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Introduction 

Robert R. Dickson and Jens Meincke 
Co-Conveners 

William Turrell 
Chair, Editorial Panel 

This volume records the proceedings of the second 
in a series of Decadal Symposia, in this case focus
ing on the decade of the 1990s and set up by ICES to 
meet a quite specific purpose As in the first volume 
(Dickson et al, 1992), it is worth recalhng why the 
series was begun, since this explains the aims and 
content of the Symposium 

In October 1987, during the 75th Statutory Meet
ing in Santander, the Council endorsed the con
clusion of its Consultative Committee that annual 
publication of the Annates Biologiques series was 
no longer feasible withm the available budget, and 
Volume 41 for the year 1984 became the last in that 
distinguished series From the expressions of regret 
recorded by many Standing Committees at its dis
continuation (Procès-Verhal, 1987), it was plain that 
the Annales had been providing a valuable compi
lation ot data and information not readily available 
elsewhere Hence, as there remained a scientific 
justification, ICES aimed to meet the same scientific 
purpose via a different and more affordable route 

On the advice of a small working party, consisting 
of the Chairs of the (then) Hydrography, Marine 
Environmental Quality, and Biological Oceano
graphy Committees, together with the ICES Hydro-
grapher and ICES Environment Officer, the 
Consultative Committee recommended that the 
essential purpose of Annales Biologiques might be 
met by promoting symposia on "Overviews of the 
Decade", in which, following the approach of 
NAFO, the relevant climatic, oceanographic, and 
biological material might be pulled together and 
compared This recommendation was accepted by 
the Council, and at the 76th Statutory Meeting in 
Bergen it was given substance when it was decided 
that the first such symposium should be held in 
Mariehamn in the Baltic during June 1991 (C Res 
1988/2 2) 

While the above describes the bare facts of 
the decision, it fails to describe the continuity of 
purpose which has maintained the issue of long-
term change in the forefront of ICES activities 
throughout its century-long existence 

As early as 1890, Otto Pettersson and Gustav 
Ekman had begun the process of applied hydro-
graphic monitoring in the Baltic and North Seas, 
and It was the utility of Pettersson's scheme that was 
a key factor in prompting the founding of ICES in 
1902. Though these early initiatives were invaluable 
in establishing a basis for the long-term detection of 
"change", something more was required for this to 
develop into the wealth of decade-to-century time-
series that today form so much of the focus, interest, 
and expertise of ICES That extra stimulus was pro
vided by the large-scale, long-period shifts in ocean 
climate that have successively worked their way 
through ICES waters during much of the present 
century the "Warming in the North", the "Russell 
Cycle", the "Great Salinity Anomaly", and the 
varied effects of the North Atlantic Oscillation 
(NAO) 

The stimulus of extreme climatic events has cer
tainly continued in the decade under review During 
the early 1990s, the NAO evolved to positive values 
unprecedented in the instrumental record In fact, in 
his invited Keynote Address, Dr Phil Jones of the 
Climate Research Unit, University of East Angha, 
suggests that the recent amplification of the NAO 
from the 1960s to the 1990s may be unique even in 
proxy records of 600 years' duration (Jones, 2003) 
The latter part of the decade was hardly less spec
tacular, following a rapid drop to extreme low-index 
values in the winter of 1996 (again, one of the larg
est year-on-year changes of record), the two main 
pressure-anomaly cells of the NAO pattern showed 
a marked tendency to shift eastwards during the last 
winters of the decade 

As the principal recurrent mode of atmospheric 
forcing in the Atlantic Sector, such extreme patterns 
of NAO behaviour were associated with changes of 
large amplitude throughout the ocean-atmosphere 
system of the Atlantic As varied examples of that 
response, we note that in the early 1990s the storm 
index for the southern Norwegian Sea rose to a 
100-year maximum, an extreme freshening visited 
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the two dense overflows, the transport of the east
ern overflow slackened by 20'!̂ ), convection in the 
Labrador Sea reached unprecedented depths, con
tributing to a full-depth change in the NW Atlantic 
that is thought to be the largest of the modern 
oceanographic record, the main Atlantic gyre cir
culation spun up to a century-long maximum, as did 
the transport of Atlantic Water passing through the 
Faroe—Shetland Channel, and the warmth recorded 
off northern Norway rose to a 40-year peak These 
and other remarkable changes in the physical 
environment will be documented m the papers that 
lollow, together with evidence of the ecosystem 
response 

Had the climate of the 1990s been rather less 
anomalous, there would still have been point to 
this decadal review Only by achieving continuity of 
observation are we able to recognize what is extreme 
from what is normal and identify the subtle shifts in 
the marine climate that may have important effects 
on the ecosystem Yet it is a sobering fact, captured 
by Duarte et al (1992), that although there has been 
an exponential increase in the initiation of new 
time-series monitoring programmes in European 
marine stations in recent decades, there has also 
been an exponential increase in their termination, 
so that "long-term monitoring programmes are, 
paradoxically, among the shortest projects in 
marine sciences many are initiated, but few survive 
a decade" Put differently, policy-makers are rather 
easily startled into initiating actions, but the time 
scales of policy, funding, and even of scientific 
"fashion" are not normally imbued with much 
stamina 

"Consequently", as Duarte et al, point out, "the 
continuation of long-term monitoring programmes 
IS often heavily dependent on the personal effort and 
dedication of individual scientists", and nowhere is 
the truth of that statement better recognized than 
in the Standing Committees of ICES, where indivi
duals and groups of individuals have long taken the 
responsibility for piecing together the evidence for 
change in their regional marine environments and 
for attributing these changes as to cause 

The early history and purpose of these efforts 
were beautifully captured by Johan Hjort, the ICES 
President at the time, in his Preface to the first 
volume of the Anncdes Biologiqucs series, when he 
explained the watershed in scientific thought and the 
progression in our thinking which had necessitated 
the new publication There were three main links to 
that new chain of thought first, "the hypothesis, 
which at the beginning seemed so daring that the 
statistics of the catches of the fishermen or research 
vessels may be considered as representative of the 
existing stock", second, the idea that "samples col
lected from a series of years disclosed the important 
fact of fluctuations in the stock from the one year to 

the other", and finally "from the closer understand
ing of these changes arose the conviction that such 
changes were governed by the influence of the 
environment which might be investigated not only 
for a rational understanding of the contemporary 
situation but also for prognoses as to events in 
future" (Hjort, 194^) 

Though the idea of a permanent International 
Commission to make and administer such prognoses 
was proposed at the Berlin Meeting of the Inter
national Council, such a degree of official interna
tional cooperation proved impossible in the climate 
of May 1939 At the level of the individual scientist, 
however, there was no such problem, and the Con
sultative Committee under Chair E S Russell, Vice 
Chairs A Hagmeier and E Le Danois, and its 
Sub-Committee on "Hydrographical and Biological 
Investigations" chaired by Martin Knudsen, went 
right ahead with a plan to collect the biological and 
environmental data that such an International 
Commission would one day require when hostilities 
ceased 

Annak's Biologiqucs was the expression of that 
plan, and with an energetic Jens Smed returning 
from his Master's degree in physics in 1939 to play 
his key dual role in developing the Service 
Hydrographique as an effective regional data centre, 
and in piecing together the accumulated data into 
reliable long time-series, the plan was rapidly 
equipped with the necessary physical infrastructure 
to match the data products of the Fish Committees 

These actions, however necessary and effective, 
still do not add up to the long time-series of 
multidisciplinary data against which the slow shifts 
of environmental change can be recognized and 
explained To achieve that required simple continu
ity of enthusiasm and effort while the time-series 
and data sets lengthened As we noted in the first 
of these symposium proceedings, if we sometimes 
appear to be unduly preoccupied with the personal
ities and history of this subject within ICES, it is 
a preoccupation that is readily explained as one 
practical way of acknowledging and encouraging 
these efforts 

Hence, a further purpose of the Decadal Sympo
sium series was to acknowledge the actions of the 
individuals who had taken part in lengthening and 
broadening our description of the marine environ
ment throughout recent decades, still fired with the 
idea that motivated the Annales in the first place, 
namely that changes in the ecosystem and the physi
cal environment are linked in some understandable 
way 

In many ways their task was the hardest of all, as 
the certainty with which Hjort and his contem
poraries viewed the connection between the great 
fisheries and their physical environment sometimes 
proved difficult to pin down, as the time scale of 
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Government policies and the stamina of their fund
ing both shortened, and even to some extent as the 
fashions of science switched away from the long 
haul of monitoring and description to the short-term 
intensive study of process. 

As in Mariehamn, the five individuals whose 
efforts are especially acknowledged in this proceed
ings volume were leaders and long-time contributors 
to the study of environmental variation and effects 
on biota over many decades within ICES. On this 
occasion the scientists honoured at the Symposium 
were John Lazier (BIO, Dartmouth, NS, Canada), 
Svend-Aage Malmberg (MRI, Reykjavik, Iceland), 
David Ellett (DML, Oban, Scotland, UK), Johan 
Blindheim (IMR, Bergen, Norway) and Leo Otto 

(NIOZ, The Netherlands). Though ill-health pre
vented David Ellett from attending, Stig Fonselius 
and Odd Sffilen, whose contributions were cele
brated at the original Mariehamn Symposium in 
1991, were able to participate once again on this 
occasion. We are profoundly sorry to note Stig 
Fonselius' death in January 2003. It is perhaps one 
of the best design features of the "Decadal Sympo
sium" idea that it will provide a recurring oppor
tunity to acknowledge and encourage the efforts by 
others into the future. 

For the present, these individuals will forgive us 
if, with five long careers to consider, we are forced 
to describe them in only a few inadequate sentences. 
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John Lazier 

John Robert Nicholas Lazier (born 1 November 1936) 
entered oceanography via a BA in physics at the 
University of Toronto, then an MSc in oceanography 
at the University of British Columbia in 1963, 
ultimately completing a PhD at Southampton Uni
versity under Henry Charnock in 1977. So far as 
oceanography is concerned, the gap between the MSc 
and PhD is highly significant, since it was during this 
period that he completed his first pioneering studies 
of the oceanography of the NW Atlantic. 

Already since June 1960 a scientist at BIO, the 
young John Lazier was able to seize on a lull in 
ship schedules to undertake two long campaigns of 
hydrography, first to the Davis Strait in 1965 
aboard CCGS "Labrador", then to the Labrador 
Sea in late winter 1966 aboard CSS "Hudson". The 
impetus for the latter came from conversations with 
Val Worthington of Woods Hole, who, along with 
John Swallow, had recently surveyed the northern 
North Atlantic as part of the IGY surveys on the 
"Erika Dan". They had not found indications of 
convection capable of renewing the intermediate 
Labrador Sea Water, and Val had encouraged John 

Lazier to try again with a denser survey. The result 
was the first, and to date the only, fully three-
dimensional survey of the physics, oxygen, and 
nutrients of the Labrador Sea. It could probably not 
be afforded today. 

Of course, as we now know, the NAO in winter 
1966 was in the middle of its most strongly negative 
state in the instrumented record, with exceptionally 
gentle conditions in the Labrador Sea and no deep 
convection to be found, no matter how closely spaced 
the stations. But as a result, this survey gave us the 
vital benchmark for what Peter Rhines has called 
the "Crouching Tiger stage" of the NW Atlantic cir
culation. It came none too soon. From the explosive 
resumption of convection in winter 1972 to the 
NAO-positive extreme of the early 1990s, the con
tinuation of hydrographic time-series from the 
Labrador Sea by John Lazier, Allyn Clarke, and 
others has described a remarkable intensification and 
deepening of convection, reaching to 2300 m by 1993. 

The radical nature of the change is evident from 
John's own 1995 assessment. From 1966 to 1992, 
the overall cooling of the water column of the 
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Labrador Sea has been equivalent to a loss of 
8 W m - continuously for 26 years, the overall fresh
ening was equivalent to mixing in an extra 6 m of 
freshwater at the sea surface, and as a result the steric 
height in the central Labrador Sea was typically 
6-9 cm lower than in the late 1960s. These full-depth 
changes are arguably the largest ever observed in the 
modern instrumental oceanographic record Main
tenance of the WOCE AR7W Section into the late 
1990s identified a new period of restratification in 
which convection was confined to 1000-1500 m and 
the deeper convected water drained away from the 
region 

There have been other accomplishments Ninety 
days with Val Worthington in the Denmark Strait 
in 1967 failing to measure its outflow, failed also 
to dampen John's enthusiasm for direct current 

measurements in difficult environments By main
taining current meters on the Labrador Shelf and 
slope during the late 1970s and throughout the 1980s, 
in spite of losses to corrosion, icebergs, and trawlers, 
he measured the 30 Sv return flow of the subpolar 
gyre which had been predicted but not observed, as 
well as the annual cycle in strength of the Labrador 
Current 

In 1994 John changed state at BIO from 
Scientist to Scientist Emeritus, though with such 
discoveries, and prompted throughout his career 
by such delightful and stimulating mentors as 
the late Val Worthington, John Swallow, Henry 
Charnock, and George Needier, it is unsurprising 
that John has found retirement unappealing A 
glimpse at his current and recent fieldwork plans on 
the BIO Website will explain just how unretired he 
IS, to our great benefit! 
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Svend-Aage Malmberg 

Perhaps more than any other, Svend-Aage Malmberg 
(born 8 February 1935) has epitomized the collabora
tive international spirit of ICES in observing and 
then piecing together the evidence for the dramatic 
hydrographic changes that have passed through 
ICES waters over the past several decades. Though 
born and schooled in Reykjavik, his initial oceano
graphic training, qualifications, and employment 
were obtained at the University of Kiel (1955-1962) 
and, although employed at the Marine Research 
Institute in Reykjavik from 1963 to 2001, he has 
taken care to refresh and renew his international links 
from time to time through study periods at the 
Universities and/or Marine Research Institutes of 
Gothenberg, Bergen, Copenhagen, and Washington. 
Over this entire period, he also served as Icelandic 
representative on the Hydrography Committee of 
ICES and its Working Groups. 

As a research scientist, Head of the Hydrography 
Division (1976-1985), and Head of the Physical 
Oceanographic Group within the Ecology Division 
at MRI (to 2000), Svend-Aage had responsibility for 
providing an annual description of the hydrographic 
status of Icelandic waters as necessary input to the 
successful management of Iceland's marine fisheries 
and ecosystem. While the requirement itself may 
have been routine its delivery was not, since it relied 
on the annual working of a radiating network of 
standard hydrographic sections around Iceland each 

season for decades in some of the most daunting 
weather on Earth. Straddling the Ocean Polar Front 
and crossed by the cold dense overflows that venti
late the deep ocean, these Icelandic waters have also 
formed a key component of a succession of physical 
oceanographic campaigns that have explored the 
local, regional, and global importance of Atlantic 
ocean-climate variability; the ICES Overflow '73 
project, the Iceland Sea Project (1974/1975), the 
ICES Deep Water Project of 1980/1981, the ICES 
NANSEN Project of 1986-1990, the Greenland Sea 
Project of 1987-1991, the World Ocean Circulation 
Experiment of 1992-1998, and the EC VEINS pro
ject of 1997-2000. As his long series of publications 
will show, Svend-Aage and his Group contributed 
significantly to all of these. 

Rather than deal inadequately with a longer list, 
the description of a single key paper will serve to 
underline both the remarkable nature and long rami
fications of the changes Svend-Aage describes and 
the importance of his contribution. His 1969 Jokull 
paper "Hydrographic changes in the waters between 
Iceland and Jan Mayen in the last decade" provided 
just such a benchmark in our understanding. During 
the NAO minimum of the 1960s, a record northerly 
airflow swept the Norwegian-Greenland Sea, bring
ing an increasing proportion of Polar Water south to 
the seas north of Iceland in a swollen East Greenland 
Current. The East Icelandic Current, which had been 
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an ice-free Arctic current in 1948-1963, became a 
Polar Current in 1965-1971 as Malmberg described, 
transporting drift ice and preserving it. 

Aided by active ice formation in these Polar condi
tions, sea ice extended to the north and east coasts of 
Iceland, and the 14-year propagation of the "Great 
Salinity Anomaly" through the Northern Gyre (fore
shadowed, then co-authored by Malmberg in 1988) 
was one dramatic result. Jakobsson has concluded 
that "the 'Great Salinity Anomaly' has probably gen
erated more variability in fisheries during the last 
quarter of a Century than any other hydrographic 
event in recent years"; during its passage. Gushing 
found a significant reduction in recruitment in 11 out 
of 15 deepwater fish stocks examined. Its harsh con
ditions not only closed down the larval drift that had 
supplied and supported a major cod fishery at West 
Greenland in the middle decades of the century but 
also set in train an ecological upheaval in Icelandic 
waters that changed the species composition of the 

zooplankton community north of Iceland from 
boreal to Arctic in character and brought about a 
progressive dislocation in the traditional migration 
pattern of the Norwegian spring-spawning herring in 
the Nordic Seas that has taken 35 years to unfold, as 
Vilhjalmsson showed in 1997. 

It will be a source of satisfaction to Svend-Aage in 
his retirement that the remarkable physical changes 
he discovered and described should have had as fun
damental an importance to the functioning of the 
ecosystem in Icelandic waters as it has to our under
standing of change in ocean climate at all scales out 
to those of "global change". 

NOTE: The President of Iceland recently con
ferred the title of "Riddari" on Svend-Aage Malm
berg in recognition of his work for his country and for 
its environment. In the photograph he is seen wearing 
the medal that was presented to him on that occasion. 
We extend to him our heartiest congratulations on 
this well-deserved honour. 
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Johan Blindheim 

When Johan Blindheim (born 25 January 1933) joined 
the Section of Physical and Chemical Oceanography 
of the Institute of Marine Research (IMR), Bergen, in 
1961, he already had experience both as a sailor and 
fisherman. In parallel with studies in physical ocean
ography at the University of Bergen, he became 
responsible for hydrographic fieldwork in Green
land waters as part of the international NORTH 
WESTLANT surveys. His demand for accurate and 
precise observations and his interest and knowledge 
in electronic data-logging and data-processing made 
him a key person at the IMR from the 1960s to 1970s, 
the beginning of the "digital age" in marine science. 

Johan's responsibilities included calibration and 
maintenance of oceanographic instruments, planning 
design and maintenance of the data-logging systems 
(oceanographic, acoustic, biological) aboard the then 
new "G. O. Sars" (1970), and he served as the leader 
of the group that developed and maintained the com
puter and data-logging systems at the Institute as a 
whole. Although he must at times have been bored by 
explaining to his less well-informed colleagues how 
computer systems worked, he always brought back 
Arctic char as large and tasty gifts to co-workers 
when returning from his East Greenland cruises, gifts 
that were delivered along with stories about the 
unbelievable amounts and size of fish in the East 
Greenland rivers and the vast amounts of midges 
which made fishing a real challenge. 

Besides his extensive work in preparing modern 
and adequate computer facilities for co-workers. 

Johan managed to conduct his own research. His 
comprehensive and detailed descriptions of the vari
ability of the hydrography, in particular the Atlantic 
influence in northern waters from Labrador to the 
Barents Sea, have been benchmark studies. For a 
long period he also was his institute's "counterpart" 
to Jens Smed and responsible for the quality control 
of data delivered to the Service Hydrographique. 
During the 1970s he was heavily involved in work 
for FAO and in 1974/1975 he served as project 
manager for the Pelagic Fishery Project in Cochin, 
India. 

After returning home, he was given overall 
responsibility for oceanographic investigations in the 
Norwegian and Greenland Seas. He strongly advo
cated the value of the IMR"s standard hydrographic 
sections in the routine monitoring of ocean climate 
variabihty on occasions when these were threatened. 
He was an active participant in the planning group of 
the IMR research vessel "Johan Hjort" delivered in 
1990, where he had the main responsibility for speci
fying its oceanographic equipment. His colleagues 
experienced and appreciated his scientific knowledge 
when he acted as head of the oceanographic division 
for six years, since in this position he always kept 
science before bureaucracy. 

Johan has also been heavily involved in the 
administration of marine science at national and 
international levels, for example in his role as Chair 
of the ICES Hydrography Committee, as member of 
the ICES Working Group on Oceanic Hydrography, 
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where he strongly advocated the necessity of regu
larity and accuracy in ocean measurements, and as 
Chair of the ICES Working Group on Marine Data 
Management. 

This continuous involvement in time-series of 
hydrographic observations, notably in the Nordic 
Seas, has clearly shaped the topics of his research 
in the period approaching his retirement (2001) 
and beyond. With several high-level articles, he has 

documented and interpreted the decadal scale water-
mass changes which are of utmost importance for 
the highly productive ecosystem of the northern seas 
and are pivotal to understanding the controls that 
the processes in the Nordic Seas exert on the North 
Atlantic climate system. Friends and colleagues 
from the community very much hope that they can 
continue to draw on Johan's expertise for many 
more years to come. 
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David Ellett 

David James Ellett (born 22 July 1934) began his 
career in ocean science by transfer from the Met 
Office to the Lowestoft Laboratory in January 1954 
as assistant to Lt Cdr J. R. Lumby and Arthur Lee. 
Over the next decade he learned Atlantic hydro
graphy by participation in wide-ranging cruises to 
the Barents Sea, North Sea, Irish Sea, and Atlantic, 
including, notably, the ICES Faroe—Iceland Over
flow Experiment of 1958. With long spells on both 
Irish and UK Weather Ships, this period also saw 
the beginnings of his life-long involvement with 
Ocean Weather Ships and their data. 

The themes of David's career can be traced from 
the research interests of his two mentors. Arthur Lee 
had begun his own career in 1948 with the amazing 
events of the "Warming in the North" when such a 
protracted wave of warmth passed though the 
Atlantic subpolar gyre as to influence the global 
mean temperature curve. Jack Lumby and Haakon 
Mosby of Norway had been fastest to react when in 
1946 the International Civil Aviation Organization 
set up a committee to see how the North Atlantic 
Ocean Weather Stations could be used for oceano-
graphic investigations; the former set up hydro-
graphic sampling en route and on station at OWS 
"India", "Juliett", and "Kilo", the latter at OWS 
"Mike" and "Alpha". Couple these influences to the 
shift in UK fisheries hydrography from distant to 
home waters in the 1960s and early 1970s and you 
have the essential "building blocks" of David's 
career in ocean variability west of Britain. 

The Rockall Trough was to be David's main work
ing area and interest to the end of his career, bringing 
a succession of new insights to what had so long been 

a data desert; the so-called "shadow of Europe". His 
collaboration with the Dunstaffnage Laboratory 
began when he sailed with SMBA aboard RRV 
"Challenger" for the second ICES Overflow Survey 
in 1973. This led to his secondment in 1975 and ulti
mately to his transfer to Oban. Until his official 
retirement in 1994, he thoroughly explored these 
waters, deploying the first long-term current-meter 
moorings in the Trough from 1975, planning then 
participating in the JASIN Air-Sea Interaction 
Experiment in 1978, recovering the first unequivocal 
evidence of a Slope Current west of Scotland in 1979, 
and making the first direct measurements of overflow 
crossing the Wyville-Thomson Ridge in 1987/1988. 

Many campaigns, but one suspects that David 
would have derived greatest satisfaction from 
being designated (1992-1995) a Data Quality Evalu-
ator for WOCE, from the adoption by the com
munity of the term the "Ellett Line" for his repeat 
hydro-section across the Rockall Trough, and from 
the use of its time-series to record the arrival-time of 
particular vintages of Labrador Sea Water, thus 
establishing for the first time their trans-Ocean 
spreading rates. As he happily admitted, he was 
first and foremost a "watermass man". In 1997 he 
shared the Oceanography Prize of the Society for 
Underwater Technology with John Gould for his 
work. 

Though unable to join us in Edinburgh through ill 
health, David will have known better than most of 
the high esteem in which he was held by the marine 
science community. Sadly he passed away on 5 
October 2001. 
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Leo Otto 

Dr Leonard Otto (born 24 September 1929) received 
his academic education in physics at the Delft 
Technical University, from which he graduated in 
1955. While on military service with the Royal 
Dutch Navy he worked on infrared detection sys
tems. In 1957 he entered the Oceanography Depart
ment at the Royal Netherlands Meteorological 
Institute and participated in campaigns on board 
the submarine HMS "Walrus" in the Caribbean and 
the Eastern Pacific, carrying out gravity measure
ments with the famous Vening Meinesz pendulum 
instrument. These were part of the Dutch Gravity 
Expeditions of 1948-1958 with their final publica
tion by the National Geodetic Commission in 1960. 

Back to the surface, Leo was engaged in the 
estuarine and North Sea hydrography at KNMI 
with special interest in optical tracers. Among the 
many results were the analysis and descriptions of 
the long-term oceanographic observations at the 
Netherlands lightvessels in the North Sea for the 
period 1910-1939 (pubhshed 1964) and also his 
doctoral thesis on the oceanography of the Ria de 
Arosa, northwest Spain (1975). 

This work led into Leo's active interest in the 
ICES Hydrography Committee and in North Sea 
projects like JONSDAP (Joint North Sea Data 
Acquisition Programme). He was in charge of the 
ICES Study Group on Flushing Times of the North 
Sea, which provided the physical base for the then 

much debated issues of dumping industrial wastes in 
the North Sea. He played an important role in rais
ing political awareness for the need to continue the 
oceanographic observations at the North Atlantic 
Ocean Weather Stations when the aviation agencies 
stopped their support, and he managed to maintain 
a Dutch contribution to OWS "Mike" for the years 
beyond. 

In his period as Chair of the Hydrography 
Committee from 1980 to 1982, Leo succeeded 
in providing effective support for the Service 
Hydrographique. The annual meetings when he held 
the chair were at a high scientific and social level. 

In 1980 Leo took office with the Netherlands 
Institute of Sea Research in Texel and became active 
in the organization of the Dutch observational 
programmes in North Atlantic hydrography. It was 
in particular with the World Ocean Circulation 
Experiment in its initial phase that he fruitfully 
merged national and ICES interests for this core 
activity in contemporary oceanography. 

Leo retired from his official duties in 1994. 
He is now following his interest in the history of 
oceanography as exemplified by his co-authoring a 
contribution on the Dutch involvement in fisheries 
research prior to and within early ICES. His friends 
and colleagues in the ICES community wish him all 
the best and will keep looking out for his further 
contributions to our field. 

