3). 
However, these biases are not significant and are included in the natural variability. Finally, 
the solid and liquid precipitation in Sum m er (May-Sep) as well as the net w ater fluxes 
com pare well.

MAR forced SMB W inter (WSF) Sum m er (SSF) Rainfall Run-off M eltwater N et w ater
by Snowfall Snowfall (RF) (RU) (ME) fluxes (SU)

ERA-40 460±106 387±46 288±34 27±5 237±61 419±84 6±1
CanESM2 392±102 335±31 2891 ±42 36±8 263±78 421±107 5±2

Table 3. Average and standard  deviation of the annual surface m ass balance com ponents 
sim ulated by MAR forced by ERA-40 and by CanESM2 over 1970-1999. U nits are G t/y r. The 
surface mass balance (SMB) equation is here SMB = WSF + SSF + RF - RU - SU. The run-off is 
the p art of not refrozen w ater from  both surface m elt and rainfall reaching the ocean. Finally, 
the blowing snow  sublim ation is not taken into account in our simulation.

4.2 Temporal variability and trend of the SMB components
In average over 1970-1999, the CanESM2 forced MAR is significantly too cold in w inter in 
respect to the ERA-40 forced run  (Fig. 4) w hile the annual cycle of the m ean Greenland 
ice sheet tem perature is well reproduced. In summer, MAR sim ulations using both forcings 
com pare well. This is in full agreem ent w ith  the CanESM2 tem perature biases versus ERA-40 
show n in Fig 1.
The m ean seasonal cycle of the m elt area sim ulated by MAR forced by ERA-40 and CanESM2 
com pare very well know ing that the ERA-40 forced MAR sim ulation com pare well w ith  the 
m icrowave satellite derived one according to Fettweis et al. (2011b). However, although this is 
not significant, there is a delay of about 5 days between the CanESM2 and the ERA-40 forced 
simulations. The annual cycle of the bare ice area (i.e. the ablation zone w here m ost of the 
m elt takes place due to the lower albedo of bare ice com pared to melting snow  (Tedesco et al., 
2011)) is also show n in Fig. 4. There is a significant overestim ation through the w hole melting 
season of the bare ice area if MAR is forced by CanESM2. This bias, due to an underestim ation 
of the w inter accum ulation listed in Table 3, is explained in the next section.
Despite of the SMB com ponents biases quoted in Section 4.1, the CanESM2 forced run 
reproduces very well the ERA-40 forced SMB com ponents trends i.e. a decreasing of the 
SMB since the beginning of the 2000's associated to a quasi constant snowfall variability over 
1970-2005 and an increasing trend of the run-off in agreem ent w ith the sum m er tem perature 
changes (see Fig. 5).

4.3 Spatial variability
The CanESM2 forced SMB sim ulated by MAR is significantly too low in the north-w est of the 
Greenland ice sheet and too high in the south and along the north-eastern coast (see Fig. 6). 
The negative anom alies in the north-w est are a conjunction of negative anom alies in snowfall 
and positive anom alies in run-off induced by biases in sum m er tem perature and w inter 
accum ulation. In addition  to im pact directly the gained mass, a too low w inter accum ulation 
decreases the snowpack height above bare ice in the ablation zone w hich induces prem ature
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Fig. 4. Average over 1970-1999 of the m ean G reenland ice sheet tem perature annual cycle 
(left Y-axis) as well as the m elt and bare ice extent sim ulated by  MAR forced by  ERA-40 (in 
red) and by  CanESM2 (in blue) (right Y-axis). The m elt extent is defined as the area w here the 
daily m eltw ater production is higher than 8 m m  WE according to Fettweis et al. (2011b) and 
the bare ice extent is the area w here the surface snow  density is higher than 900 k g /m 3. 
Finally, a 30 days running m ean is applied here and the error bars p lot the standard  deviation 
over 1970-1999 around the ERA-40 forced mean.