Continued overleaf 
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Despite the inadequacy of these few remarks to 
describe such very different people, it is hoped at 
least that a common thread shows through namely, 
that each has been concerned with maintaining 
the time-series, which are the only means we have 
of determining if change has taken place in our 
environment, of assessing its cause, and of identi
fying Its effects on the ecosystem In other words, the 
goals that Hjort's ICES had in setting up Annates 
Bwlogiques in the first place 

The ICES Symposium on Hydrobiological Vari
ability in the ICES Area, 1990-1999, was held 
at the Royal College of Physicians m Edinburgh, 
8-10 August 2001 Scientifically, the "2nd Decadal 
Symposium" was highly successful, attracting 155 
participants and a full programme of 42 selected 
talks and 55 posters over three days to describe the 
variability of the plankton, fish, ocean, and atmo
sphere of the ICES Area during the 1990s Follow
ing a selection and review process conducted by an 
Editorial Panel, the great majority of the contri
butions to the meeting were revised for publication 
in the current volume under the guidance of the 
Chair of the Panel, William Turrell, and the editors 
Alicia Lavin, Kenneth F Drinkwater, Michael St 
John, and Jennifer Watson It is now for the ICES 
Council to decide whether the provision of a "state 
description" of the ICES Area at decadal intervals 
as represented by these proceedings will continue to 
meet their purpose and budget as a replacement for 
the Annalei Biologiques 

The present volume has been organized as follows, 
the oral presentations are represented by full papers, 
followed by extended abstracts describing the poster 
presentations Manuscripts in each of these two 
sections are organized first by subject (General 
Ocean Climate, Regional Ocean Climate, Plankton 
Communities, Fish Populations), then by geographi
cal region The convention currently in use by the 
ICES Annual Ocean Climate Summary has been 
used, whereby the regional descriptions are pre
sented roughly following the path of the sub-polar 
gyre in the North Atlantic, commencing west of 
Greenland 

Robert R Dickson CEFAS, Lowestoft Laboratory, 
Lowestoft, Suffolk NR33 OHT, England UK Jens 
Meincke Institut fur Meereskunde der Umversitat 
Hamburg, D-22529 Hamburg, Germany William 
Turrell FRS Marine Laboratory, PO Box lOL 
Victoria Road, Aberdeen ABU 9DB, Scotland, UK 
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I. General ocean climate 

ICES Marine Science Symposia, 219 15-24 2003 

The North Atlantic Oscillation and the ocean's response in the 
1990s 

Robert R. Dickson and Jens Meincke 

Dickson, B , and Meincke, J 2003. The North Atlantic Oscillation and the ocean's 
response in the 1990s - ICES Marine Science Symposia, 219 15-24 

The North Atlantic Oscillation (NAO) is the dominant recurrent mode of atmo
spheric behaviour in the North Atlantic sector, dictating much of the climate variabi
lity from the eastern seaboard of the United States to Siberia and from the Arctic to 
the subtropical Atlantic, especially during boreal winter During the 1990s, the 
behaviour of the NAO became extreme in two main ways, both of which had deep-
reaching effects on Atlantic hydrography and on the marine ecosystem First, in the 
early 1990s (1989-1995 approximately), the NAO Index evolved to its most extreme 
positive state in a 175-year instrumental record, following a long if irregular amplifica
tion over the previous three decades Then, after a brief return to extreme NAO-
ncgative values in 1996, the NAO dipole pattern in sea-level pressure (sip) showed 
some tendency to shift eastward as the Index recovered to more positive values 
Through the associated variability in the intensity of open-ocean deep convection, in 
the production-rates and characteristics of the main convectively formed mode waters, 
m the freshwater accession to the Nordic Seas and in the hydrography of the dense 
northern overflows, these extreme trends in NAO behaviour have been associated 
with radical effects throughout the water column of the North Atlantic The evidence 
for this IS described 

Keywords climate change, hydrographic change. North Atlantic Oscillation, ocean 
circulation, overflow 

R R Dickson Centre for Environment, Fisheries and Aquaculture Science, Lowestoft 
NR33 OHT, Sujfolk, UK [e-mail r r dickson@cefas co uk] J Meincke Institut fur 
Meereskunde, Universitat Hamburg, Troplowitzstrasse 7, D-22529, Hamburg, Germany 
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Introduction 

The NAO in the 1990s 

The penod under review is a most unusual one in 
the climatic history of the North Atlantic, one in 
which the NAO Index evolved to extreme positive 
values unprecedented in the instrumental record 
(Figure 1, updated from Hurrell, 1995a). The NAO 
is not of course the only source of variability in 
Atlantic climate; it accounts for about one-third 
of the variance in Atlantic sea-level pressure (sip) 
during December to March. And the NAO pressure 
pattern does not simply change sign as it switches 
from one extreme state to the other; the chaotic 
nature of the atmospheric circulation means that 
at most times there are significant local departures 
from the idealized NAO pattern. However, the 
importance of the recent unprecedented long-term 
shift in the NAO lies in the wide range of variables 

attributed to it which have the potential to cause 
change in the marine environment. These include 
variations in wind speed, latent and sensible heat 
flux (Cayan, 1992a,b,c), evaporation/precipitation 
(Cayan and Reverdin, 1994; Hurrell, 1995a), the 
distribution, prevalence, and intensity of Atlantic 
storms (Rogers, 1990, 1994, 1997; Hurrell, 1995b; 
Alexandersson et al, 1998), hence effects on the 
wave climate (Bacon and Carter, 1993; Kushnir 
et al, 1997; Carter 1999), sea surface temperature 
(Cayan, 1992c, Hansen and Bezdek, 1996), the 
strength of the Labrador Current (Myers et al, 
1989), the characteristics and distribution of water 
masses (Lazier, 1995; McCartney et al, 1997; Joyce 
and Robbins, 1996; Houghton, 1996; Molinari et al, 
1997; Sy et al, 1997; Joyce et al, 1999; Curry et al, 
1998; Curry and McCartney, 2001), the extent of the 
marginal ice zone (Fang and Wallace, 1994; Mysak 
et al, 1996; Deser et al, 2000), Davis Strait ice 
volume (Deser and Blackmon, 1993), the iceberg 
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Figure 1. Winter (December-March) index of the NAO based 
on the difference of normahzed sea level pressure (sip) 
between Lisbon, Portugal, and Stykkisholmur/Reykjavik, Ice
land from 1864 through 2000. The indicated year corresponds 
to January (e.g. 1950 is December 1949 to March 1950). The 
average winter sip data at each station were normalized by 
division of each seasonal pressure by the long-term mean 
(1864-1983) standard deviation. The heavy solid line repre
sents the index smoothed to remove fluctuations with periods 
less than 4 years. 

flux past Newfoundland (Drinkwater, in Rhines, 
1994), and the intensity of deep convection at the 
main Atlantic sites (Greenland Sea, Labrador Sea, 
and Sargasso; Dickson et al., 1996; Talley, 1996; 
Dickson, 1997; Joyce et al., 2000). 

It is beyond the scope of this work to document 
all of these changes as they occurred during the 
1990s. In the sections which follow, we focus on a 
subjective selection of four chains of response which 
best illustrate the full-ocean and full-depth nature of 
these events. 

1. Spin-up of the North Atlantic gyre 
circulation 

In our first example, we highlight the radical 
interannual and interdecadal changes in the pro
duction of the convectively formed mode waters of 
the West Atlantic (Labrador Sea Water (LSW) and 
'18-Degree Water') which Dickson el al. (1996) sug
gest to be part of a coordinated pan-Atlantic pattern 
of convective activity, driven by the changing NAO. 
Following the trend in the NAO Index, convective 
activity at all three main sites has evolved over 
decades between opposite extrema. From the NAO 
minimum of the 1960s, when the ventilation of the 
Greenland Sea and Sargasso was at a maximum 
and that of the Labrador Sea was tightly capped, 
convective activity evolved towards the opposite 
extreme state in the early 1990s, in which convection 
in the Greenland Sea and Sargasso was suppressed 
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Figure 2. Changes in the salinity (upper panel) and potential 
temperature (9; lower panel) of the water column in the 
Central Labrador Sea over the complete period of the hydro-
graphic record since 1938. The data set was selected to lie 
within the 3300 m isobath of the Labrador Sea. and the plots 
represent the median values of vertical property profiles, 
binned according to a, density intervals. Kindly provided 
by Igor Yashayaev, Bedford Institute of Oceanography, 
Dartmouth, N.S., Canada, pers. comm. 

but vertical exchange in the Labrador Sea was 
reaching deeper than previously observed. 

The mechanism is thought to involve the sort of 
change in the distribution of Atlantic winter storm 
activity that has long been associated with opposite 
extreme states of the NAO (Rogers, 1990), and 
which latterly brought an intense storminess and a 
record northwesterly windstress to the Labrador 
Sea during winters of the early 1990s. The result 
was intensifying and deepening ventilation of the 
Labrador Sea, with a progressive cooling and fresh
ening of LSW into the 1990s (Figure 2, from Igor 
Yashayaev, pers. comm.), and ultimately, during 
the deepest-reaching convection since 1992, to an 
increase in LSW density as convection began to 
excavate the cold but saline sublayer of North 
Atlantic Deep Water (Dickson el al., 1996). Thus 
in the early 1990s LSW was fresher, colder, and 
denser than at any other time in the history of deep 
measurements in the Labrador Sea. From 1966 to 
1992, in what we believe to be the largest change in 
the modern instrumental oceanographic record, the 
overall freshening of the water column of the 
Labrador Sea was equivalent to mixing-in an extra 
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6 m of freshwater at the sea surface (7 m if we 
extend the period to 1994), and its cooling has been 
equivalent to a loss of 8 W m"- continuously for 26 
years (Lazier, 1995). (Beneath the convective layer, 
the freshening by = 0.01 per decade over the past 
three to four decades, apparently still continuing 
(Figure 2), reflects the recent large-scale freshening 
of the upper Nordic Seas transferred via the dense 
northern overflows through Denmark Strait and the 
Faroe Bank Channel; see below. As the net result of 
both these changes, the steric height in the central 
Labrador Sea in the mid-1990s was typically 6-9 cm 
lower than in the late 1960s). 

These changes in the mode water of the Labrador 
Sea have a value in identifying the rates and path
ways by which LSW spreads across the basin (e.g. 
Sy et al, 1997]. However, their major importance is 
likely to lie in their influence on the Atlantic gyre 
circulation itself. As Curry and McCartney (2001) 
point out, the main North Atlantic Current is driven 
by the gradient of potential energy anomaly (PE') 
across the mutual boundary between the subtropical 
and subpolar gyres. Since PE' reflects the vertical 
density structure and heat content of the upper 
ocean to well below the wind-driven layer, it follows 
that coordinated changes of opposite sign in the 
production and characteristics of the mode waters 
in each gyre will have the potential to drive deep-
seated changes in the PE' gradient and hence in the 
strength of the Atlantic gyre circulation. And if 
these changes in the density and heat content of 
mode waters are attributable to the NAO, then the 
amplification of the NAO to extreme values over 
the past three or four decades is likely to have been 
followed by a corresponding multi-decadal spin-up 
of the Atlantic gyre circulation. 

From the observed PE' differences between the 
centres of the two gyres, Curry and McCartney 
calculate that the long-term increase in the NAO 
Index to the mid-1990s was accompanied by a 30% 

Schematic of mode water 

1970-1971 (NAQ-) 

increase in the 0-2000 dbar east-going baroclinic 
mass transport along the gyreigyre boundary, from 
50 Mts-' (= Sv = lO'^m's-') in 1970 to 65 Mts"' in the 
mid-1990s. Both subpolar and subtropical gyres 
contributed equally to the changes in their transport 
index (shown schematically in Figure 3). Thus, in 
response to the NAO, the North Atlantic gyre cir
culation during the period under review is likely to 
have been at its strongest for more than a century. 

2. Altered patterns of exchange with the 
Nordic Seas during the 1990s 

Though their wider influence is certainly regulated 
by the gaps and passageways that form their 
connections to neighbouring seas, the Nordic Seas 
are potentially important as a source of change for 
both the climatically sensitive Arctic Ocean and for 
the northern overfiows which form the deep south-
going limb of the meridional overturning circulation 
(MOC). It is worth recording, then, that over much 
of the water column the hydrographic character of 
these seas during the 1990s was beyond the range 
of our past experience; and that in one way or 
another these extreme anomalies appear to have 
arisen through a changing balance, sense, or pattern 
of "exchange". We note four changes in particular. 

The 1990s were remarkable both for our increased 
ability to measure or estimate the Atlantic inflow to 
Nordic Seas and for the evidence of change that 
these studies revealed. Modern estimates based on 
direct measurements (e.g. Hansen and Osterhus, 
2000; Orvik et al, 2001) describe two main branches 
of inflow to the Norwegian Sea carrying a total 
mean transport of order 7 Sv (a third inflow of order 
1 Sv passes north to the west of Iceland). The east
ern branch appears as a narrow, topographically 
trapped current carrying order 4 Sv northward 

effects on NAC transport 

hPE' = 4-12001 
1993-1995 (NAO+) 

Figure 3. Schematic of mode water effects on the North Atlantic gyre circulation during opposite extreme states of the NAO. 
Based on the analysis by Curry and McCartney (2001) 
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against the upper continental slope The offshore 
branch takes the form of an unstable frontal jet 
about 400 m deep and is less well measured in con
sequence, carrying an estimated transport of order 
3 Sv into the central Norwegian Sea 

These two inflow streams thus carry only a small 
fraction of the Atlantic Water transport brought 
east by the North Atlantic Current and the varia
tions in inflow, at least for the main branch passing 
through the Faroe-Shetland Channel, are ascribed 
to changes in the local windfield rather than to the 
large-scale changes in the Atlantic gyre circulation, 
just described (section 2 3) As the dominant mode 
of sip variability in the Atlantic sector, the NAO 
can be expected to be implicated in these changes, 
and in fact specific associations with NAO vari
ability have been described for the inflow and 
subsequent northward transport of Atlantic Water 
through the eastern Norwegian Sea 

First, using a box inverse method. Dye (1999) uses 
the century-long hydrography from the Faroe-
Shetland and Nolso-Flugga standard sections to 
identify long-term changes in the upper layer trans
port through the Channel, continuously since 1946, 
discontinuously before that Perhaps because the 
box inverse method does not, in this case, give com
plete access to the barotropic component, the trans
ports calculated are no more than half of the order 
4 Sv that we believe passes north along the Scottish 
Continental Slope However, this analysis does dem
onstrate a clear association between infiow and the 
NAO, with the upper-layer transport increasing 
steadily by a little more than 1 Sv after the mid-
1960s, in parallel with the NAO Index, the Faroe-
Shetland through-flow (or at least this component 
of It) was at a century-long maximum in the early 
1990s The hydrographic analysis of data from 
the Svinoy Section by Mork and Blmdheim (2000) 
would appear to support this conclusion They find 
that the NAO Index is closely associated with the 
temperature, salinity, and transport variations on 
this Section, which intercepts the inflow some 350 
km further north at 62°-64°40'N They suggest that 
since 1978 (thus covering much of the recent long-
period change in the NAO Index) the transport 
through the whole section has increased by 1 1 Sv, 
mostly in the eastern branch The current may also 
have narrowed Using the 35 isohaline as a proxy for 
its westward extent, Blindheim et al (2000) show 
that the width of the Norwegian Atlantic Current 
(NwAC) at 65° 45'N has been closely (inversely) 
correlated with the winter NAO Index since 1963 
(r = 0 86 for a 2-year delay) Since N AO-positive 
conditions are associated with a greatly strength
ened southerly airflow west of Norway (see Dickson 
et a!, 2000, their Figure 2e), these changes in the 
transport and width of the NwAC are both perhaps 
in the expected sense. 

Upper-ocean temperatures in the Nordic Seas 
have also reflected the recent extreme amplification 
of the NAO During winters of positive NAO index, 
the northeastward extension of Atlantic winter 
storm activity to the Nordic Seas together with the 
outflow of cold and dry air from the Canadian 
Arctic results in broadscale cooling across Atlantic 
mid-latitudes from the Davis Strait and West 
Greenland Banks across the Labrador and Irminger 
Seas to Iceland, Faroes, and much of the Nordic 
Seas By contrast, as already mentioned, the warm, 
moist southerly airflow that is directed along the 
eastern boundary of the North Atlantic under these 
NAO-positive conditions is held responsible for 
driving a warmer (Dickson et al, 2000), stronger 
(Dye, 1999; Mork and Blindheim, 2000, Orvik et al, 
2001), and probably narrower (Blindheim et al, 
2000) flow of Atlantic Water northwards to the 
Barents Sea and Arctic Ocean (Quadfasel, et al 
1991, Tereschenko, 1996, Grotefendt et al, 1998), 
resulting in very warm SSTs west of Norway along 
the domain of the Norwegian Atlantic Current 
despite a parallel increase in windspeeds there The 
rising trend and interannual variability in the NAO 
Index since the 1960s is for this reason reflected in a 
similar rising trend in upper-ocean temperatures in 
the eastern Fram Strait over the past few decades 
(Figure 4A, B, updated from Dickson et al, 2000) 
and it will be suggested below that we can trace 
the propagation of this characteristic temperature 
pattern around the boundary of the Nordic Seas to 
the Denmark Strait and from there into the abyssal 
layers of the Labrador Sea 

A third notable change in these waters during 
the period under review is a large-scale, large ampli
tude freshening that has taken place in the upper 
1-15 km of the Nordic Seas over the past three or 
four decades Once again the cause is largely attrib
uted to the amplifying NAO, but with a variety of 
area-specific mechanisms (a) The direct export of 
sea ice from the Arctic Ocean is one such cause 
(Vinje et al, 1998, Kwok and Rothrock, 1999). 
A combination of current measurements, upward-
looking sonar, and satellite imagery reveals that the 
annual efflux of ice through the western Fram Strait 
increased with the NAO to a record volume flux of 
4687 km' year' in 1994- 1995 Although the relation
ship IS not robust m the longer term, each 1-sigma 
increase in the NAO Index since 1976 has been asso
ciated with an approximately 200 km' increase in the 
annual efflux of ice to the Greenland Sea (Dickson 
et al, 2000) (b) Throughout the marginal ice zone 
of the Nordic Seas, a steady decrease in the local 
late-winter production of sea ice has accompanied 
the increasing trend in the NAO over the past 40 
years (Deser et al, 2000) (c) The extension of storm 
activity to the Nordic Seas under extreme NAO-
positive conditions is calculated to increase preci
pitation along the Norwegian Atlantic Current by 
approximately 15 cm per winter compared with the 
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Figure 4 Transfer of a climatic signal from the upper high-latitude ocean to the deep Atlantic The mean temperatures m the 
eastern Fram Strait reflect the increased southerly airflow west of Norway associated with NAO-positive conditions Shown are 
(A) the 50-500 m mean temperatures (°C) in August-September at 9°E and 11°E on the Sorkapp Section, 76''20'N, 1967 2002, 
compared with (B) the normalized winter NAO Index (updated from Dickson et al, 1999. 2000) In turn, the temperature of the 
Denmark Strait overflow 2500 km further south appears to be the lagged reflection ot Fram Strait temperatures 3 years earlier 
Shown arc (C) the 30-day mean temperatures at 2000 m in the overflow core oft Angmagssahk SE Greenland (dots) And the 
temperatures of the descending plume off SE Greenland affect the hydrographic character of the abyssal Labrador Sea a further 
1 year later Shown as circles in (C), (D), (E) are the potential temperature, salinity, and density of the DSOW-derived bottom 
layer of the Labrador Sea, with time-scales shifted by 1 year. 

equivalent NAO-negative conditions (Dickson et al, 
2000). Other factors and mechanisms have undoubt
edly contributed to the long and gradual but dra
matic freshening of the European subarctic seas in 
recent decades, most of them associated in some way 
with the amplifying NAO. Blindheim et al. (2000) 
describe a range of factors internal to the Nordic 
Seas, including an increased freshwater supply from 
the East Icelandic Current and the narrowing of the 
salty Norwegian Atlantic Current towards the Nor
wegian Coast. Thus, while it may not yet be possible 
to partition the recent freshening of the Nordic Seas 
into its individual contributory components, it will 
become clear below that the change is sufficiently 
widespread and has occurred over a sufficiently deep 
layer to affect the hydrographic character of both 
dense overflows crossing the Greenland-Scotland 
Ridge. 

As with the Labrador Sea, a radical interdecadal 
change in the depth and intensity of open-ocean 
convection was a fourth major change to affect the 
Nordic Seas, part of the same coordinated pan-
Atlantic pattern of convective activity driven by the 
changing NAO that we described earher (Dickson 
et al, 1996; Verduin and Quadfasel, 1999). From 
the NAO minimum of the 1960s, the intensity of 
deep convection in the Greenland Sea became 
progressively more suppressed as the NAO Index 

amplified to extreme positive values in the early-
to-mid-1990s. At the same time, a steady deepening 
of intermediate and deep isopycnals in the Green
land Sea from the early 1980s (Boenisch et al, 1997) 
provides evidence of a collapse of the "domed" den
sity structure in the Greenland Sea as a reduced 
windstress curl (Jonsson, 1991) supported a less 
intense cyclonic basin circulation there (Meincke 
et al, 1992; Rudels and Quadfasel, 1991). Perhaps 
in compensation there is evidence of an increased 
influx of deep waters from the Arctic Ocean into 
the Greenland Sea basin at intermediate depths 
(Meincke and Rudels, 1995; Meincke et al, 1997). 

3. Changes in overflow hydrography: 
the propagation of the dimate signal 
to the deep Atlantic 

The overflow and descent of cold dense water from 
the sills of the Denmark Strait and Faroe-Shetland 
Channel is the principal means by which the deep 
ocean is ventilated and so these overflows are key 
elements of the global thermohaline circulation 
(THC). In the period under review, we have evi
dence that hydrographic variability induced by 
climate forcing at the surface of the high latitude 
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ocean is being passed on via both intermediate-
depth overflows to affect the hydrographic character 
of the deep and abyssal ocean south of the 
Greenland Scotland Ridge Two such climate 
"signals" are apparent 

The transfer of near-surface temperature variabi
lity from the upper waters of the eastern Fram Strait 
to the abyssal Labrador Sea 30-ddy means of 
temperature from the core of the Denmark Strait 
overflow at ~2000 m off Southeast Greenland have 
provided evidence of a well-defined multiannual-
to-decadal variability (dots. Figure 4C) Following 
Dickson et al (1999), this pattern of change in over
flow temperature appears to correspond to the 
temperature variability of the upper 500 m of the 
eastern Fram Strait, some 2500 km upstream and 3 
years earlier (Figure 4A). In other words, we believe 
we see evidence - admittedly from short and gappy 
records - that the hydrographic character of the 
overflow waters descending from the Denmark 
Strait sill (DSOW) may be the lagged reflection of 
high-latitude climate-forcing of the surface ocean 
in Fram Strait. Tracking these changes further 
downstream, we also appear to find a clear corre
spondence between the temperature at 2000 m in the 
Denmark Strait Overflow core off Angmagssahk, 
Southeast Greenland and the temperature, salinity, 
and density of the abyssal layer of the Labrador Sea 
a further 1 year later (circles. Figure 4C-E), perhaps 
an early demonstration of a direct climatic effect 
on the abyssal limb of the Atlantic Thermohaline 
Circulation 

Transfer of the multi-decadal freshening signal of 
the Nordic Seas via both overflows to the deep and 
abyssal layers of the North Atlantic Below the 
convectively formed mode water layer of the Labra
dor Sea in depths of 2300-3500 m, repeat hydrogra
phy has indicated a steady freshening over the past 
three to four decades At these depths, beyond 
the reach of deep convection, such a change cannot 
be due to local climate forcing Instead, it appears 
to reflect the large-scale freshening of the upper 
1-1 5 km of the Nordic Seas, already described, 
transferred to the deep Atlantic via both dense 
overflows 

Hydrographic sections monitoring the outflow of 
Norwegian Sea Deep Water and Arctic Intermediate 
Water (NSDW and NSAIW) through the Faroe-
Shetland Channel confirm that salinities have 
decreased almost linearly by~0 01 per decade since 
the mid-1970s (Turrell el al, 1999), and by con
structing salinity time-series at intervals along the 
spreading pathways of both overflows from their 
sills to the Labrador Sea, Dickson et al (2002) con
firm that the entire system of overflow and entrain-
ment that ventilates the deep Atlantic has rapidly 
freshened over the past four decades. Both dense 
overflows, therefore, appear to have tapped and 

delivered to the headwaters of the THC the freshen
ing signal of the upper Nordic Seas (For changes in 
overflow transport, see section 5 below ) 

4. Eastward shift of the NAO dipole 
pattern during the late 1990s 

Following Its long period of amplification, the 
winter NAO index suddenly underwent a sharp 
decrease to a short-lived minimum in the winter of 
1995-1996 (Figure 1) with radical and recognizable 
changes in Atlantic sea level, in the poleward trans
port of heat by ocean currents, in the pattern of the 
Atlantic gyre circulation, in the storm climate and 
precipitation regime over northwest Europe, in the 
efflux of ice from the Arctic, and on cod recruit
ment Since that temporary minimum, as the NAO 
Index recovered towards more positive values, we 
have noted a new type of NAO behaviour. Compar
ing the Atlantic sea level pressure anomaly pattern 
for the early 1990s with those for winters 1999 and 
2000, we find that the NAO pattern in these recent 
winters was displaced slightly towards the east or 
northeast. 

This subtle change had little effect on the sub
tropical gyre of the Atlantic or along its eastern 
boundary to the Barents Sea, where there was 
evidence of the widespread warming we would 
normally associate with the positive NAO How
ever, in the northwest Atlantic, this slight eastward 
retraction of the "normal" NAO pattern made an 
important difference to the marine climate of the 
Labrador Sea and West Greenland Banks Instead 
of a chill and strong northwesterly airflow promot
ing cooling there as it did in the early 1990s with 
intense and deep-reaching convection (to > 2300 m) 
in the Labrador Sea, we now find that any north
westerly airflow IS mainly confined to the east of 
Greenland so that the Labrador Sea is instead 
occupied by light or southerly anomaly winds 

Thus reports from the West Greenland Banks 
in these winters were of continued warmth rather 
than cooling, and convection in the Labrador Sea 
remained weak and shallow. The latter change 
was particularly dramatic The intense and deep-
reaching convection that we have come to associate 
with NAO-positive conditions not only produces 
a deep homogeneous LSW water mass, but drives a 
strong cyclonic circulation in the Labrador Sea. 
With that stimulus removed, the centre of the 
Labrador Sea was occupied in these two anomalous 
winters by a stack of different water masses, reflect
ing not only the past products of a weakening 
convection, but the lateral intrusion of other 
water masses from a variety of sources around the 
boundary 
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This observation (that NAO-positive conditions 
can locally drive quite different ocean responses 
depending on the detailed configuration of the asso
ciated sip pattern) offers a timely reminder of the 
limitations of using a simple 2-point pressure dif
ference as our index of NAO behaviour It may offer 
a convenient shorthand indication of atmospheric 
behaviour and ocean response but it may not cap
ture important detail It remains to be seen whether 
this eastward shift in the NAO dipole is just further 
evidence of the chaotic nature of the atmospheric 
circulation (NAO noise) or part of a more concerted 
trend m NAO behaviour Hilmer and Jung (2000) 
suggest that the centres of maximum interannual 
variability m sip associated with the NAO have been 
located further to the east since the late 1970s, and 
some climate simulations (Ulbrich and Christoph, 
2000) suggest that one accompaniment of CO2 
warming will be an eastward or northeastward shift 
in the locus of the two cells that form the NAO 
dipole So It IS possible (but not yet "likely") that the 
more easterly distribution we have experienced in 
winters 1999 and 2000 may be part of that shift 

5 Issues of NAO forcing in the Atlantic 
sector' detection, prediction, and 
change 

Of the 13 recurrent atmospheric circulation modes 
world-wide considered by Barnston and Livesey 
(1987), the NAO is among the most robust During 
the decade under review, the winter NAO attained 
its most extreme and persistent positive state in 
the instrumental record and, unsurprisingly, the 
ocean-atmosphere system reflects this Century-long 
extrema were experienced in parameters as diverse 
as storminess over the Norwegian Sea, the strength 
of the Atlantic gyre circulation, the depth and inten
sity of Labrador Sea convection, and the hydro-
graphic character of the northern overflows All of 
these changes (and others) are in some way attribut
able to NAO forcing And these four cases are 
enough to explain why the signature of NAO for
cing IS identifiable from the ocean surface to abyssal 
depths 

Three main scientific issues remain (1) detecting 
the NAO response in our sparse observing system 
of standard stations and sections, (2) assessing 
the causes, effects, and predictability of change in 
the NAO itself, and (3) determining the mutual 
involvement of the Atlantic's ocean and atmosphere 
in global change These issues are not mutually 
exclusive 

Even with what might be termed 'standard' NAO 
behaviour, the ocean or ecosystem response is likely 
to exhibit different degrees of delay, from the local 
and immediate to the multi-year delays imposed by 

advection Very recent model experiments (Eden 
and WiUebrand, 2001) alert us to the probable 
co-existence of a fast (intra-seasonal) barotropic 
response and a delayed (time scale 6-8 year) baroc-
linic response to the same NAO-positive forcing 
The difficulties of detecting and tracing the ocean's 
response in our available record are compounded by 
the fact that NAO behaviour may not be standard 
The slight eastward shift of the NAO dipole pattern 
in certain winters of the late 1990s (section 5 above) 
was enough to reverse the cooling and freshening 
tendency of the Northwest Atlantic mode water in 
the early 1990s (one of the largest changes in ocean
ography) and warm the West Greenland Banks, 
despite a positive NAO Index Yet some such east
ward shift IS an anticipated part of NAO behaviour 
in some simulations (Ulbrich and Christoph, 1999) 

'Detection' would thus seem to presuppose some 
knowledge of how the NAO might vary In the 
instrumental record in fact there is little evidence for 
the NAO to vary on any preferred time scale Large 
changes can occur from one winter to the next, and 
there is also a considerable amount of variability 
within a given winter season (Nakamura, 1996) 
This IS consistent with the notion that much of the 
atmospheric circulation variabihty in the form of 
the NAO arises from processes internal to the atmo
sphere, in which various scales of motion interact 
with one another to produce random (and thus 
unpredictable) variations (Wallace and Lau, 1985, 
Lau and Nath, 1991, Ting and Lau, 1993, Hurrell, 
1995b) 

There are, nonetheless, periods when anomalous 
NAO-hke circulation patterns persist over many 
consecutive winters, as with the persistent NAO-
positive conditions of most of the 1990s In fact, 
as already described, the magnitude of the recent 
upward trend is unprecedented in the observational 
record (Hurrell, 1995a, Thompson et al, 2000) and, 
based on reconstructions using palaeoclimate and 
model data, perhaps over the past several centuries 
as well (Osborn et al, 1999, Stockton and Glueck, 
1999) The question therefore arises as to whether 
such unusual behaviour is explicable - even predict
able But whether such low frequency (mterdecadal) 
NAO variability arises from interactions of the 
North Atlantic atmosphere with other, more slowly 
varying, components of the climate system such as 
the ocean (McCartney et al, 1997, Rodwell et al, 
1999, Mehta et al, 2000, Hoerhng et al, 2001), 
whether the recent upward trend reflects a human 
influence on climate (Corti et al, 1999, Osborn 
et al, 1999, Shindell et al, 1999, Ulbrich and 
Christoph, 1999, Fyfe et al, 1999, Gillett et al, 2000 
and in press, Monahan et al, 2000), or whether the 
longer time scale variations in the relatively short 
instrumental record simply reflect finite sampling of 
a purely random process (Wunsch, 1999), is a topic 
which remains, for the present, unresolved 
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The onset of global change adds an additional 
unknown to NAO variability The analysis ot tem
perature change by latitude and time (Delworth and 
Knutson, 2000) appears to show clearly enough 
that the recent observed warming is global and 
thus quite distinct from the earlier episode ol high 
latitude warming in our sector during the middle 
decades of this century The third IPCC Report con
cludes more categorically than before that "there is 
new and stronger evidence that most of the warming 
observed over the last 50 years is attributable 
to human activities" (Anon, 2001) And coupled 
climate models seem to be reaching some kind of 
consensus that a slowdown of North Atlantic Deep 
Water (NADW) production will be one outcome 
However, the issue of whether such effects are yet 
evident in our ocean time-series remains open For 
the first time, Hansen et al (2001) have been able to 
couple a moderately long, modern set of direct flow 
measurements to a half-century of frequent hydro
graphy at OWS M to provide evidence of a 20% 
decrease in the coldest and densest part (t < 0 '?°C, 
at > 28 0) of the overflow from the Faroe Bank 
Channel since 1950, but the necessary companion 
data sets on Denmark Strait outflow or on Atlantic 
inflow to the Nordic Seas are not yet adequate 
to confirm the point Overflow hydrography has 
detected a multi-decadal freshening of both over
flows that can be followed into the deep and abyssal 
layers downstream (Dickson et al, 2002), but we are 
only just beginning to detect the subtle effects of this 
change on deep and abyssal density 

Conclusion 

In a decade of stark climatic signals, these unre
solved issues leave only one conclusion Our past 
hydrographic record has provided clear enough 
evidence of the socio-economic impacts of ocean 
climate changes in our sector, and our present 
records are already hinting that certain important 
global change processes may be controlled or modu
lated by the oceanic exchanges that connect the 
Arctic Ocean to the open Atlantic via Nordic Seas 
Our observational series must be maintained to keep 
pace with such changes, and broadened in key 
locations until present uncertainties are resolved 
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The North Atlantic Oscillation (NAO) is the principal mode of variability in surface 
pressure over the North Atlantic/European sector of the Northern Hemisphere (NH). 
The mode is particularly dominant during the winter season, explaining part of the 
surface temperature and precipitation variability over the region. Recent winter values 
of the NAO during the late 1980s and 1990s have been strongly positive, giving 
Northern Europe a succession of mild winters Long instrumental records and palaeo
climatic reconstructions of the NAO indicate several earlier periods of comparable 
values over the past 500 years The rise in NAO values from the 1960s to the 1990s, 
however, does appear unique in the long records Although the NAO is capable of 
explaining some of the variabihty of surface temperature change during the 1990s in 
the winter season, it cannot explain the warming of the other seasons as the NAO 
influence is weak and the NAO has been less anomalous in these seasons. 
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Introduction 

The strong anti-phase relationship between monthly 
pressure series from Iceland and the Azores was first 
referred to by Walker (1924) as the North Atlantic 
Oscillation (NAO). The traditional index has been 
calculated from the difference between normalized 
monthly pressures at Ponta Delgada (Azores) and 
Stykkisholmur (Iceland). These locations were 
chosen originally as they were the sites with the 
longest readily available series of pressure observa
tions from the two centres-of-action that represent 
the phenomenon. 

The NAO value is a measure of the westerly wind 
strength over the North Atlantic and the western 
half of Europe. Winter values have the strongest 
influence on surface chmate features in the region. 
Positive values of the NAO, implying stronger west
erlies, bring milder weather to Europe, north of 
about 40°N and vice versa (see Hurrell, 1995 and 
Osborn etal., 1999). South of 40°N, the relation
ship is the inverse, particularly over the southern 
Balkans, Turkey and parts of the Middle East 
and over southern Spain and northwestern Africa. 
The NAO also influences the climate over eastern 
North America, with positive values associated with 

warmer winters over the southeastern United States 
and cooler winters over eastern Canada and western 
Greenland. The four main centres of influence have 
been extensively studied since Hurrell (1995) and 
referred to as a quadropole pattern by Slonosky and 
Yiou (2001). Positive NAO values are also associ
ated with higher amounts of precipitation in Europe 
north of 45°N and reduced precipitation to the 
south (Hurrell, 1995). 

In this article, several measures of the NAO are 
compared over as long periods as possible, including 
two palaeoclimatic reconstructions. Recent changes 
of the NAO have been unusual, and the anomalous 
nature of the 1990s with respect to the longer 
records is discussed. The strength of the relation
ships between the NAO and surface climate variabil
ity of the North Atlantic/European region is then 
assessed. 

Longer records of the NAO 

Figure 1 shows several winter (December to Feb
ruary) NAO indicators back to the beginning of 
instrumental and documentary historical records. 
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Figure 1 Winter (December to hebruary) times-senes of the NAO trom long mstrumentdl records (back to 1865 1821 and 
1780) and from documentary-based reconstructions (back to 1659) 

The traditional measure uses the Ponta Delgada site 
in the Azores as the southern node where records 
began in 1865 For the northern node, Reykjavik 
has records back to 1821, 25 years earlier than 
Stykkisholmur (Jones et aL 1997) Hurrell (1995) 
showed that using a Southwest European location 
as the southern node, instrumental indices could be 
extended back further during the winter season The 
earliest location in this region is Gibraltar, with 
records back to 1821 (Jones et al, 1997) Further 
extension of the NAO to 1780 is possible using the 
gndded surface pressure reconstructions trom Jones 
et al (1999), which use a network of varying num
bers of surface pressure data (including Gibraltar 
and Reykjavik after 1820) 

The final two curves in Figure I are two recon
structions of the NAO developed by Luterbacher 
et al (1999, 2002) using regression analysis Full 
details of the methods are given in the two articles 
They make use of long pressure series but include 
additional information from many, even longer, 
series of monthly temperature averages and precipi
tation totals and documentary sources These latter 
series incorporate information from documentary 
archives such as diaries, river and Baltic Sea freeze 
dates and reports of droughts in southern Europe 
Rodrigo et al (2001) have recently illustrated the 
potential for reconstructing the NAO from one such 
drought series for Andalusia in southern Spain since 
1500 

Figure 2 compares the Luterbacher et al (2002) 
reconstruction with another recent reconstruction 
by Cook et al (2002) In Figure 2 the winter season 
IS December to March, that used by Cook et al 

Figure 2 Comparison of two long winter (December to 
March) reconstructions of the NAO [documentary and instru 
mental based from Luterbacher it al (2002) (light grey) and 
from tree rings and ice cores from Cook </ ul (2002) (dark 
grey)] Both series and the observational NAO (black and 
based on Gibraltar and Reykjavik) have been smoothed with a 
W-year Gaussian filter 

(2002) To enable comparison the Luterbacher et al 
(2002) series, which is available monthly, is based 
on the 4-month average, so is marginally different 
from that shown in Figure 1 The Cook et al (2002) 
reconstruction has been developed from natural 
archives of the past, incorporating several hundred 
tree-ring chronologies constructed from trees grow
ing in Europe, north Africa and eastern North 
America and a few Greenland ice cores As both 
reconstructions involve many non-pressure variables 
(temperature, precipitation, and documentary series 
in the case of Luterbacher et al (2002) and tree 
rings and ice cores in the case of Cook it al (2002)), 
they will also incorporate changes in the influence 
of the NAO on these indicators as well as changes 
in the NAO itself (Jones et al ,2001) 
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All the winter NAO series indicate relatively 
unusual conditions during the 1990s, but recent 
values for individual winters have not been entirely 
without precedent. Similarly, strongly positive values 
for individual winters occurred during the early 
decades of the 20th century and for several earlier 
periods of one or two decades in earlier centuries. 
Although recent values have not been entirely unique 
compared to earlier decades (except on the 30-year 
time scale of the filtered series), the rise in values over 
the 30-year period from 1965 to 1995 does stand out. 

Relationships with surface variables 

Figure 3 shows correlation coefficients between the 
NAO (the series developed from Ponta Delgada and 
Reykjavik) and surface temperatures and precipita
tion totals. The correlations have been calculated for 
the four climatological seasons, based on data for 
the 1951-2000 period. Figure 3A shows correlations 
with temperature and Figure 3B with precipita
tion. The strongest correlations are as expected in 
the winter season, but weaker and still significant 

r{NAO,TEMP) Winter 1951-2000 r(NAO,PREC) Winter 1951-1998 

> r(NAO,TEMP) Spring 1951-2000 ô > r(NAO,PREC) Spring 1951-1998 vo 

> r (NAO,TEMP) S u m m e r 1951-2000 «o > r (NAO,PREC) S u m m e r 1 9 5 1 - 1 9 9 8 yj 

Figure 3. Seasonal correlation maps between surface climate features over the 1951-2000 period and the NAO defined by Ponta 
Delgada and Reykjavik: (A) temperature and (B) precipitation. In this and subsequent Figures, standard climatological seasons 
are used. Winter is December to February, Spring is March to May, etc. 
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correlations are sometimes evident in some areas in 
the other seasons. Correlations are weakest during 
the summer season. 

Reid etal. (2001) and Jones et al. (2002) show 
similar analyses for different periods, illustrating 
that the strengths of relationships do vary with 
time. The stronger relationships (those in the key 
regions of the quadropole pattern), however, tend 

Winter TEMP (°C)anoms (wrt 61-90) for 1991-2000 

Summer TEMP (°C) anoms (wrt 61-90) for 1991-2000 

Figure 4. Seasonal surface temperature anomalies for 1991-: 

I. Jones 

to maintain similar values through time, but the 
weaker relationships can be dependent on the time 
period used in their development. Jones el al. (2002) 
show, in particular, that precipitation/NAO rela
tionships are much more variable with time, reflect
ing the greater spatial variability of precipitation 
processes and the greater difficulty of ensuring long 
homogeneous precipitation series. 

Spring TEMP ("Oanoms (wrt 61-90) for 1991-2000 

Autumn TEMP (°C) anoms (wrt 61-90) for 1991-2000 

period (with respect to the 1961-1990 base period). 
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The 1990s in comparison to earlier 
decades 

warmer conditions than during the 1961-1990 
period. Figure 5 shows similar maps for seasonal 
pressures, again expressed as anomalies from the 
1961-1990. As average pressure across this region 

Figure 4 shows seasonal temperature anomalies would be expected to be conserved, the maps reveal 
for the 1991-2000 period, with respect to the 1961- regions during 1991-2000, which experienced higher 
1990 period, for the whole NH north of 20°N. For and lower pressures compared to 1961-1990. The 
all seasons, most of the analysed area indicates most striking season is winter, where lower pressures 

Winter MS LP (hPa) anoms (wrt 61-90) for 1991-2000 Spring MSLP (hPa) anoms (wrt 61-90) for 1991-2000 

Summer MSLP (hPa) anoms {wrt61-90) for 1991-2000 Autumn MSLP (hPa) anoms (wrt61-90) for 1991-2000 

Figure 5. Seasonal surface pressure anomalies for the 1991-2000 period (with respect to the 1961-1990 base period). 
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Winter NAO Ponta Delgada - Reykjavik 

Temp Regress on Pres Regression 

MOl MOl 

Ave Temp 1 9 9 1 - 2 0 0 0 Ave Pres 1 9 9 1 - 2 0 0 0 

MOl MOl 

Temp Expl by NAO 1 9 9 1 - 2 0 0 0 Pres Expl by NAO 1991-2000 

MOl MOl 

Figure 6 Regression coefficients (based on the winter season during the 1951 1990 period) between the NAO and surface 
temperature/pressure fields (top pair) temperature and pressure anomalies for 1991 2000 (middle pair) and the amount of 
temperature and pressure change explained by the regression during 1991-2000 (lower pair) 
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during 1991-2000 were evident over the Arctic 
region, northern Asia, and all of western North 
America Pressures were higher over the southern 
North Atlantic and much of southern Eurasia 

Finally, Figure 6 illustrates for the winter season 
how much of the mean change of temperature and 
pressure during 1991-2000 can be explained by the 
NAO Regression relationships for winter were 
derived between the Ponta Delgada-Reykjavik NAO 
and the temperature and pressure fields for the 1951-
1990 period and then used to estimate the expected 
change in temperature and pressure for the 1991-
2000 period The NAO explains a significant fraction 
of the change, particularly over the expected areas of 
Europe, North Africa, and eastern North America 
Similar analyses for the other three seasons (not 
shown) indicate that few of the changes can be 
explained by NAO variability, principally because 
the NAO has been less anomalous in these seasons 
and Its influence is considerably weaker 

Conclusions 

Recent individual winter NAO values during the 
1990s have not been anomalous compared to longer 
records, although they appear unprecedented at the 
30-year time scale The rapid shift from negative 
values in the 1960s to the strongly positive values in 
the 1990s appears to have been unique In the winter 
season the NAO explains a significant fraction of 
the change in climate over the greater North Atlan
tic region during the 1990s The weaker influence of 
the NAO in the other seasons and its less anomalous 
behaviour mean that hardly any changes that have 
occurred in the 1990s can be significantly explained 
by the NAO 
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the central Labrador Sea during the 1990s and in the context of the longer term 
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In the early years of the 1990s in the Labrador Sea winters were exceptionally severe 
while in the later years winters were relatively mild High heat losses during the severe 
winters produced mixed layers increasing in depth to a maximum of 2300 m This pool 
of convectively mixed water Labrador Sea Water (LSW) is a well-recognized inter
mediate water mass in the North Atlantic Ocean In the latter halt of the decade 
mixed layer depths at less than 1500 m were too shallow to maintain the recently 
created LSW It slowly drained away from the Labrador Sea to other regions of the 
North Atlantic Ocean This loss was balanced by a flow of warmer more saline water 
from the boundary currents Changes in temperature and salinity associated with 
the build-up and decline of LSW over the decade are presented Property variations m 
the Northeast Atlantic Deep Water and Denmark Strait Overflow Water lying below 
the LSW are also discussed 

Keywords climate change convection Labrador Sea North Atlantic Ocean 
stratification vertical mixing 
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Introduction 

During winter, cold air from northeastern Canada 
flows over the Labrador Sea creating a convectively 
mixed surface layer that can reach deeper than 2000 
m in the centre of the sea during exceptionally cold 
years When the convection is greater than = 1500 m 
the mixed water is recognized as a unique water 
mass known most commonly as Labrador Sea 
Water (LSW) Production of LSW varies greatly 
from year to year in step with the severity of the 
winter weather in the area (Curry et al, 1998) 

The formation of LSW provides an important 
pathway for atmospheric gases such as oxygen, 
carbon dioxide and the chlorofluorocarbons 
(CFCs) to pass from the surface mixed layer to 
intermediate depths As the convected water, LSW, 
flows to other regions ot the ocean (Sy ct al, 1997) 
it distributes these dissolved gases to a large area ot 
the ocean, thereby ventilating the deeper layers 
Because of the importance of this process and 
because ot the large variability in the production 

rate of LSW, the Bedford Institute of Oceanography 
has occupied a line of CTD stations across the Lab
rador Sea in the early summers of each year since 
1990 (Figure 1) In addition multi-line surveys were 
conducted in the autumn of 1996 and the spring of 
1997 Between 1990 and 1997 the work was a contri
bution to the World Ocean Circulation Experiment 
(WOCE) and since 1997 to the Climate Variability 
Program (CLIVAR) 

The purpose of this article is to present a general 
description of the temperature and salinity varia
tions which occurred during the years 1990 2001 
within the three principal water masses found in the 
central Labrador Sea the LSW the Northeast 
Atlantic Deep Water (NEADW), and the Denmark 
Strait Overflow Water (DSOW) - and compare the 
recent state of these water masses with the history of 
more than five decades We first describe the data 
in section 2, then in section 3 focus on each water 
mass in turn This is followed in section 4 by a dis
cussion of the results in section 3 with reference to 
the longer-term record and a summary in section 5 
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Figure 1. Map of the Labrador Sea showing the major 
currents in the region. The CTD hne occupied each summer 
between 1990 and 2001 is indicated by the Hne of station 
positions indicated by crosses. OWS "Bravo" was an Ocean 
Weather Ship which regularly collected oceanographic data 
between 1964 and 1973. 

Data 

The data collected between 1990 and 2001 are pre
sented in three diagrams. Salinity sections (Figure 2) 
show the distribution across the sea at the beginning 
and end of the observing period and in 1993. The 
1993 salinity section represents the distribution fol
lowing the series of most severe winters when the 
LSW appeared most extensive and most homoge
neous. Figure 3 presents distributions of potential 
temperature (hereafter temperature), salinity, and 
potential density anomaly relative to 2000 db (CTJ) in 
the central region of the Labrador Sea in time-depth 
coordinates. The time-series of the vertical distribu
tions were composed from the medians of tempera
ture (T) and salinity (S) measurements in aj bins for 
each year. The size of CT, bins was varied with depth 
to maintain even vertical separation between the 
centres of the bins and to provide sufficient data 
coverage. The Oj bin size was in the range between 
0.02 and 0.005. The T-S diagrams in Figure 4 cover 
two time intervals associated with the build-up and 
decline of LSW. The data set for the analyses pre
sented in Figures 3-6 was restricted to the central 
region of the sea (with water depth greater than 
3300 m). 

The 1993 salinity section in Figure 2 shows the 
distribution along the line following a winter of 
deep convection. The large mass of nearly homoge
neous water between 500 and 2300 m between 360 
and 800 km is the pool of LSW transformed through 
the deep convection during the previous winter. 

200 300 -too SOO 600 700 8 J O «30 
Distance, km 

Figure 2. Salinity sections along the Labrador Sea CTD line 
(Figure 1) in the early summer of 1990 (A), 1993 (B), and 2001 
(C). The distance scale is from the Labrador coast. Station 
positions are indicated by inverted triangles at the surface. 

Above 500 m the water is more stratified than the 
layer between 500 and 2300 m. These observations 
were obtained in July about 3 months after deep 
convection ceased at the end of the cooling season, 
which was about 1 April. Since that time the surface 
layer has been flooded with freshwater derived from 
melting ice and river run-off Solar heating has 
added to the stratification. In addition, the layer 
below this low salinity surface layer, to about 500 m, 
has been invaded by higher salinity water from the 
right, that is, the northeast. This more saline water 
is known as the Irminger Water (IW), because 
it is transported into the Labrador Sea from the 
Irminger Sea in the East and West Greenland 
Currents, which lie over the continental shelf and 
slope (Figure 1). On the left or southwest end of the 
section there is again a salinity maximum at about 
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Figure 3 Time-senes of the vertical distributions of salinity Figure 4. Temperature vs. salinity curves representing the 
(A), temperature (B), and a, (C) between 1987 and 2001. The average conditions in the centre of the Labrador Sea during 
black dashed lines in (A) and (B) indicate a, contours. the early summers of 1990-1994 (A) and 1994-2001 (B) We 

also snow the Hudson 1966 data to indicate the longer-term 
freshening in the intermediate and deep layers. 

300 m over the Labrador continental slope which 
also tends to invade the central region. This is 
again Irminger Water, which has been transported 
around the Labrador Sea in the West Greenland and 
Labrador Currents. 

Beneath the LSW, between 2300 and 3300 m, lies 
a water mass identified by the salinity maximum at 
about 2800 m. This is the NEADW. It originates 
in the eastern basin of the North Atlantic from 
the overflow crossing the Iceland-Scotland Ridge 
(Turrell et ai, 1999). The Iceland-Scotland Over
flow vigorously mixes with upper warm and saline 
water and LSW in the Iceland Basin and flows into 
the western basin through gaps in the Mid-Atlantic 
Ridge. NEADW found in the Labrador Sea is about 

3°C warmer than the cold and dense overflow enter
ing the Iceland Basin. However, we expect that 
the changes in the properties and transport of the 
overflow contribute to the long-term variability of 
NEADW in the Labrador Sea. 

At the bottom of the section is the DSOW, with a 
slightly lower salinity than in the NEADW. DSOW 
is the densest water in the northern North Atlantic. 
It originates in the seas north of Iceland and comes 
to the Labrador Sea after flowing over the sill in 
Denmark Strait between Greenland and Iceland. 

The last water mass of note in the section is the 
low salinity water over the Labrador continental 
shelf, which flows south out of Baffin Bay in the 
Baffin Island Current and the Labrador Current. A 
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Figure 5 Salinity and temperature at the core of the Labrador Sea Water (LSW) Northeast Atlantic Deep Water (NEADW), 
and the Denmark Strait Overflow Water (DSOW) between 1948 and 2001 Note that the temperature scale for the DSOW is on 
the right 

similar band of low salinity water of Arctic origin 
lies over the Greenland continental shelf but it was 
covered by heavy ice in July 1993 and not sampled 
when the rest of these data were collected However, 
It IS visible in the other two sections The rapid tran
sition between the low salinity waters over the 
shelves and the higher sahnity waters of the sea's 
interior mark the baroclimc currents lying over the 
upper part of the continental slopes, the Labrador, 
and West Greenland Currents 

Water masses in the 1990s 

Labrador Sea Water 

We divide the discussion of LSW into two parts 
The first covers the period from the late 1980s to 

1994 when a series of severe winters caused convec
tion to proceed to greater depths until a maximum 
of 2300 m was reached in 1993 and 1994 The second 
period, following 1994, is characterized by normal 
to mild winters and convection limited to 1500 m 
During this period the LSW below the mixed layer 
was isolated from the vertical mixing in the upper 
layer and changed its properties more by isopycnal 
mixing than via vertical mixing 

The 1990 and 1993 salinity sections in Figure 2 
show LSW as the large mass of homogeneous water 
to >2000 m created in the central part of the sea via 
deep convection during the years of severe winters 
Temperature in this water mass (Figures 3B, 5) 
decreased between 1987 and 1994 from greater than 
3°C to less than 2 7°C At the same time in the inter
mediate depths (400-2000 m), sahnity tended to 
decrease between 1987 and 1990 but to increase 
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Figure 6 Temperature vs. salinity at the core of the Labrador Sea Water between 1939 and 2001. 

from 1991 to 1993 (Figure 3A). In 1990 the average 
temperature and salinity of the LSW were roughly 
2.85°C and 34.828. In 1993 the salinity had inc
reased by 0.01 to 34.838, while the temperature 
decreased by 0.15°C to 2.TC. The decrease in tem
perature was due to winter heat loss to the atmo
sphere. These changes in temperature and sahnity 
of the LSW resulted in a significant increase in 
density of this water mass. This is well illustrated in 
Figure 3C, which shows the general increase in den
sity over the 400 to 2200 m interval between 1987 
and 1993 due to heat loss during the severe winters. 