bare ice exposure in summer, reducing the surface albedo and then enhancing the surface 
melt. This snowfall negative anom aly is due to an underestim ation by  CanESM2 of the 
south-w esterly flow, com m on in this area (see Fig. 2), im pacting the am ount of m oisture w hich 
is advected by MAR on this area. In the south of the ice sheet, in contrary, the w esterly flow 
is overestim ated by  CanESM2 enhancing the precipitation in MAR. It should be rem em bered 
that biases at 500hPa in the large scale forcing are not corrected by  the regional m odel even in 
the interior of its integration domain.
In addition to the w inter accum ulation induced biases, the run-off anomalies reflect the 
sum m er tem perature biases i.e. MAR forced by CanESM2 is too cold in sum m er along the 
eastern and southern coasts and too w arm  along the w estern and northern  coasts. Similar 
patterns of tem perature biases are present in CanESM2 itself as show n in Fig. 2. In addition, 
the w arm  bias in the north-w est of the ablation zone is enhanced by the surface albedo 
feedback as a consequence of the overestim ation of the bare ice exposure. However, it should 
be noted that these tem perature biases are statistically not significant.
As conclusion, the negative SMB anom aly in the north-w est of the ice sheet is com pensated 
by the overestim ation of the SMB in the south of the ice sheet if MAR is forced by CanESM2 
in respect to the ERA-40 forced simulation. This explains w hy the SMB sim ulated by MAR 
forced by CanESM2 and by  ERA-40 com pare very well at the scale of the whole Greenland ice 
sheet.
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Fig. 5. Time series of the annual Greenland ice sheet snow fall, run-off SMB (top in GT/ yr) 
and sum m er tem perature (below in °C) sim ulated by MAR forced by ERA-40 over 1970-1999 
(in blue), by ERA-INTERIM over 2000-2010 (in blue) and by the CanESM2 based Historical 
experim ent over 1970-2005 (in green), by the RCP4.5 experim ent over 2006-2099 (in green) 
and by the RCP8.5 experim ent over 2070-2099 (in red). A 10 year running m ean is applied 
here. Finally, the annual values of the ERA-40/ERA-INTERIM forced sim ulation (in dotted 
red) as w ell as the 1970-1999 average of the CanESM2 forced sim ulation (in dashed blue) are 
also show n

5. SMB future projection from CanESM2 forced MAR

5.1 Trends of the SMB components
In respect to the 1970-1999 period sim ulated by MAR forced by CanESM2, MAR projects for 
2070-2099 a decreasing of the SMB of ~  +75% (resp. ~  +215%) if it is forced by the CanESM2 
RCP 4.5 (resp. RCP 8.5) experim ent (see Table 4 and Fig. 5). For both scenarios, MAR projects 
a precipitation increase (~  +25% for RCP 4.5 and ~  +40% for RCP 8.5) that is no t large 
enough to com pensate the run-off increase (~  +175% for RCP 4.5 and ~  +420% for RCP 8.5) 
according to IPCC (2007). The snowfall increase should occur m ainly in winter. In summer, 
the precipitation increased concerns only the rainfall because a p art of the solid precipitation 
should fall in liquid phase due to the rising tem perature. This one enhances the melt, know ing 
that rainfall m oistens the snow pack w hich decreases the surface albedo.
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Fig. 6. Difference betw een the m ean 1970-1999 SMB (in mm  Water E quivalent/yr), snowfall 
(in m m W E /yr), run-off (in m m W E /yr), sum m er near surface tem perature (in °C), w inter 
snow pack height (in meter) above bare ice the first of M ay (.i.e. a t the beginning of the 
sum m er) and bare ice extent (in num ber of days w here bare ice appears a t the surface per 
year) sim ulated by  MAR forced by CanESM2 and forced by ERA-40. Significant anom alies 
(those a t least twice the m agnitude of the 1970-1999 standard  deviation) are hatched and 
bounded  by bold black lines. Finally, the m ean equilibrium  line altitude (i.e. the altitude 
w here the SMB is null) from  MAR forced by ERA-40 and forced by CanESM2 is show n 
respectively in  m auve and in  red. This altitude line delim its the ablation zone (where the 
SMB is negative in  average) to the accum ulation zone (where the SMB is positive).
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Scenario SMB WSF SSF RF RU ME SU Temperature
RCP 4.5 -294±128 +86±35 
RCP 8.5 —839±245 ±277±58