We believe that the noted decrease in LSW sali
nity to 1990 is due to the annual accumulation of 
freshwater in the upper layer being mixed down to 
intermediate depths through the development of 
a deep winter mixed layer. During 1991 to 1993, 
intense winter convection began eroding the salty 
NEADW into the expanding LSW layer with increa
sing salinity. This process will be discussed in more 
detail in the study of convection and re-stratification 
in the Labrador Sea that is submitted for publica
tion. The salinity increase from 1990 to 1993 is best 
illustrated in the T-S diagram in Figure 4A. (The 
LSW appears there as a narrow temperature and 
salinity minimum closest to a, = 36.95 kg m"\) 

In the spring of 1994 the depth of the mixed layer 
was not noticeably deeper than in the spring of 1993, 

but the whole layer was colder in 1994 than in 1993. 
However, unlike that in the previous 3 years, the 
average salinity in the deep mixed layer decreased 
from 1993 to 1994 by 0.008 (Figures 5, 6). This 
1-year freshening of the LSW is in concurrence with 
the fact that there was no further deepening of the 
deep winter mixed layer in 1994, and the water was 
ventilated to the same depth as in 1993 renewing the 
LSW of the previous winter. Whatever amount of 
the underlying NEADW with higher salinity was 
incorporated into the mixed layer in 1994, it was 
insufficient (ultimately zero) to compensate for the 
decrease in the mixed layer salinity derived from the 
mixing down of the low saline water which was acc
umulated in the upper layer between the winters. 
The discussed decrease in LSW salinity also implies 
that the amount of warm and salty IW involved in 
the convective mixing in the winter of 1994 was also 
small to compensate for the freshening in the mixed 
layer. 

In the second half of the decade, when the winters 
were less severe, the deeper portion of the LSW cre
ated during the years of intense cooling is no longer 
renewed during the winter. Its volume in the central 
part of the Labrador Sea declines as it drains away 
to other regions of the ocean. This decline is espe
cially clear in the time-series of temperature and Oj 
in Figure 3B, C. If the limits of LSW are taken as 
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36 92 < CT, < 36 95 kg m ^ its thickness declines from 
1900 m to 300 m This small remnant, even after 
7 years' isolation, can still be identified in the T-S 
curves (Figure 4B) by the characteristic LSW salin
ity minimum at a a2 = 34 94 kg m ' Between 1994 
and 2001 the water at this salinity minimum became 
warmer and more saline by 0 23°C and 0 039 This 
increase in temperature and salinity of the deep 
LSW was due, we assume, to isopycnal mixing, 
because LSW on isopycnal surfaces exhibits a T-S 
minimum in the centre of the Labrador Sea As the 
volume of LSW decreases (Figure 3C) the volume of 
water at lower densities increases The volume of 
water between 36 84 kg m ^ and 36 90 kg m \ for 
instance, increased between 1995 and 2001 by about 
700 m We postulate that this increase in volume is 
derived from water flowing into the central region of 
the Labrador Sea from the boundary currents That 
this incoming water tends to be the warmer more 
saline IW accounts for the increases in temperature 
and salinity in the latter half of the decade above the 
LSW 

The salinity section for 2001 in Figure 2C illus
trates the situation at the end of the decade The 
remnant of the LSW created by intense convection 
during the first half of the decade lies within the 
34 87 contour between 1500 and 2000 m Above this 
IS a slight maximum separating it from the upper 
layer characterized by lower salinity water This 
salinity maximum at 34 875 is a prominent feature 
ot the T S curves (Figure 4B) at 02 = 36 89 kg m ' 
m the years 1997 2001 and can be associated with 
replacement of the cold and fresh LSW produced 
between 1993 and 1994 in subsequent years with 
warmer and more sahne water Vertical and tempo
ral continuity of the year-to-year changes of LSW 
properties (between 1300 and 2000 m in Figure 3A, 
B) implies that starting from 1994 the processes 
of LSW mixing, draining, and replacement with 
modified warmer and more saline water are steady 
in time and monotonie with depth 

Above this salinity maximum lies the upper layer 
influenced by winter convection In Figure 2C it 
appears from the concentration of low salinity water 
on the south side of the central portion of the sec
tion (300-500 km) that convection in the previous 
winter was confined to this region rather than 
spread evenly across the whole section On the nor
thern half of the central area (550 700 km) salinity 
maxima are evident in the upper 700 m at 600 km 
We feel this probably indicates a lack of convection 
in this region below 200 m during the previous 
winter The effect of these salinity maxima are 
evident m the T-S curve for 2001 in Figure 4B Here 
the salinity minimum (34 82) at aj = 36 865 kg m ^ 
IS capped by the higher salinity water This layering, 
which also occurred in 2000, creates a curve similar 
to that associated with the LSW at 02= 36 94 kg 

m ' For this reason the shallower minimum is 
sometimes referred to as upper LSW 

Northeast Atlantic Deep Water 

NEADW lies beneath the LSW and is characterized 
by a salinity maximum at 3000 m In the T S curves 
(Figure 4A, B) this characteristic salinity maximum 
IS clearly visible in the ai range 36 95-37 05 kg m ' 
Because it lies beneath the layer of deep convection 
It was not greatly altered during the years of intense 
convection at the beginning of the decade Alth
ough, as mentioned above, the deep convection 
layer did penetrate a few hundred metres into this 
deeper water mass during the winters of 1990-1993 
The higher salinity, lower dissolved oxygen and 
chlorofluoromethanes of the deeper layer were 
incorporated into the mixing layer with measurable 
effects as noted above for salinity Matching dec
reases in the dissolved oxygen and CFC concentra
tions were observed but are not discussed here In 
spite of the influence from the convecting layer, 
temperature and salinity of the NEADW appear 
to decline uniformly throughout the decade The 
declines in both temperature and salinity of this 
water mass are well seen m the T-S diagrams in 
Figure 4A, B (36 97< a2<37 05) The decrease in 
salinity is especially clear in Figure 3A, which shows 
the salinity at 2800 m decreasing from above 34 92 
in 1987 to near 34 90 in 2001 The temperature 
decrease over the record is also evident in Figure 3B 
by the slight rise m the isotherms over the record 
We estimate the decreases of temperature and sali
nity at the core of this water mass to be 0 15°C from 
2 8°C to 2 65°C and 0 021 from 34 923 to 34 902, 
respectively These declines appear to be associated 
with the general freshening of the subpolar gyre, 
since the Great Salinity Anomaly (Dickson et al, 
1988) in the late 1960s As the NEADW becomes 
colder and fresher and the remnant LSW becomes 
warmer and more saline the difference between 
the two water masses in both variables decreases 
The change is very obvious in the T-S curves m 
Figure 4B, in which the salinity difference between 
the LSW minimum and the NEADW maximum has 
been reduced from about 0 085 to 0 037 Another 
feature of these changes in the water mass properties 
is the disappearance of the temperature maximum 
between the LSW and the NEADW This maximum 
appeared at 1900 2400 m in the mid-1980s as LSW 
became colder than the underlying NEADW and 
narrowed as convection developed to 2300 m 
The deep temperature maximum is illustrated in 
Figure 3B by the 2 9°C and 3 0°C isotherms at 
2400 m, especially in 1990 to 1993 As the contrast 
between these water masses declines, this maximum 
fades away 
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Denmark Strait Overflow Water 

DSOW hes at the bottom of the water column, 
beneath the NEADW at er, > 37 10 kg m ' Since the 
density of the bottom water fluctuates from year to 
year (the lowest in the last 12 years was observed 
in 1993, the highest in 2000 and 2001), we define 
the core of DSOW in the Labrador Sea as a 200 m 
bottom layer in the central region of the sea As 
can be seen in the T-S diagram in Figure 4B it is 
colder and fresher than NEADW and like the other 
water masses its properties vary from year to year 
Over the 1990s temperature and salinity at a-,= 
37 15 kg m ' varied between 1 34°C and 1 50°C and 
34 866 and 34 890, respectively However, these 
variations were not monotonie, as in the NEADW 
In Figure 3A, B the water is cooler and fresher in 
1990-1991, 1995-1996, and 1999-1901 and warmer 
and more saline in 1992-1993 and 1997-1998 The 
coldest and freshest DSOW over the past 4 decades 
was observed in 2000 The time signal seen in 
DSOW (Figure 5) is coherent across the Labrador 
Sea, indicating that three quasi-pentadal cycles in 
DSOW between 1986 and 2001 can be linked with 
the variability at its source and the subsequent tran
sformation of this water mass before it fills the abyss 
of the Labrador Sea The rapid interannual changes 
of temperature and salinity are seen at the Denmark 
Strait sill Downstream, in the Irminger Basin, the 
overflow undergoes substantial mixing which, we 
believe, alters the DSOW along its path The DSOW 
properties between the Denmark Strait sill and the 
Labrador Sea respond to the changes in properties, 
volumes, and contributions of the entrained waters 
One of the key factors here is the production of 
LSW, which has a great impact on the stratification 
and coupled dynamics of the intermediate and deep 
layers of the whole subpolar gyre 

Variations over the longer term 

One aim of the ICES Decadal Symposium was to 
compare the water mass changes observed in the 
1990s with those observed over the longer term We 
present the longer-term variability in the central 
region of the Labrador Sea in Figures 5 and 6 
Figure 5 shows temperature and salinity at the cores 
of the LSW, NEADW, and DSOW between 1948 
and 2001 The time-series of the LSW properties are 
also presented in the T S diagram in Figure 6 

Over the past 53 years the properties of LSW have 
varied over an exceptionally large range Tempera
ture was as low as 2 TC and as high as 3 65°C, while 
salinity ranged between 34 825 and 34 907 Over 
the years there has been one major maximum, i e 
in 1970-1972 At the same time the LSW tempera
ture was the highest in the record The minima in the 
early 1950s, mid-1970s, and early 1990s do not 

always appear at the same time for both variables 
This IS best observed in the early 1990s, where 
the salinity reaches a minimum in 1990 while the 
temperature minimum is in 1994 In the discussion 
above we saw that a series of severe winters in 
the late 1980s and early 1990s caused winter mixed 
layers of increasing depth The resulting heat loss is 
reflected in the decrease in temperature of the water 
mass On the T-S curve in Figure 6 this decrease 
in temperature is accompanied, between 1988 and 
1993, by an increase in a, of 0 05 kg m ' Salinity 
rises through the years of intense convection as the 
mixed layer penetrates and incorporates the saltier 
NEADW water beneath Following the period of 
intense convection, the LSW is getting warmer and 
more saline as it mixes isopycnally with the warmer 
and saltier waters that surround it The fact that the 
salinity minimum in 1974 also precedes the tempera
ture minimum in 1976 suggests a series of events 
similar to that observed in the 1990s 

The maxima of temperature and salinity in 1971 
and the years leading up to it are better known than 
most of the other years because data were obtained 
through these years at OWS Bravo (Figure 1) It was 
during this period that winters in the Labrador Sea 
were exceptionally mild with shallow mixed layers 
and that the Great Salinity Anomaly (Dickson et al, 
1988) lowered the salinity of the upper layer The 
LSW lying at intermediate depths and isolated from 
the mixed layer became warmer and more saline as 
It mixed with surrounding waters - as happened in 
the late 1990s This situation ended with severe win
ters in 1972 and 1973, which produced mixed layers 
deeper than 1500 m (Lazier, 1980) leading to the 
creation of a new version of LSW which was colder 
and less saline Between 1971 and 1974 the salinity, 
as shown in Figures 5 and 6, dropped from 34 91 to 
34 83 and the temperature from 3 65°C to 3 18°C 
Following 1974 the salinity and a, increased as the 
temperature decreased during continued convection 
Then following 1976 the LSW, both temperature 
and salinity, increased as horizontal mixing replaced 
vertical mixing as the dominant forcing agent 

Temperature and salinity in the NEADW also 
varied significantly over the longer term, however, 
not as much as the LSW As noted above, tempera
ture and salinity steadily declined in the NEADW 
during the 1990s These decreases are evident in 
Figure 5 by a decrease in salinity from 34 923 in 
1990 to 34 9 in 2001 and a decrease in temperature 
from 2 78°C in 1990 to 2 65''C in 2001 Following 
these curves back in time shows that the cooling and 
freshening of this water mass has been continuous 
since the late 1960s The biggest change, however, 
occurred in the early 1960s when the salinity increa
sed from 34 91 to 34 94 and the temperature rose 
from 2 7°C to 2 9''C 

Properties in the DSOW appear to vary on a shor
ter time scale than those in the other water masses 
The oscillations during the 1990s, mentioned above, 
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are clear in Figure 5 Both temperature and salinity 
were high in 1988, 1993, and 1987 and low m 1992, 
1996, and 2000 with amplitudes of 0 15°C and 0 1 
for both temperature and salinity, respectively As 
in the NEADW, a general cooling and freshening 
can be traced since the 1960s with preceding abrupt 
increase in both properties in the early 1960s 
when salinity increased from 34 87 to 34 92 and 
temperature increased from 1 55°C to 1 75°C 

Summary 

Observations obtained across the Labrador Sea 
during the 1990s show the water column experienced 
exceptionally high cooling during the early part of 
the decade followed in the latter half of the decade 
by winters with normal to less than normal cooling 
The colder winters led to deep convective mixing 
and the creation of a new version of LSW to 
2300 m During the milder years, most of this LSW 
was mixed into the boundary currents and drained 
away from the region while the remaining portion 
became warmer and saltier as the waters higher in 
temperature and salinity bordering the sea were 
mixed toward the centre The loss of the LSW led to 
a re-stratification of the upper waters across the sea 
This was marked by significant increases in both 
temperature and salinity as well as a decrease m 
density Also noted were a steady cooling and fresh
ening of the NEADW over the past four decades 
and 5-year oscillations in the DSOW properties 

Examination of the 53-year record of the water 
mass properties showed that the pattern of tempera
ture and salinity variations noted in the LSW during 
the 1980s and 1990s was similar to that observed 
in the 1960s and 1970s Similar time-series in the 
NEADW and DSOW showed rapid increases m 
temperature and salinity in the early 1960s with slow 
freshening and cooling into the 1990s except for 
marked oscillations in the DSOW over the past 15 
years 

References 

Curry R G , McCartney M S and Joyce, T M 1998 
Oceanic transport of subpolar climate signals to mid-depth 
subtropical waters Nature, 391 575 577 

Dickson R R , Meincke, J , Malmberg S -A and Lee, A J 
1988 The "Great Salinity Anomaly' in the Northern North 
Atlantic 1968 1982 Progress in Oceanography, 20 103 
151 

Lazier, J R N 1980 Oceanographic Conditions at Ocean 
Weather Ship Bravo, 1964-1974 Atmosphere-Ocean, 18 
227-238 

Sy A , Rhem M , Lazier, J R , Koltermann, P Meincke, J , 
Putzka, P , and Bersch, M 1997 Surprisingly rapid spread
ing of newly formed intermediate waters across the North 
Atlantic Ocean Nature 386 675-679 

Turrell, W R Slesser G Adams, R D , Payne, R and 
Gillibrand, P A 1999 Decadal variability in the composi
tion of Faroe-Shetland Channel bottom water Deep-Sea 
Research L 46 1 25 



ICES Marine Science Symposia, 219. 4 0 ^ 9 2003 

Climate variability on the Scotian Shelf during the 1990s 
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The temperature and salinity conditions of the waters on the Scotian Shelf during the 
1990s are described Three major features are highlighted. First is the presence of cold 
subsurface waters throughout much of the 1990s in the northeast and nearshore 
regions of the Shelf The principal cause of these cold conditions, initially established 
in the mid-1980s, is thought to be along-shelf advection from the Gulf of St Lawrence 
and off southern Newfoundland with the possibility of some contribution from local 
m silu cooling The second major feature was caused by the arrival in 1997-1998 of 
cold Labrador Slope water along the shelf break, which subsequently flooded the 
lower layers of the central and southwestern regions of the Scotian Shelf While this 
event produced the coldest near-bottom conditions in these Shelf regions since the 
1960s It was of short duration, lasting only for approximately one year. Finally, the 
changes in the near-surface waters of the Scotian Shelf are described. Of particular 
relevance were the extremely warm surface temperatures in the late 1990s and the 
strong vertical stratification throughout the decade The latter was a result of record 
low salinities in the near-surface waters that appear to be advected onto the Shelf from 
off the Grand Banks The impact of these changes in ocean climate on some of the 
Shelf fish stocks is briefly discussed. 
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Introduction 

The Scotian Shelf is located in the Northwest Atlan
tic off Nova Scotia, Canada (Figure 1). It consists 
of a series of outer shallow banks and inner basins 
separated by gullies and channels. The mean depth 
is approximately 116 m, with a maximum depth in 
Emerald Basin of around 270 m. The mean surface 
circulation is dominated by southwestward flow, 
much of which originates from the Gulf of St. 
Lawrence (Hachey et al., 1954; Loder et ai, 1998). 
Anticyclomc circulation tends to occur over the 
banks and cyclonic circulation around the basins 
(Sheng and Thompson, 1996; Han et ai, 1997). 
The northeastern region of the Shelf is the southern
most limit of winter sea ice in the Atlantic Ocean. 
In the southwest, high tidal currents associated 
with the Gulf of Maine-Bay of Fundy tidal system 
result in strong bottom-generated mixing and tidally 
modulated mean flows (Tee et al., 1988). 

In this article we highlight the three most signifi
cant hydrographic changes in the waters on the 
Scotian Shelf during the 1990s. These include: (1) 

the presence throughout the decade of colder-
than-usual waters in the northeast and nearshore 
regions of the Atlantic coast, (2) the arrival of cold 
Labrador Slope Water at the shelf edge in 1997-
1998 and its subsequent movement onto the Shelf, 
and (3) the variability in the surface water properties 
included increased vertical stratification throughout 
the decade. Before discussing these three features 
we provide some background information on the 
hydrographic properties and their seasonal and 
interannual variability in order to place the changes 
observed in the 1990s into perspective. 

Temperature and salinity of the Scotian Shelf 
waters vary spatially due to complex bottom topo
graphy, advection from upstream sources such as 
the Gulf of St Lawrence and the Grand Bank of 
Newfoundland, melting of sea ice in spring, local 
ocean-atmosphere fiuxes and exchange with the 
adjacent offshore slope waters. The seasonal tem
perature range at the surface in northeastern and 
central shelf regions is upwards of 16°C, one of 
the highest in the Atlantic Ocean (Weare, 1977; 
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Figure 1. Scotian Shelf showing near-surface circulation 
and topographic features mentioned in the text. The solid line 
indicates the 200-in isobath and the dashed line 1000 m. 

Yashayaev and Zveryaev, 2001). The range dec
reases almost exponentially with depth with near 
negligible changes at depths greater than -150 m. 
Towards the southwest, the annual temperature 
range is more uniform with depth due to increased 
vertical mixing by the tidal currents. This results in a 
smaller temperature range at the surface and larger 
at depth, relative to elsewhere on the Shelf 

In the winter, the water column in the deep 
regions of the Scotian Shelf consists of two layers. 
The upper layer, which extents to 100 m and deeper, 
is mixed by the winter winds and contains cold, low 
salinity water. The bottom layer is relatively warm 
and salty, originating from the offshore "slope 
waters", and enters the Shelf through deep channels 
and gullies. In summer, the remnant winter-cooled 
waters are sandwiched between the solar-heated 
warm upper layer (30^0 m deep) and the warmer 
bottom waters. The former, referred to as the cold 
intermediate layer (CIL), occupies depths from 
approximately 40 to 150 m. Spatial variation in 
this vertical structure occurs over the shelf, however. 
The warm offshore waters cannot penetrate far onto 
the northeastern Scotian Shelf due to topographic 
restrictions; therefore the CIL (temperatures <5°C) 
generally extends to the bottom throughout the year 
in this area. In areas of strong tidal currents, such 
as off southwest Nova Scotia, the waters even in 
summer are relatively well-mixed and no CIL is 
present. 

Horizontally over the Shelf, temperatures and 
salinities generally increase from northeast to south
west due to the decreasing influence of the Gulf of 
St Lawrence waters and from inshore to offshore 
due to mixing with the warmer, more saline offshore 
waters. For example, in the summer the 50-m 
temperatures typically range from 0°C to 3°C over 
the eastern Scotian Shelf, 3°C to 8°C over much of 
the central shelf and 6°C to 9°C over the western 
Scotian Shelf, eastern Gulf of Maine, and Bay 
of Fundy. The near-bottom temperatures display 

similar ranges to those at 50 m, except over the cen
tral shelf where the range increases to 4°C to >10°C, 
the slightly higher range being caused by the intru
sion of the offshore slope waters. The one exception 
to the general trend in horizontal distributions is the 
surface temperature in summer, which decreases 
from northeast to southwest, due to the very warm 
(typically >16°C) surface outflow from the Gulf of 
St Lawrence. 

Year-to-year, water temperatures on the Scotian 
Shelf and in the Gulf of Maine are among the most 
variable in the North Atlantic Ocean (Weare, 1977). 
Petrie and Drinkwater (1993), in an examination of 
hydrographic variability, found similar long-period 
temperature trends over much of the Scotian Shelf 
Temperatures were near or above average in the 
1950s, decMned to below average in the 1960s, rose 
rapidly in the late 1960s and from the 1970s to 1990 
generally were warmer-than-average. Periods of 
warm temperatures were generally associated with 
high salinities and cool temperatures with lower 
salinities. 

Data and methods 

Much of the temperature, salinity, and density data 
in this study were derived from an historical hydro-
graphic database held at the Bedford Institute of 
Oceanography (Petrie et ai, 1996). Monthly and 
annual means of temperature, salinity, and density 
(sigma-t) and their anomalies were calculated by 
spatially averaging within areas selected on the basis 
of topography or oceanography (Figure 2). These 
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Figure 2. Areas on the Scotian Shelf in which the monthly and 
annual mean temperatures were estimated. Shading (and bold 
italic notation) denotes areas that experienced the cold con
ditions during the mid- to late-1980s and through most of the 
1990s. 
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areas are those used by Petrie et al. (1996) The 
data were averaged within the areas by month for 
each year, regardless of the number of stations per 
month These monthly means were averaged for 
the years 1961-1990 to obtain monthly normals. 
The normals were then subtracted from the monthly 
means to obtain monthly anomalies, although we 
note that there are not data in all months The avail
able monthly anomalies within a calendar year were 
then averaged to obtain an annual anomaly High 
month-to-month variability is evident, which might 
reflect real temporal changes but also might be due 
to bias This can arise due to either poor temporal 
coverage (e g. a single measurement in a month) or 
poor spatial coverage (e.g. a single location within 
an area that contains horizontal temperature gradi
ents) While individual values for a month or even 
a year may not represent true average conditions, 
the longer-term trends are considered real based on 
observed similarities between areas 

An index of vertical stratification was formed 
from the density (sigma-t) difference between the 
closest depths to 0 and 50 m and normalized to a 
density difference over 50 m Monthly mean density 
profiles were estimated by averaging the available 
normalized density differences within each area in 
Figure 2 for each calendar year for which there were 
data The long-term monthly mean density gradients 
for the years 1961-1990 were estimated and these 
then subtracted from the monthly values to obtain 
monthly anomalies Annual anomalies were esti
mated by averaging all available monthly anomalies 
within a calendar year. 

Annual anomalies of sea surface temperature, 
salinity, and density stratification over the entire 
Scotian Shelf were derived by averaging the annual 
anomalies for areas 4-23 in Figure 2. 

Persistent presence of cold subsurface 
waters 

One of the primary features of the water properties 
on the Scotian Shelf in the 1990s was the persistence 
of very cold conditions in the subsurface waters 
(deeper than 30 50 m) in the northeast This is 
reflected in the 100-m temperature anomalies from 
Misaine Bank (Figure 3A) The cold waters first 
appeared in the mid- to late-1980s, reached a mini
mum temperature in the early 1990s, and gradually 
warmed to above normal temperatures by the end 
of the decade The period of decreasing tempera
tures coincided with an expansion of the area of 
the bottom covered by waters with temperatures 
<2°C (Figure 4) Throughout the 1990s, the sub
surface temperatures in this region generally re
mained colder-than-normal. These cold temperatures 
were typically accompanied by lower-than-normal 
salinities 

These conditions were not limited to the north
eastern Shelf, but also appeared along the Atlantic 
coast of Nova Scotia through to Lurcher Shoals 
(Figure 3B) The latter are believed to be due to 
advection and are consistent with direct current 
observations and numerical models of the circula
tion that show water from the northeast Shelf tends 
to be squeezed inshore as it flows southwestward 
along the Atlantic coast of Nova Scotia (Han et al, 
1997) and eventually into the Gulf of Maine (Smith, 
1983, Smith et al.. 2001) The presence of the cold 
anomalies in the surface waters at Halifax (Figure 
38) is due in part to the consistent upwelling in 
summer along the coast (Petrie et al, 1987) and deep 
mixing in the winter Both of these processes would 
act to bring the cold subsurface waters into the sur
face mixed layer The cold anomalies during the late 
1980s and into the 1990s were traced "downstream" 
past Lurcher Shoals through to the Maine coast but 
disappeared further south in the Gulf of Maine. On 
the Scotian Shelf, these colder waters were not 
observed in the outer half of the Shelf from Sable 
Island to Browns Bank This is consistent with the 
central shelf region being dominated more by off
shore waters In the upper layers, part of the current 
along the shelf break flows onto the shelf at the 
southern end of Western Bank and contributes to 
the cyclonic flow around Emerald Basin (Figure 1; 
see also Sheng and Thompson, 1996, Han et al., 
1997) and, in the deep waters, the offshore slope 
waters penetrate onto the Shelf through the Scotian 
Gulf (Petrie and Drinkwater, 1993) 

The cause of the cold water on the northeastern 
Scotian Shelf during the late 1980s and through 
most of the 1990s could be due to advection from 
more northern areas or m situ cooling or a combina
tion of both processes Advection is supported on 
the strength of the residual circulation patterns 
(Sheng and Thompson, 1996, Han et al, 1997) and 
the similarity of the temperature changes in the 
upstream regions. Temperature trends in the Gulf of 
St Lawrence (Gilbert and Pettigrew 1997) and off 
southern Newfoundland (Colbourne, 1999) mirror 
those on the northeastern Scotian Shelf including a 
shift from relatively high temperatures in the early 
to mid-1980s to low temperatures in the late 1980s 
and into the 1990s (Figure 3C) The amplitude of 
the temperature anomalies was similar in all three 
regions The waters on the Scotian Shelf appear to 
warm up earlier and more quickly than in the more 
northerly regions, perhaps suggesting that the along-
shelf advection might have gradually diminished in 
strength through the late-1990s. 

The other possible cause was in situ cooling To 
explore this possibility, we examined the monthly 
and annual mean heat fluxes estimated from the 
COADS (Comprehensive Ocean and Atmospheric 
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Figure 3 The 5-year-running means of the annual temperature anomalies at 100 m on Misaine Bank together with (A) the 
monthly means of Misaine Bank temperature anomalies, (B) the 5-year running means of temperature anomalies at 75 m on 
Lurcher Shoals off southwest Nova Scotia and at 0 m in Halifax Harbour, (C) the 5-year running means of temperature anoma
lies at 75 m on St Pierre Bank off southern Newfoundland and of the CIL core temperature m the Gulf of St Lawrence and (D) 
the 5-year running means at estimated temperature anomalies based on an annual heat flux model for the northeastern Scotian 
Shelf 

Data Sets) between 1960 and 1993 for the 2° x 2° 
latitude-longitude area centred over the northeast
ern Scotian Shelf These show negative heat flux 
anomalies from 1986 through to the end of the 
available record, suggestive of colder-than-normal 

temperatures Assuming that these annual heat flux 
anomalies are distributed over the top 200 m and do 
not accumulate (i e the water leaves the area within 
a year), the temperature change can be estimated 
from 
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Figure 4. The near-bottom temperatures dunng July m 1981. 
1986. and 1991. The 200-m contour on the shelf and the 1000 
m off the shelf are denoted by dashed hnes Temperatures 
<3"C are shaded 

where AT is the temperature change produced by a 
heat flux anomaly Q during the time At over a water 
column of depth z. p is the density of the water and 
Cp is its heat capacity. At was taken to be 1 year, 
p was assumed to be 1025 kg m ' and Cp to 
be 4200 joules kg' . The estimated temperature 
changes due to annual heat flux anomalies show a 
similar pattern to that of the observed temperature 
anomalies at Misaine Bank (Figure 3D). This simple 

heat flux model accounts for just under 50% of the 
variance in the observed anomalies in the overlap
ping years. However, there are several reasons for 
questioning this result. First, the heat flux model 
estimates lag the observed temperature anomalies 
by around 2 years. Second, the assumptions upon 
which the model estimates were made, such as con
stant mixing to 200 m and treating each year inde
pendently, are incorrect. Third, the temperature 
changes were accompanied by observed salinity fluc
tuations, which suggests changes in the component 
water masses, not just the heat content. Finally, 
temperatures in the upper 50 m show a different 
trend to that of the subsurface waters. If the heat 
fluxes were dominating the temperature changes one 
would expect that the temperature trends in the sur
face and subsurface layers would be similar. Based 
on all the available information, we conclude that 
the primary source of the cold, fresh conditions in 
the subsurface waters on the northeastern Scotian 
Shelf was most likely advection from the Gulf of St 
Lawrence and/or the southern Newfoundland Shelf, 
but that local in situ atmospheric cooling may have 
contributed to the persistent cold waters on the 
northeastern Scotian Shelf 

Slope water intrusion 1997-1998 

Arguably, the most dramatic ocean climate event 
during the 1990s was the penetration of cold Labra
dor Slope Water from offshore onto the central 
and southwestern Scotian Shelf during 1998. Slope 
waters occupy the region between the continental 
shelf and the Gulf Stream from the Tail of the 
Grand Bank to Cape Hatteras. They are a combina
tion of colder, fresher deep Labrador Current Water 
and warmer, saltier North Atlantic Central Water. 
Gatien (1976) identified two types of slope waters, 
Labrador Slope Water with temperatures generally 
4°C to ĝ C and sahnities 34.3 to 35 and Warm Slope 
Water with temperatures typically 8°C to 12°C and 
salinities 34.7 to 35.5. The slope water properties 
at a particular location depend upon whether the 
North Atlantic Central or Labrador Current water 
mass component is dominant. The temperature and 
salinity characteristics of the Slope Water adjacent 
to the Scotian Shelf vary depending upon the 
volume flow of the deep (100-300 m) Labrador Cur
rent around the Tail of the Grand Bank (Petrie and 
Drinkwater, 1993). In years of high baroclinic trans
port, such as occurred in the 1960s, Labrador Slope 
Water was found along the shelf edge as far south as 
the Middle Atlantic Bight (Gatien, 1976). In years 
of low transport, such as in the 1950s and again in 
the 1970s through to the 1990s, the Labrador Slope 
Water seldom penetrates much farther south than 
the Laurentian Channel. During these times. Warm 



Climate vanahüity on the Scotian Shelf during the 1990s 45 

Slope Water dominates the shelf edge off the Scotian 
Shelf The slope waters are important to the Shelf 
since they penetrate onto the Shelf through gullies 
and channels to occupy the deep basins and the deep 
layers of the central and southwestern areas of the 
Scotian Shelf. The exchange between the offshore 
and shelf waters is forced by a combination of hori
zontal density gradients, warm-core Gulf Stream 
rings, and meteorological events. During the 1990s, 
at least until 1997, temperatures along the shelf 
break and in the deep basins of the Scotian Shelf 
and the Gulf of Maine remained relatively warm, 
indicative of Warm Slope Water. Indeed, the warm
est extended period in the last 50 years within these 
deep basins was during the mid-1990s (Figure 5A). 

In the autumn of 1997, the Labrador Slope water 
moved southward along the edge of the Scotian 
Shelf reaching the Gulf of Maine in January of 1998 
and off the Middle Atlantic Bight by the spring of 
1998 (Figure 6). Drinkwater et al. (2002) provided 
details of the timing of this water mass as it flowed 
south, as well as its subsequent movement onto the 
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Figure 5. Monthly (dashed line) and 5-year running means 
(solid line) of the temperature anomalies near-bottom (250 m) 
in Emerald Basin (top panel) The monthly temperatures from 
100 to 250 m in Emerald Basin during 1997-1999 (lower 
panel). 

Figure 6. A schematic diagram of the distribution of the off
shore Labrador Slope Water at approximately 200 m during 
the maximum southward extension in 1998 (top panel) and its 
more typical distribution during the past 30 years (bottom 
panel). 

Scotian Shelf and into the Gulf of Maine. Although 
the Labrador Slope Water was first detected in the 
offshore waters adjacent to the central Scotian Shelf 
in October, it did not begin to penetrate into the 
deep reaches of Emerald Basin until December 1997. 
By February 1998 the lower layers of Emerald Basin 
were completely flushed. Temperatures dropped 
by over 4°C (Figure 5B) and salinities by approxi
mately 1 during this event. By July 1998, waters with 
Labrador Slope Water characteristics covered most 
of the ocean bottom on the southwestern Shelf 
and temperatures were the lowest recorded in over 
30 years. These waters were not restricted to the 
Scotian Shelf but also penetrated into the Gulf 
of Maine (Drinkwater et al., 2002). The Labrador 
Slope Water along the edge of the Scotian Shelf 
began to retract during the summer of 1998 and late 
that year was confined to the Laurentian Channel 
area and north, having been replaced by the Warm 
Slope Water all along the Scotian Shelf. The Lab
rador Slope Water on the shelf also gradually 
disappeared through 1998 (Figure 5B). 
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The southward extension of the Labrador Slope 
Water is believed to be due to an increased volume 
transport of the deep Labrador Current (Petrie and 
Drinkwater, 1993), This in turn is related to the 
strength of the large-scale atmospheric circulation 
patterns over the North Atlantic as reflected in the 
intensity of the Icelandic Low (Worthington, 1964) 
or its related North Atlantic Oscillation (NAO) 
index (Marsh et al., 1999; Drinkwater et al., 2002). 
Increased transport coincides with a weakened 
Icelandic Low (low NAO index). In 1996, the NAO 
index experienced the largest decline in its 100-year 
record as the Icelandic Low and the Azores High 
both weakened substantially. There was also inc
reased geostrophic transport on the Newfoundland 
Shelf during several years of the mid-1990s (Col-
bourne, 2000). Drinkwater et al. (2002) suggest that 
this decline in the NAO and the increased geo
strophic transport in the Labrador Current eventu
ally led to the southward movement of the Labrador 
Slope Water through to the Middle Atlantic Bight in 
1997-1998. However, the time delay between the 
NAO decline and the arrival of the Labrador Slope 
Water off the Gulf of Maine and Middle Atlantic 
Bight was of the order of 20 months, whereas during 
the 1958 event Worthington (1964) found a delay of 
only 8 months. The cause of the longer delay in 
1997-1998 is unclear, although only 10 months after 
the low wintertime NAO index of 1996 cold water 

was observed upstream off St Pierre Bank at 50 m 
in January 1997 and 2-3 months later at 150 m 
(unpublished current meter data, P C. Smith). The 
5-7 month delay from St Pierre Bank to Banquereau 
Bank is unexplained. 

Variability in the near-surface layer 

During the 1950s to the 1990s, the temperature 
trends throughout the water column on the Scotian 
Shelf were generally similar and dominated by the 
warm 1950s, the cold 1960s, and the above normal 
temperatures in the 1970s and 1980s (Petrie and 
Drinkwater, 1993). In the 1990s, there were greater 
differences between the near-surface trends in the 
hydrographic properties and those elsewhere in the 
water column. There were three significant features 
of the surface layers in the 1990s. 

The first relates to the surface layer temperatures. 
Following a decrease through the 1980s, tempera
ture anomalies averaged over the Scotian Shelf were 
below normal in the early-1990s, rose slightly in the 
mid-1990s, then fell again before rising rapidly to 
near maximum values (approximately 1.3''C) over 
the 50-year record in the last years of the decade 
(Figure 7A). The ocean temperatures mirror air 
temperatures in the region with approximately 50% 
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Figure 7. The estimated annual (dashed line) and 5-year running averages (solid line) of the anomalies (relative to their 
1971-2000 means) of (A) surface temperature, (B) surface salinity, and (C) 0-50 m density gradient All plots represent averages 
over the Scotian Shelf (areas 4-23 in Figure 2) The horizontal tick marks on the annual values denote the error of the mean 
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of the variance m sea surface temperatures acc
ounted for by air temperatures Consistent with this, 
the high sea surface temperatures in the late 1990s 
coincided with high air temperatures Indeed, his
toric highs of the annual air temperature in over 
100 years of records were set in 1999 throughout 
the region from southern Labrador to the Gulf of 
Maine, including over the Scotian Shelf (Drinkwater 
et al, 2000) 

The second significant change was in the near-
surface salinity anomalies averaged over the Shelf 
They showed a general decline through most of the 
1990s reaching a minimum in 1998 (Figure 7B) This 
minimum (approximately 0 5 fresher-than-normal) 
represented the lowest salinity recorded on the 
Scotian Shelf in the over 50-year time series In 
1999 salinities increased rapidly and returned 
to near normal values by 2000 Similar lower-than-
normal salinities in the 1990s were observed in the 
eastern Gulf of Maine (areas 24-28, Figure 2), con
sistent with the findings of Smith et al (2001) The 
primary source of the low surface salinities on the 
Scotian Shelf has generally been considered to be 
the outflow from the Gulf of St Lawrence through 
Cabot Strait (McLellan, 1954 Sutcliffe et al, 1976) 
The Gulf of St Lawrence salinities in turn refiect 
the run-off from the St Lawrence River system 
(Lauzier, 1957) The freshwater discharge from the 
St Lawrence during the 1990s was higher than the 
long-term (1961 1990) mean but decreased relative 
to the 1970s and 1980s, and thus it cannot explain 
the low salinities on the Scotian Shelf Sea ice was 
above normal on the Scotian Shelf in the early 
1990s, but since 1995 has been at or near the lowest 
on record (Drinkwater ct al, 2000) Smith et al 
(2001) suggested that the salinity variability on the 
inner Shelf for the years 1994 to 1996 was due to 
advection of anomalies from upstream off New
foundland We examined the sea-surface salinity 
changes at Station 27, the long-term monitoring site 
off St John s, Newfoundland, in the inner branch of 
the Labrador Current It shows below normal salini
ties through most of the 1990s (consistent with the 
results of Colbourne, 2001) and reasonable corre
spondence with salinity fluctuations on the Scotian 
Shelf throughout the last half of the 1900s (Figure 
8) Approximately 42% of the variance in the annual 
salinity over the Scotian Shelf can be accounted for 
by changes in the upstream salinities off Newfound
land Thus, the most likely source of the Scotian 
Shelf low salinity surface water in the 1990s is from 
off the Newfoundland Shelf 

The third significant feature of the near-surface 
layer in the 1990s was a change in stratification 
Monthly and annual means of the stratification 
index show high variability but the 5-year running 
means show distinctive trends The dominant fea
ture over the Scotian Shelf is higher stratification 
during the 1990s (Figure 7C) The stratification 
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Figure 8 The annual sea surface salinity anomalies averaged 
over the Scotian Shelf (areas 4-23 in Figure 2) and at Station 
27 off St John s Newfoundland plotted as (A) time series and 
(B) an XY plot The linear regression hne is also plotted in (B) 
along with the R value 

index began to increase steadily after 1990, reaching 
a peak around 1997 1998 and declining slightly 
alter that The late-1990 anomalies are, or are near 
to, the highest values in the approximate 50-year 
record The principal cause of this increased stratifi
cation was the decrease in surface salinities (Figure 
7B) The increased stratification was observed in all 
regions of the Scotian Shelf but did not extend into 
the Gulf of Maine region This lack of signal might 
be due to the more intense tidal mixing in the Gulf 
ot Maine 

Biological consequences 

All three of the major ocean climate features that 
occurred in the 1990s on the Scotian Shelf and that 
were discussed above had measurable influences on 
the local biology The presence of the cold water on 
the northeastern Scotian Shelf in the late 1980s and 
1990s IS believed to have led to an expansion of the 
distribution of cold-water species such as capelin 
{Mallotus villosus), Greenland halibut {Reinhardtius 
hippoglossoides), shrimp {Pandalus horeahs), and 
snow crab {Chionoecetes opilio) (Frank et al, 1996, 
Tremblay, 1997, Drinkwater, 1999, Zwanenburg 
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et al, 2002), and contributed to lower growth rates 
of Atlantic haddock (Melanogrammus aeglefinus) 
(Drinkwater et al, 2000) and most demersals 
(Zwanenburg et al, 2002) It also coincided with low 
abundance of Atlantic cod (Gadus morhua), but it is 
not clear to what extent the decline in cod in the 
northeastern Scotian Shelf was due to over-fishing 
or other possible factors (Zwanenburg et al, 2002) 

Although relatively short-lived, the penetration of 
the cold Labrador Slope Water onto the shelf in 
1998 IS known to have affected the catchability of 
certain fisheries on the Scotian Shelf and on Georges 
Bank (Drinkwater et al, 2002) They noted, for 
example, that catches of porbeagle shark (Lamna 
nasus) and silver hake (Merluams bilmearis) 
declined dramatically in the Emerald Basin in early 
1998, shortly after the cold Labrador Slope Water 
replaced the Warm Slope Water Also, fishermen on 
Georges Bank noted declines in their catches of 
lobster {Homarus americanus) that they attributed 
to the presence of cold water Cold water has been 
shown to limit the activity of the lobsters and hence 
their likelihood of encountering a lobster trap 
(McLeese and Wilder, 1958) 

Stratification of the upper water column is an 
important characteristic that influences both physi
cal and biological processes Stratification can affect 
the extent of vertical mixing, the vertical structure of 
the wind forcing, the timing of the spring bloom, 
vertical nutrient fluxes and plankton speciation to 
mention just a few Under increased stratification, 
there is a tendency for more primary production to 
be recycled within the upper mixed layer and hence 
less available for the deeper, lower layers This gen
eral tendency led Frank et al (1990) to speculate 
that increased stratification should lead to a higher 
percentage of pelagic fish relative to demersal spe
cies Indeed, during the 1990s, the ratio of pelagic to 
demersal fish biomass did increase and by the mid-
1990s the ratio was the highest in over 25 years 
(Zwanenburg, et al, 2002, Frank and Drinkwater, 
2002) 

Conclusions 

We have described three important ocean climate 
changes that occurred on the Scotian Shelf during 
the 1990s, mainly associated with advective pro
cesses These have included record setting or near 
record-setting conditions over the past 30 to 50 
years The first was an extended period of cold 
temperatures in the northeast region of the Shelf 
and along the Atlantic coast of Nova Scotia This 
is believed to be due to along-shelf advection of 
cold waters from the Gulf of St Lawrence and 
southern Newfoundland, with the possibility of 
some contribution by local in situ atmospheric 

cooling The second event, in 1998, occurred in the 
deep, near-bottom waters in Emerald Basin and the 
southwestern shelf These waters, which originate 
offshore and then penetrate onto the Shelf, cooled 
dramatically due to the unusual appearance of cold, 
low saline Labrador Slope Water along the shelf 
edge, which replaced the high saline, Warm Slope 
Water Finally, long-term records for warm tem
peratures, low salinities, and high stratification were 
set in the near-surface waters during the late 1990s 
While the high sea surface temperatures most likely 
resulted from local atmospheric heat exchanges, the 
primary mechanism of the salinity changes and 
subsequent stratification appears to be through 
advection from off Newfoundland 

It IS worth noting that at the beginning of the 
decade it appeared that the horizontal and vertical 
differences in the hydrographic trends over the 
Scotian Shelf were relatively small (Petrie and 
Drinkwater, 1993) This had suggested that a single 
station or area could be used as an index to capture 
much of the long-term hydrographic variability 
occurring over the Shelf The past decade has seen 
much larger spatial variability in the anomalies of 
the hydrographic properties than in the past, both 
vertically and horizontally, and indicates that 
several hydrographic indices will be required in 
order to capture the long-term trends over the 
Scotian Shelf 
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The main results of the hydrographic conditions in Icelandic waters in the 1990s reveal 
the same variability from year to year observed since the 1950s, including Atlantic, 
Polar, and Arctic periods in North Icelandic waters Attention is paid to the hydro-
graphic conditions m the warm water from the south (Irminger Current) which 
developed at the end of the 1990s into high saline conditions comparable with the 
period prior to the 1960s This includes the northern component flowing into North 
Icelandic waters. The conditions in the East Icelandic Current also improved at the 
end of the 1990s with relatively high salinities Thus the hydrobiological conditions in 
Icelandic waters were favourable at the end of the 1990s with regard to the various 
fish stocks. 
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Introduction Materials 

Icelandic waters are located at the boundary 
between warm Atlantic Water from the south and 
cold water from the north, i.e. the oceanic Polar 
Front in the northern North Atlantic and Nordic 
Seas (Figure 1). The warm Irminger Current flows 
northwards and splits mto two branches west of 
Iceland. The western branch meets the cold East 
Greenland Current and flows southwards into the 
Irminger Sea. The eastern branch flows north and 
eastwards off Northwest Iceland into North Icelan
dic waters (The Iceland Sea) and disperses off the 
eastern coast of Iceland (Stefansson, 1962). The cold 
low saline water masses are those of the East Green
land (Polar) Current, flowing southwards through 
the Denmark Strait, and the East Icelandic Current 
flowing southwards north and east of Iceland 
(Malmberg, 1984, 1985). This circulation is compli
cated by north-south fluctuations of the boundary 
zone from year to year, mainly expressed by the pres
ence of Atlantic, Polar, or Arctic Water in North and 
East Icelandic waters. These shifts in the location of 
the oceanic Polar Front deeply affect the climate 
and ecology in Iceland as well as the surrounding 
waters. 

Since 1970, hydrobiological investigations have been 
carried out in Icelandic waters on standard sections 
on a seasonal basis (Figure 1). Similar investigations 
were started on a more or less annual basis in 
the spring of 1948 in connection with herring sur
veys in North Icelandic waters (Stefansson, 1962; 
Jakobsson, 1980; Stefansson and Jakobsson, 1989; 
Jakobsson and Östvedt, 1999). 

The current study mainly presents a follow-up, 
for the years 1990-1999/2000, of the hydrographic 
data series published previously in Annales Biolo-
giques (e.g. Malmberg, 1980, 1983) and elsewhere 
by Malmberg (1984, 1985, 1986, 1988), Malmberg 
and Kristmannsson (1992), and Malmberg et al. 
(1996). 

Water masses 

The main water masses in Icelandic waters are given 
in Table 1. These water masses are of importance 
for the ecology of Icelandic waters. In addition, 
the deep and bottom water and fresh water flux of 
the Polar Currents play a very significant role in the 
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Figure 1. Main ocean currents and sections of hydrobiological 
standard sections in Icelandic waters Selected areas and 
stations dealt with in the article are indicated 

Table I 

Water mass 

Atlantic 
Water (AW) 

Polar Water (PW) 

Arctic/Polar 
Water (ASW/PW) 

North Icelandic 
Winter Water (NIWW) 

Bottom/Deep 
Water (DW) 

Arctic Intermediate 
Water (AIW) 

Coastal Water (CW) 

t 

3-8° 

<0° 

<0-2° 

2-3° 

<0° 

0-2° 

Var 

s 

>34 9 

<34 4 

34 3-34 9 

34 8-34 9 

3489-3492 

-34 95 

<34 0 

Water-mass 
originyregime 

North Atlantic and 
Irminger Current 
East Greenland 
Current 
East Icelandic 
Current 
North Icelandic 
Shelf 
Deeper layers 
north and east of 
Iceland 
Below the PW 
in the East 
Greenland Current 
Shelves around 
Iceland diluted 
by run-off 

water mass budget and climatic aspects of the north
ern North Atlantic and even globally (e.g. Swift, 
1984; Hansen and 0sterhus, 2000; Hansen et al., 
2001). 

Results and discussion 

East Icelandic Current 

The water system in the Iceland and Norwegian Seas 
north and east of Iceland is mainly fed by the East 
Greenland Current and the Irminger Current, and 
known as the East Icelandic Current (Knudsen, 
1899; Kiilerich, 1945; Stefansson, 1962; and Swift 
and Aagaard, 1981). The East Icelandic Current, 
an ice-free so-called Arctic current in the period 

1948-1963 (salinities above 34.7 and even 34.8 in 
spring) developed into a Polar Current from 1964-
1971 (salinities below 34.7 and even 34.4), trans
porting and preserving drift-ice due to suppressed 
convective overturning in the upper layers (Malm-
berg, 1969, 1972; Dickson et al., 1988). The "cold 
tongue" (< 0°C) of the current also advanced further 
south and east off Iceland into the Norwegian Sea 
than before (e.g. Vilhjalmsson, 1994; Blindheim 
et al., 1999). These changes in the 1960s, along with 
a negative impact in North Icelandic waters on 
nutrient supply (Stefansson and Olafsson, 1991), 
primary production (Thordardottir, 1977), and zoo-
plankton concentrations (Astthorsson et al, 1983; 
Astthorsson and Gislason, 1995), changed the feed
ing migration of the Atlanto-Scandian herring stock 
in the Iceland and Norwegian Seas (Malmberg, 
1967; Jakobsson, 1980; Stefansson and Jakobsson, 
1989; Jakobsson and Östvedt, 1999). The herring 
disappeared from the traditional feeding grounds 
in North Icelandic waters and migrated into the 
Norwegian Sea along the eastern boundary of the 
"cold tongue" of the East Icelandic (Polar) Current. 
The Polar period in the East Icelandic Current in the 
1960s occurred during the most negative NAO Index 
in the 20th century (Hurrell, 1995; Dickson et al, 
1996) and was the driving force for the "Great 
Salinity Anomaly" in the northern North Atlantic 
in the 1970s (Dickson et al, 1988). More recently. 
Polar conditions (S < 34.7) were found in the East 
Icelandic Current in 1976-1979, 1982, 1988, and 
1996-1998 (Figures 2A and 3B), but not so extreme 
as in the 1960s (Malmberg and Kristmannsson, 
1992; Malmberg et al, 1996; Malmberg et al, 2001), 
and Arctic conditions (S > 34.7) during other years. 