- 20±36 ±53± 10 ±458±97 ±558±123 -5 ± 2  +3.9±0.8°C 
-148±26 ±120±35 ±1101±271 ±1285±302 -1 4 ± 5  ±9.1±0.9°C

Table 4. Anomaly of the annual m ean 2070-2099 SMB com ponents sim ulated by MAR forced 
by the CanESM2 based RCP 4.5 experim ent and RCP 8.5 experim ent in respect to the 
Historical experim ent over 1970-1999 (in G t/y r). The acronym s are described in Table 3. 
Finally, the annual m ean tem perature anom alies are also given in °C

The ERA-40/ERA-INTERIM forced tim e series (Fig 5) shows notably the record low SMB 
rate sim ulated by MAR in 2010 and confirmed by the observations (M ernild et al., 2011; 
Tedesco e ta l., 2011). The very low  SMB rates sim ulated these last years (2007, 2010) w ith 
ERA-INTERIM as forcing should be com mon at the end of this century w ith  the RCP 4.5 
experim ent. These observed rates w ere a com bination of lower snowfall and higher run-off 
than norm al. A t the end of this century, the run-off and tem perature should be higher than 
those observed the last year but the heavier snowfall in w inter should com pensate a p art of the 
increase of m elt in summer. For RCP 8.5 experim ent, MAR sim ulates never observed negative 
SMB rates since 50 years (Fettweis et al., 2011a). The snowfall changes are sim ilar to the ones 
projected for RCP 4.5 bu t the run-off increase is twice larger than the one projected for RCP 
4.5. Finally, the SMB decrease is quasi interrupted  in 2050 for RCP 4.5 w hile the SMB is still 
decreasing in 2100 w ith  RCP 8.5.
In average, over 2070-2099, the m ain m elt season should still occur betw een May and 
September for both scenarios bu t the m elt extent should reach M id-July 33% of the Greenland 
ice sheet area for RCP 4.5 (resp. 50% for RCP 8.5) com pared to 15% for the current climate 
(Fig. 4), w hile the bare ice extent should reach respectively 16% and 22% of the ice sheet area 
com pared to 6% for the present-day climate.

5.2 Spatial changes
In respect to the current climate sim ulated by MAR forced by CanESM2, MAR projects that for 
2070-2099 (RCP 4.5 scenario), SMB should significantly decrease along the ice sheet m argin 
in response to a significant run-off increase resulting from rising sum m er tem perature and 
that it should slightly increase in the interior of the ice sheet due to heavier snowfall (Fig. 
7). The w arm ing is enhanced in the north  of the ice sheet because of the decrease of sea ice 
concentration in the closest parts of the Arctic Ocean according to Franco et al. (2011). In the 
south of the ice sheet, w hile the total precipitation is increasing, a p art of snowfall becomes 
rainfall, w hich enhances the melt. Finally, the bare ice should be exposed in the ablation zone 
(delim ited by the equilibrium  line altitude) one m onth longer by com parison w ith  the current 
climate. The patterns of changes over 2070-2099 from  the RCP 8.5 scenario (not show n here) 
are sim ilar than those ones from the RCP 4.5 scenario bu t in m ore extreme.