These results can be used to estimate variations in 
the volume transport and the fresh water flux in 
the East Icelandic Current from year to year. The 
current velocities are presumably relatively weak 
(Poulain et al, 1996), except over the continental 
slope northeast of Iceland, where velocities in the 
order of 10 cm s ' were obtained in the near-surface 
layer by direct current measurements and geos-
trophy in 1997-1998 (Valdimarsson and Jonsson, 
2000). However, in 1995-1996, satellite-tracked 
drifters drogued at 15 m gave three times as high 
mean velocities (Valdimarsson and Malmberg, 
1999). The width of the main branch of the current 
above the slope can be taken as 50 km and the depth 
of the current used for proxy volume estimates as 
100 m. This results in an overall estimated transport 
of the East Icelandic Current above 100 m of 0.5 x 
10'' m' s"' (0.5 Sv). For freshwater estimates, a refer
ence salinity of 34.85 was used, which is based on 
repeated hydrographic observations (Malmberg and 
Kristmannsson, 1992). Thus, according to these 
estimates, during the ice-free Arctic period in the 
1950s and early 1960s the freshwater thickness was 
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Figure 2 A Means of salinity m spring at 25-m depth in a selected area in the East Icelandic Current northeast of Iceland 1952-
2000 B Temperatures and salinity in spring at 50-m depth on a hydrographic station in North Icelandic waters Si-3 1952-2000 
C Salinity in spring at 100-m depth in the Irminger Current south of Iceland Sb-5 1971 2000 For locations see Figure 1 

approximately 0 2 m, but 1 0-1 5 m during the Polar 
dnft-ice period in the late 1960s, which is in good 
agreement with earlier results (Jonsson, 1992) These 
thicknesses result in different freshwater fluxes of 
10' ' s ' and at least S x l O ' m ' s ' , le 0 001 Sv 
during Arctic years and 0 005 Sv or more during 
the Polar years in the late 1960s (Figure 4) Much 
less variation has occurred since then, with generally 
less fresh water flux than in the late 1960s (2 x 10' 
- 4 X 10' m' s ' or 0 002-0 004 Sv) 

North Icelandic waters 

A selected hydrographic station on the shelf in 
North Icelandic waters (Si-3, 50 m, Figure 1) has 
been used to show seasonal and annual variability 
in the area since 1952 up to and including the past 
decade (Figures 2B and 5) The changes in the latter 
half of the 1960s (prior to the "Great Salinity 
Anomaly" (GSA) in the 1970s (Dickson et al, 
1988)) are notable At this time of the extreme Polar 
Water period in the East Icelandic Current, the 

hydrographic conditions in North Icelandic waters 
changed from being Atlantic (t > 4°C, S > 35 0) 
to Polar conditions (t~0°C, S as low as 34 0, Figure 
2B) after decades of Atlantic conditions ever since 
the 1920s (Stefansson 1962, 1969) After the Polar 
period, or so-called ice-years, in the late 1960s, the 
conditions shifted between Atlantic (1972 1974, 
1980, 1984 1987, 1991-1994, and 1999-2000) and 
Polar conditions (1975-1979, 1988, 1996-1998) 
Furthermore, a third occurrence of so-called Arctic 
conditions (1981 1983, 1989-1990, and extremely 
so in 1995) was observed These Arctic conditions 
in North Icelandic waters included moderate cold 
temperatures of 0-3°C and rather homogeneous 
salinities of around 34 8 throughout the water 
column into the near-surface layers Thus the con
ditions revealed a relatively weak stratification in 
North Icelandic waters in 1981-1983 and 1989 1990 
(downstream conditions of the GSAs in the 1970s 
and 1980s) (Dickson et al, 1988, Belkin et al, 1998) 
The relatively unstratified water was observed along 
with poor living conditions (Malmberg, 1986, 
Malmberg and Blindheim, 1994) In general, the 
inflow of Atlantic Water into the spawning and 
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Figure 4 The freshwater thickness at a selected station of 
the Langanes NE section (Station 4 Figure 1) above 150 m 
relative to a salinity of 34 93 in spring 1956-2000 (Jonsson m 
Malmberg er a/ 2001) 

feeding rounds in North Icelandic waters favours 
the recruitment and growth of commercial fish 
stocks such as cod (eg Vilhjalmsson, 1997, 

Astthorsson and Vilhjalmsson, 2001) Furthermore 
the Icelandic capehn stock was at its lowest during 
the Arctic years in North Icelandic waters, presum
ably depending on zooplankton conditions, and 
growth of cod was also at its lowest, since it depends 
on the capehn as a food supply Until the 1990s, the 
salinity of the Atlantic Water flowing into North 
Icelandic waters never reached the high values 
obtained prior to the mid-1960s (S > 35 0, Figure 7) 
This low salinity period (S < 35 0) may even reveal 
a general tendency, since the 1960s, to Arctic 
conditions In 1999/2000, however, an increase in 
salinity towards former values was observed The 
seasonal and annual variations in North Icelandic 
waters during the period 1974—2000 are further well 
established in Figure 8 with the highest temperatures 
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Figure 5. Temperature and salinity isopleths at station Si-3 in the Siglunes section, 1990-2000. For location, see Figure 1. 
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Figure 6 Five-year running means of the winter NAO Index 
and temperature and salinity in spring at 50-m depth at station 
Si-3 in the Siglunes section 1950/1952 1999 For location, see 
Figure 1 (Mahnberg and Desert, 1999) 

and salinities during the years and periods 1972-
1974, 1980, 1984-1986, 1991 1994, and 1999 2000 
Sometimes these outstanding conditions are just 
seen during single years, as in 1980, and at other 
times they may last for a few years, as in the 1980s 
and early 1990s This is important and renders 
forecasting difficult 

South Icelandic waters 

The Selvogsbanki section crosses the South Icelan
dic shelf on the main spawning grounds of cod in 
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Figure 8 Atlantic layer thickness (t > 3°C, S > 34 9) at Stations 
2 3, and 4 in the Siglunes section 1974-2000 seasonally and 
accumulated annually (Mortensen in Malmberg et al 2001) 

Icelandic waters (Figure 1) The section includes the 
coastal water with its dilution of run-off as well 
as the Atlantic Water of the Irmmger Current The 
local variations in the coastal water are important 
for the spawning of cod (Jonsson, 1982, Olafsson, 
1984, Thordardottir, 1988) The slight variations 
observed in the Atlantic Water are connected with 
large-scale features in the open ocean (Neumann, 
1940, Smed, 1975, Rodewald, 1967, 1972, Dickson 
et al, 1988, Belkin et al, 1998) Thus the low 

Figure 7 Maximum salinity in spring 1952-2000 in the upper 300 m at station Si-3 in the Siglunes section together with a 5-year 
smoothed running mean (Gaussian filter) For location, see Figure 1 
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Figure 9 Temperature and salinity isopleths at station Sb-5 in the Selvogsbanki Section 1990-2000 For location, see Figure 1 
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salinity periods (S<'?5 15) revealed at Sb-5 on the 
Selvogsbanki Section in the 1970s and 1980s (Figure 
2C) were connected to the two GSAs Furthermore, 
the relatively low salinity values found at Station 
Sb-5 during the years 1992-1996 (Figures 2C and 9), 
as well as those observed farther to the west in the 
Irminger Sea (Mortensen and Valdimarsson, 1999 
2000), may coincide with variations of hydrographic 
conditions m even the Labrador Sea (Reverdin 
et al, 1999, Bersch et al, 1999) This renects the 
complex conditions in Icelandic waters and nearby 
waters, being located at the boundaries of northern, 
southern, and western ocean-atmospheric regimes 
Looking further into the regime of the warm 
Irminger Current in the 1990s in South and West 

Icelandic waters, a distinct increase in salinity since 
1997 IS striking (Figures 2C and 8) These findings 
are similar to those found further downstream (West 
Greenland) and upstream in the North Atlantic 
Current System (ICES, 2001) Also North Icelandic 
waters benefited from this in 1999 2000, as already 
stated (Figures 2B, 5, and 7) 

The NAO Index and hydrographic variability 

The variable forcing of atmospheric conditions on 
the westerlies has an impact on oceanic circulation 
through different exchanges between atmosphere 
and ocean Positive North Atlantic Oscillations 
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indices (NAO, Hurrell, 1995) are thus generally fol
lowed by relatively strong warm humid westerlies in 
the eastern North Atlantic, but by cold and dry 
wmds in the western North Atlantic On the other 
hand, negative NAO indices are followed by cold 
and dry northerly winds in the eastern part and 
warm and southerly winds in the western part of the 
North Atlantic (McCartney, 1996) 

In the 1960s, during the period of the most 
extreme negative NAO indices in the 20th century 
(Figure 6), much attention was paid to atmospheric 
conditions and their reflection in hydrographic 
conditions This was expressed, for example, by the 
so-called ice-years m North Icelandic waters in 
1965 1971 or the Polar years in the East Icelandic 
Current Positive versus negative conditions in 
the atmosphere were reported (Rodewald, 1967, 
Bjerknes, 1972, Dickson and Lee, 1972, Cushing, 
1978) across the North Atlantic from the Labrador 
to the Barents Seas (Sundby, 1995) 

Investigating hydrographic conditions in Icelan
dic waters, located between the western and eastern 
areas of the North Atlantic and also nearby the 
Polar and Arctic Fronts, more complex and sensi
tive conditions must be expected regarding variabi
lity both in the sea and the air The question that 
arises is Is there a significant relationship between 
the NAO and conditions in Icelandic waters, par
ticularly in areas along the variable Arctic and Polar 
Fronts in North Icelandic waters'? As before, the 
hydrographic conditions in spring on the Siglunes 
section (see Figures 1 and 2B) are used as an indi
cator for North Icelandic waters According to 
Olafsson (1999), no relationship is found between 
the NAO and hydrographic conditions in North 
Icelandic waters This is true for single years and 
means of temperature and salinity from 0-200 m at 
5 stations on the Siglunes section Both low saline 
near-surface water from the north and higher saline 
Atlantic Water from the south are included in these 
means Also, it should be noted that both for tem
perature and salinity the spring observations from 
50 m at Si-3 on the Siglunes section (Figure 2B) 
show a positive correlation (r̂  = 0 90) to those 
presented by Olafsson (1999) from 5 stations 
(Malmberg and Desert, 1999) The data from 50 m 
at Si-3 are also occasionally influenced by near-
surface fluctuations of low saline water from the 
north, including advection and melting of ice As 
seen from 5 years running means of the winter NAO 
and temperature and sahnity at 50 m at station Si-3 
m, there may be some coherence between the NAO 
and hydrography in North Icelandic waters in the 
1970s and 1990s, but not in the 1980s (Figure 6) 
The maximum salinity in spring in the upper 0-300 
m at station Si-3 (Figure 7) may correspond more 
closely to the NAO Index, as it reveals the variations 
in the Atlantic influx into North Icelandic waters 

from the south The maxima and minima still coin
cide more or less in the 1960s, 1970s, and 1990s, but 
not in the 1980s The discrepancy in the 1980s may 
be due to the effects of the GSAs during these years, 
as suggested by Curry and McCartney (1996) Cer
tainly, an absolute linearity between the data series 
IS not present, as the NAO Index generally increases 
during the period 1965 to 2000, whereas the maxi
mum sahnity decreases shghtly Indeed, when deal
ing with the NAO Index in waters like the Icelandic 
ones, one must bear in mind that the tracks of the 
Iceland Low expressed in the NAO Index are van-
able in time Sometimes they run west of Iceland, 
other times south and east of Iceland 

Thus, when looking further into the relationship 
between 5-year running means of the winter NAO 
and the salinity maximum in the upper 300 m at 
Si-3 (Figure 10), three groups appear one for the 
years prior to the ice-years in the 1960s, one for the 
ice-years 1965 1971, and finally one for the years 
after the ice-years or 1972 1996 This may reflect 
different tracks of the Iceland Low during the three 
different time periods All three periods may indi
cate a slight positive relationship between the 5-year 
running means of the NAO winter index and maxi
mum salinity in the upper 300 m at station Si-3 
Figure 10 also reveals the high salinities found prior 
to the ice-years, but lower ones both during the 
ice-years and combined with extreme positive NAO 
indices since the ice-years These three periods or 
phases of the hydrographic and atmospheric condi
tions may reflect the observed climatological periods 
referred to above, i e warm Atlantic, cold Polar and 
moderate Arctic conditions, related to different 
amplitudes of the NAO and the tracks of the Iceland 
Low Generally, the flow of the westerlies over the 
northern North Atlantic changed m the 1960s after 
decades of being relatively northward bounded and 
zonal (Rossby waves of "small" amplitudes) to a 
shifting more meridional flow with different phases 
(Rossby waves of "large amplitudes" and shifting 
phases, Cushmg, 1978) This is also well demon
strated in the winter NAO Index of the second half 
of the 20th century (Hurrell, 1995, Figure 6) Thus 
the three periods once more express the different 
conditions found in North Icelandic waters 

Conclusion 

This article deals with long-term hydrographic vari
ability in both North and South Icelandic waters 
In North Icelandic waters, three phases of hydro-
graphic conditions have been observed - Atlantic, 
Polar, and Arctic In the 1990s, all these phases were 
observed Polar conditions were observed m 1996-
1998, although they were not as extreme as during 
the so-called ice-years in North Icelandic waters m 



58 S-A Malmherg and H Valdimarswn 

m 

cr> 

o 
CO 

i n 

co 

o 

(O 

co 

-̂ r''"""̂ -
/ "^ . 

/ 

1 
( ^'^. 
Vö^ y .•• <b^ ••-. 

^ • ^ ••' 
-^^ CN ••• y 
• '^V 1̂  : / 

•: 6̂  «!* . . • • ' / 
• • •• Aft 

Ice-years f "̂̂  

r v j i . 

v \ 
.^^ 
/ 

Before 

^^ 
^y""""^ 

/<<\ 
<§> 
•^ 

%0T& 

^^^ 
-"^ 

5 years 

ice-years 

^ ^N - - . . w ^ 

•b̂  
'è>\^ 

o,^ 
1 ^ % ^ %Qi 

> - - ^ After ice 

r.m 1 

"S,̂ ^ 1 
q'N j 
^ \ 1 
'§' \ \ 

Q̂  i 
_ . , - ' - ^ 1 

-years | 

NAO 
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the 1960s (Figure 2) The Arctic phase was observed 
in 1989-1990 and in 1995 The former two years 
were assumed to have been connected to the 1980s 
GSA (Belkm et aL 1998) as the 1981-1983 Arctic 
phase was connected to the 1970s GSA (Dickson 
et al, 1988) The extreme Arctic phase in 1995 has 
not yet been connected to any large-scale conditions 
in the North Atlantic and Nordic Seas, but the 
"low" salinity years in South Icelandic waters in 
1992-1996 (Figures 2C and 8) were similar to 
reported variations of the Atlantic Water component 
in the Irminger and even Labrador Seas (Mortensen 
and Valdimarsson, 1999, Reverdin et al, 1999, 
Bersch et al, 1999) A striking change in salinity 
of the Atlantic Water influx into Icelandic waters 
occurred with a distinct increase at the end of the 
1990s (Figures 2, 5, 9) 

When considering the winter NAO Index in rela
tion to hydrographic conditions in North Icelandic 
waters (Figures 6, 10) three periods also occur, one 
prior to the ice-years, a second one during the ice-
years, and a third one after the ice-years This occurs 
despite a more or less continuous increase in the 
NAO Index from the extreme low values in the 
1960s to extreme high values in the 1990s These 
three periods may reveal changes in the tracks of the 
air pressure fields, the track of the Iceland Low 
being more easterly after the ice-years than before 

Since the 1950s, three different hydro-
meteorological conditions or phases have occurred 
in the area around Iceland and in adjacent seas 

These variable conditions also affected, directly 
or indirectly, the living marine resources in the area, 
as well as in wider areas throughout the North 
Atlantic and the Nordic Seas (e g Jakobsson, 1992, 
Malmberg and Blindheim, 1994, Vilhjalmsson, 
1997) 

Finally, as has been observed, the hydrographic 
conditions in Icelandic waters have reverted, 
towards the very end of the 20th century, to the 
"warm and saline" conditions similar to those found 
during the 1920s to the 1960s The question arises, 
are we back to the "good old days" prior to the cold 
ice-years in the 1960s as regards hydrographic 
conditions in the northern North Atlantic and 
Nordic Seas with all their positive impact on climate 
and living marine conditions'' This question is still 
unanswered at the start of the 21st century. 
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On Its western side, the Bay of Biscay is located at the limit between the North Atlan
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by land with a large continental shelf to the east and a narrow one to the south The 
sharp continental slope results in a separation between hydrological processes taking 
place on and off the shelf On the shelf, mesoscale hydrodynamic features, such as 
coastal upwellings. river plumes, and freshwater lenses, mostly depend upon regional 
climate forcing rather than upon the general oceanic circulation Here, we review how 
three key regional climate and hydrological forcing factors (sea surface temperature, 
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and windier conditions than during the previous century, while the river run-off is 
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regions where the responses to the North Atlantic Oscillation are opposite, and, as a 
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variability observed in temperature, windspeed, and river run-off m this region Our 
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Introduction 

The Bay of Biscay encompasses a region bounded by 
the Spanish coast to the south at approximately 
44°N and the French coast to the east at approxi
mately 2°W, and is open to the North Atlantic 
Ocean on its western and northern sides. The conti
nental shelf is narrow along the Spanish coast and 
Its extent increases from south to north along the 
French coast. 

Hydrological features in the Bay of Biscay are 
therefore under the influence of (1) oceanic pro
cesses taking place in the North Atlantic and (2) 
coastal processes associated with the French and 
Spanish coasts. The shelf break, with a depth reach
ing more than 4000 m on the oceanic side and 
less than 200 m on continental shelf, is the natural 
separation between oceanic and coastally driven 
hydrodynamic features. 

Coastal currents on the shelf are mainly influ
enced by the coastal topography, river discharges, 
wind regime, and tides. River discharge generates 
vertical and horizontal density gradients. This 
results in density circulation, which under the action 
of the Coriolis force is oriented northward. By con
trast, dominant winds over the Bay of Biscay are 
westerlies and result in wind-driven coastal currents 
being oriented principally to the south (Pingree and 
Le Cann, 1989). The spatial extent and latitudinal 
position of river plumes results from the interaction 
of river flow and wind regimes. Offshore parts of 
river plumes can sometimes become detached and 
isolated from the main plume structure to become 
independent mesoscale low salinity lenses (see 
Puillat et al., submitted). In the southern part of the 
Bay of Biscay, particular wind regimes can lead 
to the onset of coastal upwelling. This is the case 
for northerly winds (upwelling on French coast) or 
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easterly winds (upwellmg on Spanish coast) In the 
northern part of the Bay of Biscay, contrasting con
ditions of heat exchanges between atmosphere and 
ocean, wind/tide mixing and surface haline stratifi
cation result in the isolation of a deep "cold pool" 
(Vincent and Kurc, 1969, Vincent, 1973, Puillat 
et al, submitted) During autumn, a hydrological 
structure termed a "warm water tongue" can deve
lop in the central part on the continental shelf (Le 
Cann, 1982, Koutsikopoulos and Le Cann, 1996), 
the origin of this structure is still unclear Finally, 
geographical differences in tidal mixing result in the 
formation of tidal fronts in the northern part of the 
bay (Sournia et al, 1990) 

In summary, there is a great diversity in the 
nature of hydrodynamic features in the Bay of 
Biscay. While the deep regions of the bay may be 
affected principally by general oceanic circulation, 
the shelf is characterized by the dominance of 
mesoscale structures which are strongly infiuenced 
by regional or local hydroclimatic conditions It is 
therefore expected that variability in the dynamics 
of mesoscale hydrographic structures on the French 
continental shelf may result mainly from the vari
ability in climatic factors, such as wind, temperature 
regime, and river discharge 

On a larger scale, it has been demonstrated that the 
North Atlantic Oscillation (NAO), the dominant 
mode of atmospheric interannual variability in the 
North Atlantic sector, can be related to interannual 
variability in wind, precipitation, and SST fields over 
the eastern North Atlantic (Hurrell, 1995). The NAO 
may therefore be a potential proxy for climatic con
ditions around the Bay of Biscay (as is often the case 
for other European regions) However, the way in 
which the NAO effects translate into local climate 
conditions is region-dependent, e g. wind and pre
cipitation responses to the NAO being opposite in 
Scandinavian and North African regions (Xie and 
Arkin. 1996; Reid and Planque, 1999; Perez et al, 
2000) The Bay of Biscay lies between these two 
extremes and the infiuence of the NAO on this region 
has received little attention until now 

Here, we review how three climatic parameters 
that are crucial to the dynamics of mesoscale 
hydrological features on the Bay of Biscay shelf 
(i e temperature, wind, and river discharge) have 
vaneddunng the 1990s, in comparison with previous 
decades. We also investigate the relationships 
between these factors and larger climatic fiuctua-
tions expressed in the North Atlantic Oscillation 
(NAO). 

Data sources 

Wind and air temperature 

Data on wind and air temperature (AT) have 
been recorded by Meteo-France at a number of 

meteorological stations (semaphores) along the 
French Atlantic coast Here, we selected data from 
eight semaphores, namely Ouessant, Pointe du Raz, 
Penmarch, Pointe du Talut, Saint Sauveur, Chas-
siron. Cap Ferret, and Biarritz (Figure 1) At each 
location, wind (speed, direction) and air temperature 
are recorded at 3-h intervals The period of available 
records extends from 1948 to now, although for 
some semaphores the digitized record starts at a 
later date (between 1949 and 1958) Mean monthly 
wind data from the Comprehensive Ocean Atmo
sphere Data Set (COADS, Woodruff er al, 1993) 
were also used COADS data are constituted by 
monthly averages of climate records over a grid 
constituted by cells of 2°long x 2°lat over the world's 
oceans Here, we selected data from a limited num
ber of COADS grid cells, as indicated in Figure 1 
The technique used for aggregating wind data in the 
COADS data set results in less robust estimates of 
true wind than those derived from the meteorologi
cal stations This is mainly because the number of 
samples collected, or their spatial location within a 
given grid cell, may vary from month to month 
However, the period covered by COADS is much 
longer, as it extends from 1844 to 2000 (over the 
grid shown in Figure 1), therefore allowing for com
parison of recent wind records with historical ones 
over the past 150 years. 

Sea surface temperatures 

A first data set, consisting of SST values averaged 
over 10-day periods and presented on a regular 
spatial grid was provided by Météo-France The 
gndded data (0 5°long x 0 5°lat [9 0°W-1 5°W, 
44.0°N^8 5°N]. Figure 1) result from an interpo
lation procedure performed on SST measurements 
from selected vessels, meteorological buoys, and, 
more recently, satellite Details on the interpolation 
procedure can be found in Koutsikopoulos et al 
(1998), Ratier (1986), and Taillefer (1990) The 
Meteo-France data are available from 1971 to 2001 
As for wind, COADS SST estimates may be less 
robust than those from the Meteo-France data set, 
but the period covered by COADS is much longer 
and therefore allows for the study of long-term 
variability in temperature. 

River flows 

We selected river outflow measurements from three 
rivers, the Loire, the Gironde, and the Adour 
(Figure 1) River fiows are derived from the water 
vertical heights measured at specific locations The 
empirical relationship between water height and 
fiow varies through time and is difficult to estimate 
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Figuic 1 Location of the four data sets used Sea surface temperature and scalar wind from CO ADS were extracted from the 20 
rectangular boxes delimited by dashed lines SSTs from Méteo-France were interpolated over the grid, which is shown as crosses. 
Meteorological stations where coastal wind and air temperature are recorded are named and highlighted by crossed-circles The 
three rivers are named and their flow materialized by large arrows. 

for extreme low or high levels owing to the limited 
number of calibration measurements available for 
these extreme levels. Here, we have not accounted 
for the uncertainties in flow estimations when com
paring flows through time for the three rivers. Daily 
river flow data are available for the period 1843-
2000 for the Loire, 1978-2000 for the Gironde, and 
1984-1999 forthe Adour. 

the Iceland Low and at Lisbon (Portugal) to 
approximate the Azores High pressure cell. Values 
of this index are available from a number of sources. 
Here, we have used the data provided by the Natio
nal Center for Atmospheric Research in Boulder for 
the period 1864-2000 (http://www.cgd.ucar.edu/cas/ 
climind/nao_winter.html). 

NAO index 

The North Atlantic Oscillation (NAO) index is 
defined as the difference between the normalized 
winter (December to March) sea-level pressures 
measured at Stykkisholmur (Iceland) to represent 

Data transformation and analysis 

Since different data sets have distinct temporal reso
lutions, we have standardized the series by calcul
ating monthly averages prior to analyses (except 
for the winter NAO). Temperature, river discharge, 
and winds vary seasonally, and we have often 

http://www.cgd.ucar.edu/cas/
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used anomalies rather than parameter values to 
correct for seasonal effects Monthly anomalies are 
obtained by subtracting the long-term mean value 
for the same month of the year from the raw data 

Wind data can be used in several ways Here, we 
have concentrated on scalar windspeed only In the 
case of river discharge, we have log-transformed the 
anomalies when necessary to correct for the very 
skewed statistical distribution of discharge values 
We applied no transformation to the NAO data 

Correlation analysis has been used to investigate 
the relationships between series of distinct parame
ters or between spatially distinct series of the same 
parameter We have accounted for the presence of 
autocorrelation in the series by either correcting 
the number of "true independent observation" 
(i e degrees of freedom), or by first-ifferencing the 

Table I Correlations between series of annual averages of 
monthly temperature anomalies for the period 1971 1998 AT 
air temperature measured at Chassiron SST (Meteo-France) 
sea surface temperature extracted from the Meteo-France 
gridded data set SST (COADS) sea surface temperature 
extracted from the COADS data set R Pearson correlation 
coefficient n number of observations n* number of obser
vations corrected for serial autocorrelation, p associated 
probability 

AT (Chassiron) SST (Meteo-France) 

SST (Meteo-France) 

SST (COADS) 

R = 0 70 (n=28 
n*=10 p<001) 
R = 0 79 (n=28 
n*=13, p<0 01) 

R = 0 97(n=28 
n*=l8, p<0 01) 

time-series prior to testing for correlation, using the 
methods of Pyper and Peterman (1998), Thompson 
and Page (1989), and Chatfield (1996) outlined in 
Fox et al (2000) 

Results 

Temperature 

Monthly anomalies (against the period of reference 
1971-1990) were calculated for air temperature at 
Chassiron, SST from Meteo-France, and SST from 
COADS The patterns of interannual variability 
in temperature anomalies between the three data 
sets are very close, and in all cases the correlation 
between series is significant (p<0 01, Table 1) This 
reflects the consistency of COADS and Meteo-
France data sets and the correspondence between 
local air temperature records (like those measured at 
Chassiron) and larger scale SST variations 

Over the past century, COADS records show 
an increase in the mean annual SST of 1 03°C 
(Figure 2) The analysis of monthly increase from 
COADS data indicates that this warming exists for 
every month (Table 2), but it is more pronounced 
during the winter season (December through to 
March) with 1 21°C/100 years The Meteo-France 
data set allows for geographical comparison of 
the rates of temperature change during the recent 
decades (1970s to 1990s) It is clear from Figure 3 
that recent warming has taken place over the whole 

1860 1880 1900 1920 1940 1960 1980 2000 

Figure 2 Sea surface temperature anomalies in the Bay of Biscay derived trom the COADS data set Dots indicate monthly 
anomalies the thin line shows the annual anomalies and the heavy line the long-term trend estimated by polynomial regression 
(order 5) 
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Table 2. Average monthly differences in SST between 1991-
2000 and 1901-1990 from COADS. **Significant at the 1% 
level, 'significant at the 5% level, ns: not significant. 