6. Future sea level rise projection from SMB changes
According to Fettweis et al. (2008), projected SMB anom alies can be estim ated from  m ean 
June-July-August (JJA) tem perature (T) and annual snowfall (SF) anom alies com puted by 
CanESM2 on the Greenland area by this m ultiple regression:

A SMB  ~  ^Historical _|_ ĵ SFr CPxx $F\ Hsionai
stdcz-i T\ 11 si ori ca ) stdcz-i S F\ [ |s|0ru;i ) (1)
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Fig. 8. Left) Future projection of anom alies of the Greenland ice sheet SMB sim ulated by 
MAR and retrieved from CanESM2 tem perature and precipitation anom alies for the RCP 4.5 
and RCP 8.5 scenarios in respect to the 1970-1999 period. For the CanESM2 based time 
series, the average over all the five available runs is p lotted in solid line and the error bar 
gives the range around this average. The run (called r l i l p l )  of CanESM2 used for forcing 
MAR is p lotted in dotted  line. Finally, a 10-year running m ean is applied here and units are 
GT/ yr. Right) The corresponding cum ulated sea level rise from  SMB changes is show n in 
cm. The com putations use an ocean area of 361 million km 2.

w here a and b are two constant param eters, Tpcpxx (resp. SFpcpxx) is the JJA tem perature 
(resp. the annual snowfall) from the CanESM2 outputs for the RCP 4.5 or the RCP 8.5 scenario, 
^H istorical i s  t h e  m ean JJA tem perature over 1970-1999 from  the CanESM2 outputs for the 
Historical experim ent and sfd « ’(THistoricai) is the standard  deviation around this average. 
The values of the param eters a and b can be found for a fixed value of the ratio k =  a /b  
by im posing that the standard  deviation of the SMB estim ated by the CanESM2 tem perature 
and precipitation tim e series from the Historical experim ent (1970-1999) is 106km 3y r_1 as 
sim ulated by MAR forced by ERA-40 over this period. Further details and caveats about the 
m ultiple regression m odel and the param eters it uses are given in Fettweis et al. (2008). The 
values of k =  a / b  used here (—1.25 for RCP 4.5 and —5.0 for RCP 8.5) are chosen in order to 
have the best com parison betw een the projected sea level rise tim e series sim ulated by MAR 
and the one retrieved from the CanESM2 outputs as show n in Fig. 8. Different values of k are 
needed for both RCP 4.5 and RCP 8.5 scenarios i.e. the w eight of the tem perature variability 
against the precipitation variability in the SMB variability is not the same. For RCP 4.5, the
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Fig. 9. C um ulated surface height anom aly (in meters) from 2000 to 2100 sim ulated by MAR 
for the RCP 4.5 scenario. The anom alies are com puted in respect to the 1970-1999 period.

10-year running m eans of MAR and CanESM2 SMB projections com pare well and the value 
of k used is in agreem ent w ith Fettweis et al. (2008). It is not the case for RCP 8.5. This means 
that the response of SMB to extreme rising tem perature as projected by RCP 8.5 seems to be 
not a linear function of the tem perature anom alies as assum ed in Eq. 1 bu t rather a quadratic 
or exponential function due to the positives feedbacks (e.g. the albedo) w hich accelerate the 
surface melt. However, future projections of SMB sim ulated by MAR forced by RCP 8.5 over 
2006-2069 are needed to confirm this hypothesis.
A lthough the large uncertainties in Eq. 1 resulting from the choice of a fixed value for k = a /b  
and the hypothesis of linearity in the tem perature dependence, the 10-year running m eans of 
MAR and CanESM2 SMB projections give the same sea level rise at the end of this century 
(see Fig. 8). The use of Eq. 1 w ith the four other runs from  CanESM2 (in addition to the run 
used to force MAR) allows to estim ate uncertainties coming from  the forcing in our future 
projections. In 2100, w e project a sea level rise com ing from  changes in Greenland ice sheet 
SMB estim ated to be ~  +6.5 ± 1 .5  cm and ~  +14 ±  2 cm for the CanESM2 based RCP 4.5 
and RCP 8.5 experim ent respectively. The projections for the RCP 4.5 scenario (+4°C  in 
2070-2099 com pared to 1970-1999) are in full agreem ent w ith  the projections m ade for the 
SRES A1B scenario by Franco et al. (2011) w hile the projections for the RCP 8.5 scenario are 
out of range from previous studies (IPCC, 2007) because the w arm ing projected by RCP 8.5 
scenario (+9°C) is larger than the m ost pessimistic scenario used in the IPCC AR4.
In addition  to the uncertainties linked to the m odels/scenarios, it should be noted that these 
projections do not take into account changes in ice dynam ics and surface topography as