Month 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

DeltaT (°C) 

0.62 (**) 
0.78 (•*) 
0.73 (**) 
0.55 (**) 
0.59 (**) 
0.14 (ns) 
0.31 (ns) 
0.79 (**) 
0.47 (ns) 
0.36 (ns) 
0.60 (**) 
0.60 (**) 

P 

«0.01 
«0.01 
«0.01 

0.001 
0.002 
0.278 
0.130 
0.003 
0.052 
0.067 
0.004 
0.002 

of the Bay of Biscay, but that the rate of tempera
ture increase is greatest in the southeastern part 
of the bay, where it reaches values up to 0.6°C per 
decade. 

Winds 

The analysis of COADS scalar wind data since 
the mid-19th century over the Bay of Biscay shows 
a clear u-shaped trend (Figure 4). From the 1850s 
to the 1920s, the general trend has been for a dec
rease in wind intensity, whilst an upward trend is 
observed for the period 1920s-2000. On average, the 
windspeed over the Bay of Biscay during the years 
1991-2000 is greater, by 1 ms ', than the average 
over the previous decades of the century (p«0.01). 

The increase in windspeed expressed in the COADS 
data is seen for all seasons (Table 3), but is most 
significant outside the winter period. 

Along the French coast the trends in windspeed 
revealed by data from meteorological stations vary 
with geographical locations. On average, annual 
mean windspeed has decreased in the southern part 
of the Bay, while it has increased in the northern 
part (Figure 5). Nevertheless, these trends are small 
in comparison with the degree of interannual 
variability at each station. 

River flows 

The comparison of monthly flow anomalies between 
the Loire, Gironde, and Adour rivers reveals a very 
strong synchrony between all three rivers (Table 4) 
and the two types of test conducted for the detection 
of synchrony (adjusted number of independent 
observations and first-order differencing) are highly 
significant. We have therefore considered the Loire 
series, which goes back to the mid-19th century, as 
an acceptable proxy for river run-off along the 
whole French Atlantic coast. 

A plot of interannual changes in the Loire run-off 
(Figure 6) shows a strong degree of interannual vari
ability, with some extreme low and high values. 
During the 1990s, the Loire discharge has been aver
age to low in comparison with the past 150 years. A 
large degree of interannual variability in flow has 
been observed during the 1990s, but extreme values 
(high or low) have not gone beyond the range of 
previously observed minimum or maximum flows. 

Figure 3. Rate of sea surface temperature increase (°C/decade) during the period 1971-1998, based on Météo-France data. The 
rates are estimated by linear regression. 
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1860 1880 1900 1920 1940 1960 1980 2000 

Figure 4 Scalar wind anomalies in the Bay of Biscay derived from the COADS dataset Dots indicate monthly anomalies thin 
line shows the annual anomalies and heavy line the long-term trend estimated by polynomial regression (order 5) 

Table ^ Average monthly differences in scalar wind between 
1991 2000 and 1901 1990 from COADS **Significant at the 
1 /i level *significant at the 5 A level ns not significant 

Month 

Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 

DeltaW (m s ') 

1 36 (ns) 
0 42 (ns) 
0 27 (ns) 
1 33 (..) 
1 40 (**) 
1 73 (**) 
1 19(**) 
0 91 (•*) 
1 67 (•*) 
2 00(**) 
1 65 (**) 
1 05 (•) 

0 058 
0 281 
0 302 
0 001 

« 0 01 
« 0 01 

0 002 
0 002 

« 0 01 
« 0 01 

0 002 
0044 

NAO and other parameters 

During the past 150 years, the relationship between 
the winter NAO index and the winter SST, wind and 
Loire run-off appear to be weak The three plots on 
Figure 7 reveal scattered data, and the fractions ot 
variance explained by the NAO for SST, scalar 
wind, and river run-off, respectively, amounts to 
8%, <1%, and 6% Although we have restricted our 
analysis to the use of simple linear regressions, it is 
clear from the scatter of the data that other models 
would only have provided little improvement, if 
any, in the amount of variance explained Despite 
these weak relationships, the correlations between 
NAO, SST, and river run-off are significant, after 
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Figure 5 Time-series of annual mean anomalies in wind speed (m s ') from eight meteorological stations along the French 
coast (see Figure 1 for geographical locations of the stations) Heavy lines show long-term trends estimated by linear 
regression 
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Table 4 Correlations between monthly anomalies in flow 
from the Loire Gironde and Adour rivers R Pearson cor
relation coefficient n number ot observations n* number of 
observations corrected for serial autocorrelation Results 
in Italics show correlation analysis on first-order differenced 
series 

Gironde Adour 

Loire R=0 80 n=276 n*=156 R=0 70 n=192 n*=ll7 
p « 0 01 p « 0 01 
R=0 75 n=275 p«0 01 R=0 56 n=l91 p«0 01 

Gironde - R=0 88 n=l92 n*=123 
p«() 01 
R=0 79 n=191 p « 0 01 

correction for autocorrelation (NAO/SST n= 135, 
n-corrected = 112, p = 0 003, NAO/run-off n = 137, 
n-corrected = 133, p = 0 008) There is no apparent 
relationship between NAO and wmdspeed (r = 
-0 02, n = 137, n-corrected =121 and p = 0 39) 

There are two main reasons why these relation
ships can be significant but weak over the past 
1 5 centuries The first is that the true underlying 
relationships are weak The second possible reason 
IS that the relationships may be time-dependent, 
1 e that periods when a relationship exists alternate 
with periods with reversed or absence of relation
ship, resulting in an apparent absence of relation
ship To investigate the possible time dependence of 
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Figure 6 Annual discharge from the Loire river (thin line) and fitted long-term trend estimated by eigen vector filtering (heavy 
hne) Dashed line indicates mean annual flow over the entire period of records 
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Figure 7 Sea surface temperature anomalies (left) scalar wind anomalies (middle) and log-transformed run-off of the Loire 
river (right) plotted against the NAO winter index Each parameter has been averaged for the period Dec-Mar to match the 
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the NAO effects, we have calculated decadal cor
relations between NAO, SST, windspeed, and river 
run-off (Figure 8) For all the decades studied before 
the 1990s, the correlation between the NAO and 
SST is positive This suggests that the relationship 
between NAO and SST is weak, but is robust 
through time In this context, the 1990s are distinct 
from the previous decades, with a slightly negative 
(and not significant) correlation Decadal relation
ships between NAO and windspeed have been both 
positive and negative in the past, and the relation
ship presents an apparent persistence of several 
decades, with the correlation gradually changing 
from positive to negative values and vice versa 
During the 1990s, the correlation is close to zero In 
the case of river run-off, both positive and negative 
correlations with the NAO have been observed, but 
decades with negative relationships are the most 
frequent As for SST and windspeed, the correlation 
coefficient is close to zero during the 1990s 

Discussion 

The comparison of recent hydroclimatic records 
with historical ones is strongly dependent upon the 
comparability of data collected over a long period of 
time During the past 1 5 centuries, changes in 
sampling intensity or design and modifications of 
the instrumentation used to record hydroclimatic 
parameters have occurred, and the results presented 
here are conditional on the consistency of historical 
data sets In the case of temperature, the corres
pondence between the results obtained with three 
independent data sets suggests that the changes 
observed in recent decades (since the 1950s) reflect 
the true variability in the temperature in the Bay of 
Biscay The true correspondence between COADS 

monthly averages and historical 3-h records from 
coastal meteorological stations is difficult to estab
lish because of the large differences in sampling 
frequency and geographical variability This is 
particularly so for the wind data Indeed, wind 
records vary greatly over small spatial and temporal 
scales, so that 3-h records from meteorological sta
tions cannot readily be compared to monthly aver
ages calculated over large oceanic areas In the case 
of river run-off, measures of flow are derived from 
measures of river height at particular points using 
empirical correspondences between river height and 
river fiow Changes in the locations of river height 
measurement, and natural and human induced 
variations in the shape of river bottoms, have led to 
changes in these empirical relationships and poten
tial biases in the fiow estimates The very strong cor
respondence in fiow anomalies between the three 
rivers studied suggests that, despite these changes, 
the historical records for recent decades reflect the 
true variability in river discharge along the western 
coast of France For the longer term, the compara
bility of data collected more than a century ago 
with contemporary data is difficult to assess and 
long-term trends in river discharge are therefore 
uncertain 

Since 1989, the Bay of Biscay is on average 
warmer than usual at all seasons and all locations 
The warming, however, is greater in the southeast
ern part of the bay and during the winter season 
This IS consistent with the observations by Koutsi-
kopoulos et al (1998) of the warming in the south
eastern Bay of Biscay during the period 1972-1993, 
and confirms the warming trend for the whole of the 
1990s The latitudinal gradient in SST is reinforced 
by the geographical differences in warming trends, 
with rapid warming of warmer water in the South 
and slower warming of colder water in the North 

1940 1960 1980 2000 

Figure 8 Decddal correlations between the NAO index and SST anomdlies (top) scalar wind anomalies (middle) and 
log-transformed run-off of the Loire river (bottom) 
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Assuming that the series of windspeeds derived 
from COADS is consistent through time, the records 
suggest that average windspeed in the Bay of Biscay 
has increased during the 20th century to reach 
maximum values in the 1990s - it being most evident 
outside the winter season These maximum wind-
speed values are similar to those recorded in the 
mid-19th century Coastal records from meteoro
logical stations provide some indications about the 
geographical variability of the trend in wind, with 
increasing windspeed in the northern part of the bay 
(consistent with the results of Pirazzoli, 2000) and 
decreasing speed in the south As for temperature, the 
latitudinal gradient in windspeed is reinforced with 
strong winds getting stronger in the North and weak 
winds getting weaker in the South 

The warming that has taken place during winter 
in the southern part of the bay occurs in parallel 
with a decrease in windspeed in the same area and 
for the same months (as recorded at Biarritz meteo
rological station), which suggests that a decrease in 
wind mixing may be partly responsible tor the war
ming in this region In such a case, the warming 
would not necessarily reflect an increase in the heat 
content of the southern Bay of Biscay, but the pres
ente of a stronger and/or shallower thermochne 
which would distribute most of the heat content in 
the upper part of the water column In addition, the 
more rapid warming in the southern part of the Bay 
of Biscay in comparison with the north, may reflect 
the differences in tidal mixing intensity between 
the two areas (Pingree et al, 1982, Le Cann, 1990) 
Indeed, lesser mixing in the south can result m more 
rapid increase in SST than m the north Alterna
tively, changes m SST observed in the southeastern 
Bay of Biscay may result from a true change in heat 
content driven by advective transport of warmer 
water Variations in the flow ol warm East North 
Atlantic Central Water (ENACW, Pingree, 1994) 
towards the southeastern Bay of Biscay could drive 
such changes in water temperature This possibility 
is supported by the observations carried out during 
the 1990s along a hydrographic section off San
tander which suggest increase in the eastward flow 
of ENACW (Gonzalez-Pola and Lavin, submitted, 
this issue) 

Previous studies conducted on mesoscale hydro-
logical structures in the Bay of Biscay have revealed 
that there is great spatial and temporal hydrological 
variability on this scale (e g see Dickson and 
Hughes, 1981, Pingree and Le Cann, 1992, Koutsi-
kopoulos and Le Cann, 1996, Froidefond et al, 
1998, Lazure and Jegou, 1998) Here, we have not 
directly studied the mesoscale structures, but instead 
some of the hydroclimatic factors that influence the 
development and dynamics of these structures 
Results from PuiUat et al (submitted) show that 
variability in climatic patterns can be transferred to 

mesoscale hydrodynamic structures It is therefore 
expected that the strong degree of mterannual vari
ability in the forcing factors observed in our results 
(Figures 2, 4, and 6) has had a major influence upon 
the development of the mesoscale hydrodynamics m 
the Bay of Biscay during the past century 

The link between temperature, wind, river 
run-off, and general climatic conditions, if there are 
any, is not expressed in the NAO signal (Figures 7, 
8) The relationships are weak and changeable 
through time, except for SST The 1990s are charac
terized by particularly weak relationships and m any 
case the NAO index accounts for only 8%, <1%, and 
6% of the mterannual variability in winter SST, 
wind, and river run-off The NAO is a large-scale 
oscillation that affects temperature, wind, and pre
cipitation fields over the North Atlantic, but these 
effects are region-dependent For example, Hurrell, 
(1995) showed that precipitation was positively cor
related to the NAO in the northern part of Europe 
while negatively related in southern Europe A simi
lar result IS presented in an analysis of global pre
cipitation fields by Xie and Arkin (1996) Similarly, 
positive phases of the NAO have been associated 
with warmer conditions in Northern Europe but 
cooler ones in the subpolar gyre region, and with 
greater windspeed m the northeastern part of the 
North Atlantic but lower windspeeds in most of 
the subtropical North Atlantic (Reid and Planque 
1999) The Bay of Biscay has a particular geographi
cal status with regard to the NAO effects, as it lies 
close to the line of no correlation with the NAO 
for precipitation, temperature, and wind This geo
graphical status explains the very poor or lack of 
response of these three parameters to the NAO, and 
strongly suggests that direct physical or biological 
responses to the NAO are not to be expected in the 
Bay of Biscay 

Despite this lack of apparent effect of the NAO, it 
IS likely that the development of distinct mesoscale 
physical structures in the Bay of Biscay is associated 
with particular large-scale climatic situations Tech
niques for relating large-scale climatic situations or 
weather regimes to smaller-scale weather patterns 
exist in terrestrial meteorology (see, e g , von Stroch 
et al, 1993, Plant and Simonnet, 2001, Simonnet 
and Plant, 2001) Such downscaling methods have 
not yet been used to relate weather regimes to 
mesoscale hydrography It is expected that they 
should prove useful in the case of the Bay of Biscay 

In conclusion, the 1990s have been exceptional 
with regard to SST and wind, but river discharge has 
varied within its natural range The way in which 
the variability in these factors has been reflected in 
the onset and dynamics of mesoscale hydrological 
structures needs further investigation Variations in 
these parameters cannot be directly related to the 
NAO The role of the general and slope circulation 
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on the hydrology of the French continental shelf, or 
of atmospheric circulation patterns not reflected in 
the NAO signal, is likely to be of greater importance 
than the NAO itself 
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Oceanographic variability in the northern shelf of the Iberian Peninsula, 1990-1999 
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Atmospheric and oceanographic variability off the northern Iberian Peninsula in the 
1990s is described from chmatological databases and Spanish hydrographic surveys 
The wind regime during the decade can be divided into two principal periods In 
the first, northerly (upwelhng favourable) winds are prominent, while in the second, 
southwesterly winds dominate, resulting in diminished upwelhng, an increase in sea 
surface temperatures and the occurrence of the winter poleward current In the sub
surface waters during summer, a warming trend through the 1990s of between 0 02 
and 0.05°C year"' is found, with the maximum amplitude between 150 and 200 m The 
warmest year was 1998. Salinity also varied during the decade, with higher salinities 
generally reflecting an increase in the poleward current and low salinities indicating 
advection from the inner Bay of Biscay In 1995/1996 and 1997/1998, a strong winter 
surface Poleward Current carrying warm, salty water was present along the Portu
guese coast and reached the southern Bay of Biscay It contributed significantly to the 
heat content in the upper 500 m of the water column The intensification of the 
Poleward Current is associated with increased onshore Ekman transport during 
autumn in western Galicia Sea level variability also reflects wind changes with stron
ger southwesterly winds resulting in higher levels Mean sea level increased from 1993 
to 1997, giving a somewhat greater increasing trend for the last decade compared to 
the long-term over the past 55 years 
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Introduction 
Atlantic waters near the Iberian Peninsula are situ
ated between the southern branch of the North 
Atlantic Current to the north and the Azores Cur
rent to the south. Most of the water over the con
tinental shelf corresponds to Eastern North Atlantic 
Central Water (ENACW) with, respectively, subtro
pical and subpolar branch characteristics, south and 
north of Cape Finisterre, where the two branches 
converge (Fraga et al, 1982; Fraga, 1990). Dynami
cally, it is a region of relatively weak currents, sea
sonal upwelling, and fronts off the northwest corner 
of the Peninsula (Fiuza et al., 1998; Cabanas, 2000). 

The oceanic climate over the northern Iberian 
Shelf has two principal seasons. In summer, north
erly winds cause the surface currents to be equator-
ward and there is associated upwelling on the west 
coast of the Iberian Peninsula (Cabanas, 2000). In 

addition, fronts develop off the northwest corner of 
the Iberian Peninsula and eddies form in the Can-
tabrian Sea. The upwelling is the most important 
physical characteristic for biological production 
over the shelf (Fiuza, 1984; Blanton et al., 1987; 
Blanton and Tenore, 1998). In winter, a surface 
Poleward Current appears (Frouin et al., 1990) that 
transports relatively warm and salty waters from off 
the Azores to the Iberian margin. 

Mean sea levels also show marked seasonality, 
with low levels in spring and summer (lowest during 
the upwelling season) and higher in autumn and 
winter. The sea level responses to changes in atmo
spheric pressure vary spatially, being higher at 
Santander and Corufia than at Vigo. At the latter 
site, other meteorological factors such as local winds 
play a relatively more important role in determining 
sea level variability (Lavin and Garcia, 1992; Garcia 
et al., 2000) 
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Year-to-year changes in meteorological forcing 
over northern Iberia reflect large-scale atmospheric 
variability as captured by climatological indexes 
such as the North Atlantic Oscillation (NAO, 
Hurrell, 1995) When the NAO index is in its posi
tive phase, the mid-latitude westerly winds increase 
in strength over the North Atlantic and shift north
ward This results in the Iberian Peninsula becoming 
relatively isolated from this wind regime (and their 
associated lows) and the weather is generally dry In 
the negative phase of the NAO, the westerlies dimi
nish in intensity and shift southward towards the 
Iberian Peninsula This produces wet years and inc
reases the run-off from rivers in northern Spain and 
southern France (Perez et al, 2000) These atmo
spheric changes induce significant interannual and 
decadal variability in the properties of the waters off 
Iberia The objective of this article is to characterize 
the atmospheric and oceanographic variability of 
the 1990s off the northern Iberian Peninsula and to 
compare it with previous decades 

Data and methods 

To examine the hydroclimatic variability off the 
Iberian Peninsula (Figure 1) we used time-series of 
the North Atlantic Oscillation (NAO, 1970-1997) 
from Hurrell (1995), the position of the Gulf Stream 
(GULF, 1976-1997) from Taylor (1996), winds 
at 43°N 11°W (1970-1999), from which indices 
related to the intensity of the seasonal upwelhng (I„ 
index, Bakun, 1973. Lavin f/ a/, 1991, 2000) and the 
alongshore wind-induced currents (as monitored by 
the zonal Ekman transport in October December 
period, ETOD index. Cabanas, 2000) were derived, 
temperatures along the Santander and Vigo stand
ard sections (see Figure 1) during 1990 2000, and 
the COADS 2°x 2° database for wind, air, and sea 
surface temperature at 42°N 10°W (1970-1997) 
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Figure 1 Study aiea showing the location ol the tide gauges 
wind Site the location ot the COADS data grid point and the 
standard hydrographic (STD) sections Isobaths ot 200 m and 
1000 m are also shown 

Temperature and salinity time-series were sepa
rated into a mean, a linear trend, and a seasonal 
cycle using a least squares technique The seasonal 
cycle IS approximated by a combination of the 
annual and semi-annual harmonics (Yashayaev, 
2000) To estimate confidence intervals (p = 0 05), 
we used the inverse of the statistical F cumulative 
distribution function (see Gonzalez-Pola and Lavin, 
2003) 

Data from tide gauges at Santander, Coruna and 
Vigo (1945 1999) were used to study trends in sea 
level An analysis of relative monthly mean sea level 
was performed with the same model used for tem
perature and salinity To remove the effects of the 
Post-Glacial Rebound (PGR), the correction given 
by Peltier's (2000) geodynamic model was used 
Principal components analysis (PCA) was applied to 
the monthly mean sea levels to examine the "zonal 
trend" Time-series with at least 25 consecutive 
years were used in order to search for sea level 
trends 

Standard correlation analysis was used to deter
mine possible relationships between variables such 
as the NAO index with sea level elevations Levels of 
p = 0 05 or less were considered significant 

Results 

Ekman transport 

A notable shift in the winds occurred during the 
last two decades, resulting in a reduction in the 
spring-summer upwelhng off the Iberian Peninsula 
The annual mean of the summer (April-September) 
upwelhng index, Î ,, decreased from approximately 
400 m' s ' km ' in the 1970s to around 200 m' s ' 
km' through the 1980s and 1990s (Figure 2A) 
Periods of especially weak upwelhng were observed 
in the early 1980s and also in the late 1990s There 
were also seasonal changes between the 1970s and 
1980s with the reduction in upwelhng being larger 
in spring (50%) than in summer (25'Vli) At the same 
time there was also a shift in the period of the 
most intense southwesterly winds, from winter to 
autumn Within the decade of the 1990s, upwelhng 
intensity was relatively steady until 1997, when it 
decreased In 2000, the lowest 1„ value in the 31-year 
record and the only negative value of the index was 
observed 

Winter temperatures along the northern Spanish 
slope can be used to examine the interannual varia
bility of the Poleward Current (Pingree 1994) Warm 
temperatures from the Vigo hydrographic sections 
in the winters of 1983/1984 and 1989/1990 suggest 
a strong Poleward Current m those years Another 
strong event m the winter ot 1995/1996 was cited 
by Diaz del Rio et al (1996) and 1997/1998 was 
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Figure 2 (A) Upwelling index (Iw) and (B) the strength 
of winter Poleward Current (ETOD) at 43°N 11°W derived 
from the seasonal zonal Ekman transports (Bakun, 197'?) 
April September for Iw and October December for ETOD 

the warmest winter throughout the North Atlantic 
(Levitus, et al, 2000) All these years had above 
average values of autumn (October December) 
Ekman transport, i e ETOD (Figure 23) This is 
consistent with a strong positive correlation between 
sea surface temperatures (SSTs) and ETOD derived 
from COADS data from the grid site 42°N, 10°W 
The highest correlation was r = 0 81 (p < 0 05) using 
December SSTs, with still significant but lower 
amphtude correlations using SSTs from November 
(r = 0 68) or January (r = 0 67) The strength of the 
correlations diminish eastward, for example, in the 
central Cantabrian Sea (44°N 7°W) the maximum 
r = 0 15 (p < 0 05) (using December SSTs), and is 
even lower in the eastern Cantabrian Sea (44°N 
4°W), with a maximum r = 0 33 (using January 
SSTs) All the values were corrected for autocor
relation The progress of the warm Poleward Current 
into the Bay of Biscay can be traced from time-series 
of satellite pictures for well-defined events, such as 
those of December 1989 and 1997 

Sea surface temperature 

From the COADS SSTs at 42°N 10°W, values from 
1980 to 1997 were averaged for autumn/winter 
(October March) under predominantly southwest
erly winds and spring/summer (April-September) 
with generally northerly winds SST anomalies from 
these long-term means for each year are presented 
in Figure 3 Autumn/winter conditions were cooler 

•CO 

SST-anomaly 
•APR-SEP 
^OCT-MAR 

1980 1985 1990 1995 

Figure 3 Sea surface temperature anomalies of April 
September (black) and October March relative to the long-
term mean for the period 1980-1997 at 42°N, 10"W Data are 
from the COADS database 

than the mean through most of the 1980s and into 
the early 1990s with warmer conditions in 1982, 
1988 1990, and again from 1995 to 1997 The high
est available SST anomaly, nearly 1°C, was observed 
in 1990 Note that several years of positive anoma
lies were earlier identified as years with increased 
transport ot the winter Poleward Current Although 
no COADS SST data were available for 1998, other 
information indicates that it too was an extremely 
warm year In spring/summer, SSTs in thel990s 
are clearly higher than in the 1980s Upwelling is 
the principal mechanism reducing the SSTs in this 
season Average upwelling (Figure 2A) and reduced 
winter transport in the Poleward Current produced 
the relatively low temperatures at the beginning 
of the 1990s, while weaker upwelling in the second 
part of the decade led to a notable increase in SST, 
reaching an anomaly of nearly 1°C m 1997 

Subsurface hydrographic conditions 

Upper water conditions were examined using data 
from a shelf-break station on the Santander section 
in the southern Bay of Biscay and from the shelf off 
Ria de Vigo for the Atlantic coast In the southern 
Bay of Biscay, the properties of the upper layer are 
closely related to the local atmospheric heating, as 
well as being influenced by wmd-dnven circulation, 
summer upwelling, and autumn mixing They are 
also affected by advection of saltier and warm 
waters in winter originating from the south and west 
and less saline water from the eastern part of the 
Bay of Biscay in summer 

Monthly mean temperatures near surface (10 m) 
at the shelf break along the Santander section 
during the 1990s indicate a typical summer (August) 
maximum and a late winter (February-March) 
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Figure 4 A Monthly mean temperatures at 10 50 100 and 
200 m over the self-break (Station 6) along the Santander stan
dard section Vertical lines represent ± 1 standard deviation B 
Observed temperatures at 10 m (asterisks) as well as the linear 
trend the annual (fine line) and semi-annual (dashed line) 
components without the linear trend and the signal recon
struction that includes both the linear trend and the annual 
and semi-annual components (bold line) C Same as the 10 m 
plot but at 200 m and minus the semi-annual component 

minimum (Figure 4A) Deeper in the water column 
the maximum occurs later in the year and with a 
reduced amplitude A reasonable fit to the annual 
temperature cycle at 10 m (Figure 4B) requires both 
the annual and the semi-annual harmonic terms, 
whereas at 200 m only the annual component is 
needed (Figure 4C) Indeed, below 100 m, only the 
annual cycle is significant at 95'M) confidence limits 
The annual amplitude decreases with depth (from 

rC at 10 m, to 0 5°C at 100 m, and 0 \°C at 400 m) 
The phase of the annual harmonic also changes with 
depth 

For temperatures at 200 m, there is an indication 
of a linear warming trend during the 1990s (Figure 
4C), although it is not statistically significant Tem
perature trends in winter (January, February, and 
March) and summer (July, August, and September) 
are quite different, however In winter there is no 
trend, but in summer (Figure 5) there is a significant 
trend of 0 054° ± 0 042''C year ' In 1998, the 200-m 
temperatures during both summer and winter were 
the highest in the decade (Figure 4C) 

Salinity has also shown large variability during 
the 1990s, from high in the early years to low in the 
middle of the decade, rising towards the end of the 
1990s and finally declining again This is clearly 
shown at 50 m (Figure 6) and is a pattern repeated 
throughout the entire upper layer The increases in 
salinity are coherent with the years of strong forcing 

1994 1996 1998 2000 2002 

Figure 5 Monthly temperatures at 200 m during summer at 
Santander Station 6 and the linear fit 

1994 1996 1998 2000 2002 

Figure 6 Monthly salinities at 50 m at Santander Station 6 



Oceanof^raphic variability in the northern shelf of the Iberian Peninsula 75 

1—1994—II—1995-11—1996-II--1997—11—1998-11—1999-ll--2000~ll 

SALINITY 

1—1994—11—1995-11—1996-11-1997—11—1998-11—1999-11-2000-11 

Figure 7. Time-series of temperature and salinity at a shelf site offshore of Vigo. Temperatures below 13°C and salinities 
up to 35.75 (corresponding to upwelled waters) are shaded. Also 15° < T < 16°C are partly shaded to show years when the winter 
poleward current was detected. 

from southwesterly winds (ETOD) or a winter Pole
ward Current event. For example, the strong inflow 
in 1995/1996 marks a salty period in the southern 
Bay of Biscay and the 1997/1998 inflow slightly 
accentuates the salinity. During 1999/2000 and 
2000/2001, the reduction in salinity appears to be 
through advection of fresher water from the east. 