g h t  a n o m a ly  (:C u m u la te d  s u r f a c e  h e

*
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described in Gregory and Huybrechts (2006). Only changes in SMB are considered here and 
the topography of the Greenland ice sheet is fixed during  the sim ulation although successive 
annual negative Greenland ice sheet mass rates induce a decrease of the surface height in the 
ablation zone as show n in Fig. 9 and so, a w arm ing and an acceleration of the melt. For the 
RCP 4.5 scenario, the cum ulated surface height anom alies could be higher than 100 m  in 2100 
inducing a w arm ing of about I o C for these pixels in dry  atm ospheric conditions.

7. Conclusion
Future projections of the Greenland ice sheet SMB w ere carried out over 2006-2100 for the 
scenarios RCP 4.5 and RCP 8.5 w ith  the regional climate m odel MAR forced by the global 
m odel CanESM2. The CanESM2 m odel has been chosen because it is one of the global 
m odels from  the CMIP5 data base w hich sim ulates the best the current climate a t 500hPa over 
Greenland in respect to the European reanalysis. The differences between MAR forced by 
the ERA-40 reanalysis and forced by CanESM2 over 1970-1999 are not statistically significant 
except in the north-w est of the ice sheet. However, at the scale of the w hole Greenland ice 
sheet, MAR forced by ERA-40 and CanESM2 over current climate com pare very well.
As future projections, MAR sim ulates a significant decrease of the SMB along the ice sheet 
m argin due to increasing m elt and a low  SMB increase in the interior of the ice sheet due 
to heavier snowfall. At the scale of the ice sheet, the increase of precipitation does not 
com pensate the increase of m elt and MAR sim ulates a m ean surface m ass loss of about 
~  —300 (resp. ~  —800) G T /y r over 2070-2099 for the RCP 4.5 (resp. RCP 8.5) scenario in 
respect to current climate (1970-1999). These surface m ass losses correspond to cum ulated 
sea level rises of about ~  +6.5 ± 1 .5  and ~  +14 ±  2 cm in 2100 respectively. The error 
ranges in these projections estimate the uncertainties com ing from  CanESM2 used to force 
these regional projections. The uncertainties com ing from MAR are difficult to evaluate in 
view  of lack of in situ data of SMB at the scale of the w hole Greenland ice sheet. Knowing 
that the future projections of CanESM2 are in the range of other global m odels of the CMIP5 
m ulti-m odel data base and that the SMB sim ulated by MAR com pare w ell w ith  rates coming 
from  other regional m odels (Fettweis, 2007), this shows that the biggest uncertainties for sea 
level rise come rather from  the used scenario than from  the m odels themselves. However, 
future projections of MAR forced by another global m odel (e.g. HadGEM2-ES) from the 
CMIP5 data base will allow to evaluate better the uncertainties coming from the forcing 
model.
It is im portant to note that these projections of sea level rise from Greenland ice sheet m ass loss 
do not take into account changes in ice dynam ics (influencing the m ass changes from  iceberg 
calving) and in surface topography w hich could am plify the deglaciation of Greenland due to 
the positive elevation feedback. At the end of this century, according to the RCP 4.5 scenario, 
cum ulated anom alies of surface height could reach 150m in some areas along the ice sheet 
m argin, em phasizing the necessity of taking into account changes in topography. That is w hy 
it will be very interesting to couple MAR w ith  an ice sheet m odel in addition  to the coupling 
w ith  a snow  m odel to evaluate the feedbacks due to elevation and ice m ask changes to the 
SMB. Moreover, this double coupling will allow to evaluate changes in total Greenland ice 
sheet m ass balance and so to evaluate the sea level rise com ing from all changes of m ass of 
the ice sheet.
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