At the coastal station (94 m depth) close to Ria 
of Vigo, temperatures from 1994 to 2000 (Figure 7) 
show a seasonal cycle in temperature in the upper 
layers and thermal stratification between May and 
October, interrupted by summer upwelling events. 
Salinity contours show high values during the win
ters of 1996, 1997, and 2000, due to the increased 
presence of the Poleward Current, with occasionally 
high values during the spring-summer period due 
to seasonal upwelling events. The highest salinities 
in the spring-summer period were in 1997 and 2000. 
The autumn of 1997 and winter of 1998 were the 
warmest periods observed due to the intensified 
Poleward Current. Salinity was high from the middle 
of 1997. By the summer 1998, the main part of the 
water column had cooled, presumably due to strong 
upwelling. The Poleward Current was weak during 
autumn 1998 and through 1999 but intensified in 
autumn 2000 but did not reach the Cantabrian Sea. 
Indeed, in some winters, the Poleward Current 
reaches the Cantabrian Sea and the French shelf 
break, while in others it only reaches the Western 

Iberian area. Nutrient levels generally reflect upwel
ling intensity and the presence of the winter Pole
ward Current. Nitrates range from 0 [imol/1 in warm 
surface waters to 10 |imol/l in upwelled waters. 

On the Vigo Shelf, summer upwelling and the 
winter Poleward Current prevent a significant 
annual cycle. Trend analysis by seasons indicated 
that only summer temperatures at 20 m show a 
warming trend (0.20°±0.18°C between 1994 and 
2000), which is significant at the 85% level. 

Heat content 

To examine the heat content, the water column was 
divided into two layers: 0-100 m (Figure 8A) and 
100-500 m (Figure 8B). The upper layer shows a 
seasonal temperature pattern similar to that at 10 m, 
while the deeper layer shows a peak in late autumn 
or early winter. The heat content in the deep layer is 
high in 1996 and highest in 1998, years of strong 
autumn onshore Ekman transport. The year 1998 
marks the historical maximum and is coherent with 
the maximum temperatures found by Levitus et al. 
(2000) for the Atlantic and Indian Oceans. After 
1998, the heat content in the deep layer shows a 
slight reduction and remains relatively stable. The 
heat content patterns are different for each layer 
(Figure 8C; Gonzalez-Pola and Lavin, this volume). 
The trough to peak range in heat content for 
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1994 1995 1996 1997 1998 1999 2000 2001 

Figure 8 Monthly values of the integrated heat content between (A) 0 100 m from 1992 to 2001 and (B) 100 500 m and (C) 
0-500 m from 1994 to 2001 

Tabic 1 A Annual and semi-annual amplitudes and composite range of sea level B Results of trend analysis using filtered 
annual and semi-annual components and Peltier's (2000) correction 

A 

Vigo 
Coruna 
Santander 

Annual 

Amplitude (mm) 

43 
41 
42 

Semiannual 

Amplitude (mm) 

12 
10 
8 

Annual+semiannual 

Range (mm) 

94 
87 
84 

Max 

Oct 
Nov 
Nov 

B 

Vigo 

Coruna 

Santander 

Zonal* 

Begin 

Jan-41 
Jan 80 
Jan-90 
Jan-44 
Jan-80 
Jan-90 
Jan-44 
Jan 80 
Jan-90 
Jan-44 

End 

dic-99 
dic-89 
dic-99 
dic-99 
dic-89 
dic-99 
dic-99 
dic-89 
dic-99 
dic-99 

n 

676 
119 
119 
660 
119 
111 
651 
113 
109 
672 

Mean (cm) 

252 21 
254 09 
257 93 
263 69 
265 14 
266 99 
278 63 
282 14 
28166 

— 

Trend (mm/y) 

2 66 
5 41 

15 54 
1 34 
4 43 

10 60 
1 75 
371 
9 86 
2 08 

Peltier (mm/y) 

0 22 
0 22 
0 22 
0 13 
0 1 3 
0 13 
0 27 
0 27 
0 27 
0 20 

t+Peltier (mm/y) 

2 88 
5 63 

15 76 
147 
4 56 

10 73 
2 02 
3 98 

10 13 
2 28 

*The KMO (Kaiser-Meyer-Olkin sampling fitness measure) value is 0 743 the first component (regional trend) extracted from PCA 
accounts tor 83 6 / of the total sea level variance 

the 0 500 m layer (Figure 8C) corresponds to a 
temperature increase of around 0 02"C 

Mean sea level 

The amplitude of the semi-annual and annual tidal 
signals and their composite range determined from 
the monthly mean sea levels are presented in Table 
lA The significant correlation coefficients with the 

monthly NAO index at each station (r = -041 m 
Vigo, -0 42 in Coruna, and -0 31 in Santander, at 
p<0 01), indicate the atmospheric infiuence in 
sea level (see also Figure 10) Values were corrected 
for autocorrelation To remove the meteorological 
signal a moving average filter was used 

Because of decadal variability, it is important to 
have an extended time-series of sea level to observe 
the long-term trend In our case we have a 55-year 
record The long-term trends vary from 2 02 mm 
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Figure 9. A. Monthly means and linear trends in sea level at Vigo, Coruna. and Santander. B. The sequence of 25-year trends at 
the three sea level sites. 
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NAO 
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Figure 10. Monthly means of sea level and the NAO index during the 1990s. 

year ' in Santander, 1.45 mm year ' in Coruna, and 
2.88 mm year"' in Vigo (Figure 9A), which are sig
nificantly above the estimates of the increase due 
to post-glacial rebound (Table 1). The result of a 
Principal Component Analysis (PCA) provides a 
"zonal trend" of 2.28 mm year'. The amplitude of 
the rise in sea level is not constant, however. Plot

ting the trends over 25-year periods, the amplitude 
of the rise declined from 1957-1982 to 1962-1987, 
remained low and then increased once more after 
the period 1969 to 1994. Note that sea level trends 
estimated over a decade, e.g. the 1980s or 1990s, are 
usually much greater than for the whole period 
(Table 1B) but generally are not statistically reliable. 



78 J M Cabanas ct al 

During the 1990s, sea level was low during the 
early years, a period corresponding to a dry, north
erly influenced cold period In the second half of the 
decade, sea level was higher, corresponding to a time 
of more humid and warmer period. 

Conclusions 

There have been significant changes in the meteoro
logical patterns over the northern Iberian Peninsula 
during the 1990s relative to previous years, in parti
cular an increase in the strength of the southwesterly 
winds This resulted in a stronger inflow of waters 
of subtropical origin in the northern Iberian Shelf, 
bringing with it waters with higher temperatures and 
sahnities than usual This contributed to a measur
able warming trend during the 1990s, although it 
was not found to be statistically significant. Within 
the decade, there were several years with well above 
average temperatures, corresponding to increased 
southwesterly winds and a winter Poleward Current 
1998 was the warmest year on record 

Salinity also underwent strong variability during 
the decade, the maximum was reached in 1992, 
declined in the mid-1990s, rose again and declined 
rapidly towards the end of the decade The high sali
nities generally corresponded to periods of westerly 
winds The reduced salinity at the end of the decade 
occurred during a period of increased northerly 
winds and eastward ocean currents. 

The mean sea level shows a general increase 
during the 1990s and is negatively correlated with 
the NAO Index High sea levels tend to occur during 
southwesterly winds and intense poleward fiows 
with lower levels during northerly winds and redu
ced poleward or equatorward flow Thus high sea 
levels coincide with high temperatures In the winter 
and summer of 1998, sea level and temperature 
increased greatly in the southern Bay of Biscay, 
reaching their highest values in the decade. 

In summary, southwesterly winds produce 
onshore Ekman fiow and a strong winter Poleward 
Current off the northern Iberian Peninsula, warmer 
temperatures, higher salinities, and higher sea levels 
The opposite occurs under northerly winds. Relative 
to preceding decades, the winds over the Iberian 
Shelf in the 1990s were more southwesterly. This 
reduced the amount of upwelling and increased the 
strength of the Poleward Current 
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In April 1991 and October 2000 surveys were earned out along a section from the 
Irish Shelf to southern Greenland. Between 200 and 1500 m the temperatures 
increased In the Rockall Channel and the Iceland Basin the increase, in the order of 
0.5°C. IS connected with a salinity increase, while only minor differences in the 6-S 
diagram can be observed. In the Rockall Channel the permanent thermocline has 
deepened. In the Iceland Basin the Subarctic Front (also known as Subpolar Front) 
has shifted westwards over a distance of 200 to 250 km In the Irminger Sea the 
temperature in the upper 1500 m has increased by a few tenths "C with minor salinity 
changes This is probably a recovery from the low temperatures in 1991 At interme
diate levels, a decrease in salinity and temperature is observed along the whole section, 
reflecting the eastward spreading of the cold vintage of Labrador Sea Water produced 
around 1990. The Iceland Scotland Overflow Water along both the eastern and the 
western slopes of the Reykjanes Ridge has slightly increased in temperature, while the 
salinity has hardly changed The Denmark Strait Overflow Water shows a decrease in 
temperature of over 0.2°C, with a minor decrease in salinity 
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Introduction 

Within the framework of the Dutch contribution 
to CLIVAR, the Royal Netherlands Institute of Sea 
Research at Texel regularly surveys the former 
WHP A1E/AR7E section in the North Atlantic 
between the Irish continental shelf and the Green
land Shelf at 60"N. The purpose of these surveys is 
to monitor climate-related changes in the hydro
graphy and circulation of the Subarctic gyre in the 
North Atlantic Ocean. These surveys take place 
every 2 years, coincident with surveys of the former 
A2 line by BSH, Hamburg (K. P. Koltermann, pers. 
comm.). 

From 26 September to 19 October 2000, RV 
"Pelagia" carried out the first CLIVAR survey of 
the AR7E line (the dots in Figure 1). This line was 
also surveyed in April 1991 by RV "Tyro" and in 
August of the same year by RV "Charles Darwin" 
for the WOCE Hydrographic Program. The western 
part of the section, west of 31°W, was also surveyed 
by RV "Tyro" in 1990, by RV "Meteor" in 1991, 
1994, 1997, and 1999, and by RV "Valdivia" in 
1992, 1995, 1996, and 1999. The eastern part of 
those surveys followed a more southerly course (the 

crosses in Figure 1), skimming the southern slopes 
of the Rockall-Hatton Plateau instead of crossing 
this plateau and the main currents at more or less 
right angles. 

Bersch et al. (1999) have described interannual 
changes in the hydrography along the southern leg 
of the AR7E section from 1991 to 1996. Bersch 
(2002) interprets the observed interannual changes 
in the upper layers in terms of the varying North 
Atlantic Oscillation (NAO). The repeat of the more 
zonal Tyro 1991 section by RV "Pelagia" 9 years 
later allows an indication of decadal change in the 
hydrography of the North Atlantic further to the 
northeast. Moreover, the extension of the time-series 
of coinciding sections in the Irminger Sea to 2000 
allows an update on interannual variability for this 
ocean region. 

The 2000 section 

The sections of potential temperature, salinity, and 
potential vorticity from the 2000 survey (Figure 2) 

mailto:aken@nioz.nl
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Figure 1 The North Atlantic Ocean with the hydrographic 
stations along the AR7E section occupied by RV Pelagia in 
October 2000 (black dots) This line of stations was also 
surveyed by RV Tyro and by RV C Darwin both in 
1991 The crosses are the hydrographic stations of the Meteor 
survey of the AR7E section in 1991 This southern course of 
the section IS typical for the surveys of RV Tyro in 1990 RV 

Meteor m 1991 1994 and 1997 and of RV Valdivia in 
1992 1995 1996 and 1999 

show qualitatively the well-known features m the 
Rockall Channel and the Iceland Basin (van Aken 
and Becker, 1996) Here the large-scale potential 
vorticity "k IS defined as >̂  = fN /̂g where f and N are 
the Coriohs and the Brunt-Vaisala frequencies, and 
g is the gravitational acceleration The relatively 
warm and saline water of the North Atlantic Cur
rent (S > 35 0) occupies the upper layers of the water 
column in these basins The Subarctic Front forms 
the northwestern boundary of this Atlantic Water 
and coincides approximately with the 35 0 isohahne 
at about 33''W In the Atlantic Water the subsurface 
minimum of X between ~300 and 500 dbar indicates 
the presence of Subarctic Mode Water (SAM W also 
known as Subpolar Mode Water), formed by con-
vective mixing in the previous winter (McCartney 
and Talley 1982) Between 1500 and 2000 dbar, 
salinity minima are found, indicative of the presence 
of Labrador Sea Water (LSW) These sahnity min
ima coincide with minima in potential vorticity 
reflecting the convective origin of LSW (Talley and 
McCartney, 1982) Over the slope of the Reykjanes 
Ridge in the Iceland Basin relatively saline water 
with a potential temperature below 3°C is found 
in the lowest 500 dbar, representing the Iceland 
Scotland Overflow Water (ISOW, van Aken and 
Becker, 1996) 

Similarly to the 1991 survey, a minimum in poten
tial vorticity IS encountered directly above the crest 
of the Reykjanes Ridge This is the lowest potential 
vorticity of the whole section An explanation for this 
feature is not yet known It may be that enhanced 

diapycnal mixing over the rough topography of the 
Icelandic and Reykjanes slopes is the cause of the 
nearly homogenous water over the ridge 

In the Irminger Basin, the vertical temperature 
gradient is quite small over a very large part of 
the water column, between the seasonal pycnocline 
at about 300 dbar and the cold Denmark Strait 
Overflow water (DSOW) over the Greenland slope 
(Figure 2A) The nearly homogenous temperature 
distribution, however, is not indicative of the pre
sence of a single convectively formed water type 
like LSW The distributions of salinity and potential 
vorticity (Figure 2B, C) show a figure-of-eight-hke 
form, reflecting the presence of two different con
vectively formed water types with low salinity, 
centred at about 680 and 1750 dbar respectively 
This form was quite common in the 1950s and early 
1960s (Sv -A Malmberg, pers comm ) but has not 
been observed in more recent surveys Surrounding 
the upper low salinity core, higher salinities are 
observed over the western slope of the Reykjanes 
Ridge as well as over the Greenland slope, reflecting 
the cyclonic transport of salme Atlantic Water from 
the Irminger Current around the Irminger Basin 
Over the continental shelf and shelf break off 
Greenland the cold low sahnity East Greenland cur
rent IS observed In the deepest few hundred metres 
over the bottom of the Greenland slope and central 
Irminger Basin the cold (1 <0<2°C) and relatively 
fresh DSOW (S = 34 87) is encountered Directly 
above the DSOW core the salinity maximum of the 
core of ISOW in the Irminger Basin is encountered 
The salinity of this ISOW core is about 0 05 below 
the salinity of the ISOW in the Iceland Basin 

Differences between 1991 and 2000 

The changes m potential temperature and salinity 
from 1991 to 2000 have been derived (Figure 3) The 
upper 200 dbar are not included in this analysis 
because of the relatively strong seasonal signal in 
that surface layer The large decrease in 0 and S near 
30''W is caused by the presence of a warm core 
eddy in 1991, which was absent in 2000, and will be 
omitted from the following discussion 

Along the whole section, a temperature increase is 
observed in the upper layers extending to a pressure 
of about 1500 dbar Extremes in the temperature 
increase are found in the permanent thermocline of 
the Rockall Channel (A0>2°C) and in the upper 
1000 dbar of the central Iceland Basin (A0 > 1°C) In 
the Irminger Basin the temperature increase 
also includes the subsurface sahnity minimum near 
680 dbar At the levels of the salinity minimum in 
the Rockall Channel and Iceland Basin, connected 
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Figure 2 Distributions of (A) potential temperature [°C]. (B) salinity [pss-78], and (C) potential vorticity [10 '-m ' s '] along 
the AR7E section as observed during the survey by RV "Pelagid" in October 2000 The potential vorticily X is defined as 
X = fN-/g, where f and N are the Coriolis and the Brunt-Vaisala frequencies, and g is the gravitational acceleration. 

with the LSW core, a temperature decrease of about 
0.2°C is observed. A similar temperature decrease is 
also observed in the salinity minimum at 1750 dbar 
in the Irminger Basin. The temperature changes in 
the ISOW cores in the Iceland Basin as well as in the 
Irminger Basin barely exceed 0.1 °C, whereas the 
DSOW core has cooled by about 0.2°C. 

The salinity in the upper 400 dbar over the Rock-
all Channel and Rockall-Hatton Plateau decreased 
slightly from 1991 to 2000. Below this layer, and 
also in the near-surface layers of the Iceland Basin, 
a relatively strong salinity increase was observed 
(AS > 0.1) extending downwards to about 500 dbar. 
In the underlying LSW cores the salinity decreased 
from 1991 to 2000. In the Irminger Basin the sali
nity change in the upper 1500 dbar was variable, 
but overall it increased. In the salinity minimum 
at 1650 dbar in the Irminger Basin, as well as in 
the underlying ISOW and DSOW cores, a salinity 
decrease of 0.02 to 0.06 was observed. The salinity 

decrease of the ISOW core in the Iceland Basin was 
very small (AS < 0.02). 

Details of the observed change 

The Rockall Channel 

The mean profiles of salinity and potential tempera
ture from the Rockall Channel as well as the 0-S 
diagram for both years are given in Figure 4. The 
temperature profiles show that the effects of the 
seasonal stratification are limited to the upper 
250 dbar. The potential temperature of the SAMW 
(at the potential vorticity minimum or pycnostad 
above the permanent thermocline) differs by less 
than 0.2°C between the 2 years. In 2000 the perma
nent thermocline was found to be about 300 dbar 
deeper than in 1991. The salinity profiles show a 
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Figure ?i. Distribution of the change of potential temperature (A) and salinity (B) along the AR7E section between 1991 and 
2000. The upper 200 dbar are omitted from the analysis to avoid seasonal influences. In 1991 no data were collected over the 
upper continental slope near Greenland. 
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Figure 4. Mean hydrographic properties from the Rockall Channel {11°30' to 13°30'W) for 1991 (thick grey line) and 2000 (thin 
black line): (A) potential temperature profiles, (B) salinity profiles, (C) 6-S diagram. 

coincident downward shift, as does the salinity mini
mum, connected with the LSW core. This down
ward shift caused the strong increase in temperature 
and salinity centred around 1100 dbar, as well as the 
decrease of salinity at the level of the LSW core. The 
6-S diagram shows that at similar temperatures 
the permanent thermocline was shghtly more saline 
in 2000 than in 1991 (AS = 0.03). Potential tempera
ture as well as salinity in the LSW core decreased 
from 1991 to 2000, while the potential density 
increased. 

The Iceland Basin 

In Figure 5 the mean hydrographic properties of the 
deep Iceland Basin (21°45' to 23''45'W) are shown. 
In the entire upper 600 dbar the potential tempera
ture was higher in 2000 than in 1991. The SAMW in 
2000 was about 1.3°C warmer than in 1991. The 
permanent thermocline was located deeper in 2000 
than in 1991, while the LSW core had also moved 
downwards over about 400 dbar. The increase in 
the SAMW temperature and the lowering of the 
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Figure 5 Mean hydrographic properties from the Iceland Basin (2r45 to Tf\5 W) for 1991 (dashed) and 2000 (full line) 
(A) potential temperature profiles (B) salinity profiles (C) 0 S diagram 

thermocline was probably connected with a west
ward shift of the North Atlantic Current in the 
Iceland Basin and of the Subarctic Front (Bersch, 
2002) The water mass properties of the permanent 
thermocline also changed over that period, resulting 
in higher salinities at similar isotherms (Figure 5C) 
At the potential temperature of the main thermoc
line (5°C to 7°C) this difference is about 0 05 There
fore about half of the observed salinity increase 
in the main thermocline was due to the vertical shift 
of the thermocline, the other half to the change in 
water mass properties Both temperature and salin
ity of the LSW core in the Iceland Basin were lowest 
in 2000, concurrent with an increase in potential 
density 

potential temperature and salinity decreased until 
1996, while between 1997 and 1999 salinity increased 
in the upper part of the water column Bersch (2002) 
ascribed this to a westward shift of the Subarctic 
Front in the Iceland Basin, which brought high sali
nity water across the Reykjanes Ridge into the Irm
inger Current This change was probably triggered 
by deviation of the wind forcing, related to the low 
NAO index in 1996 and 1997 with weak westerlies 
and weak cooling In 1999 a shallower potential 
vorticity minimum had developed at a potential 
density level of YI s = 34 585 kg/m' (p = 500 dbar) In 
2000 this pycnostad had moved to a density level 
of 7i ,= 34 600 kg/m' at a pressure of 660 dbar, 
coinciding with a new subsurface salinity minimum 

The Irminger Basin 

Bersch et al (1999) have described the change in the 
deep water mass properties from 1991 to 1996 rela
tive to the potential density with a reference pressure 
of 1500 dbar, YI , They ascribe the observed change 
of LSW properties to the inflow of a new vintage of 
LSW produced by deep convection in the Labrador 
Sea 

When plotting the contours of potential tem
perature, salinity, and potential vorticity m time-
potential density space until 2000 (Figure 6), the 
change of the LSW core in the Irminger Sea clearly 
can be followed further Potential temperature salin
ity, and potential vorticity decreased from 1991 to 
1996, while the potential density anomaly of the core 
increased from YM = 34 66 to 34 69 From 1996 to 
2000 the potential density of this LSW core remained 
approximately constant, while potential temperature, 
salinity, and potential vorticity on the LSW core 
steadily increased Also in the overlying thermocline 

Summary 

By comparing hydrographic data from the North 
Atlantic from 1991 and 2000 we have established 
evidence for decadal change of the hydrographic 
structure Observed changes in the Rockall Channel 
and the Iceland Basin appear to reflect advective 
redistribution of existing water masses under the 
influence of a changing atmospheric forcing (Bersch, 
2002) This redistribution is reflected in the deepen
ing of the permanent thermocline and the westward 
shift of the Subarctic Front However, observed 
changes in the temperature salinity structure of 
the thermocline in the Iceland Basin and the devel
opment of new minima of potential vorticity in 
the Irminger Basin probably show the influence of 
altered (local') air-sea fluxes of heat and freshwater 
The observed changes in the hydrographic proper
ties of the cores of LSW, ISOW, and DSOW are 
indicative of changes in the source regions of these 
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Figure 6 The temporal development of potential temperature (A), salinity (B) and potential vorticity (C) in time-potential 
density space derived from the mean hydrographic profiles from the central Irminger Basm {^5° to '?9°W) The potential density 
anomaly y,, relative to 1500 dbar has been used as the vertical coordinate The symbols at the top indicate the time of the 
individual surveys 

water types Using the availabihty of a series of 
observations in the Irminger Sea, the development 
of the water mass structure in this basm could be 
followed in most years 
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Temperature variability in the Northeast Atlantic 
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Time-series of sea temperature from the North Atlantic are statistically analysed and 
compared We focus on the Norwegian coast and the Barents Sea. with supporting 
data from the waters off eastern Canada and the Faeroes. The longest time-senes are 
sea surface temperature (SST) observations from Norwegian lighthouses, starting in 
the mid-1860s. Correlations all along the Norwegian coast are unlagged, suggesting 
that large-scale atmospheric forcing is important Antisynchrony between Northeast 
and Northwest Atlantic sea temperature lluctuations is indicated The North Atlantic 
Oscillation (NAO) is generally positively correlated to winter temperatures in 
Norwegian waters and negatively correlated to the temperature off Newfoundland 
Correlations between the NAO and coastal SST on the west and south coasts of 
Norway are strong and persistent right back to the beginning of the observational 
record However. Barents and Labrador Sea temperature seem to have been closely 
linked to the NAO only during the past 3 4 decades Spectral analysis reveals that the 
four subsurface sea temperature series have oscillations from about 8 to about 14 
years, the NAO has most variance at high frequencies ( < 1 year), while the SST series 
lie between. 
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Introduction 

Early work by Helland-Hansen and Nansen (1909) 
described temperature variability in ocean climate 
as being advective phenomena and suggested a time-
lag of 2-3 years between the Rockall Channel and 
the western Barents Sea. On the other hand, Deser 
and Blackmon (1993) and Battisti et al. (1995) 
argued that much of the decadal variability in the 
North Atlantic wintertime sea surface temperature 
(SST) can be explained as a local oceanic response 
to atmospheric variability. Adlandsvik and Loeng 
(1991) demonstrated that the inflow of Atlantic 
Water to the Barents Sea is determined, to a large 
degree, by local atmospheric forcing. They further 
argued for the importance of wind-driven inflow of 
Atlantic water masses for temperature conditions 
in the Barents Sea, an opinion later supported by, 
among others, Ottersen and Stenseth (2001). 

Interactions between the atmosphere, ocean, and 
cryosphere create feedbacks across a range of time 
scales. Although not truly periodic, these feedbacks 

lead to quasi-cyclic behaviour in recorded climate 
variables. Mann and Park (1994) presented an over
view of quasi-periodic behaviour in global tempera
ture and reviewed the candidate mechanisms causing 
this variability. Besides episodic volcanic activity, the 
likely causes of organized large-scale variability on 
interannual time scales are the quasi-biennial oscilla
tion (QBO), El Niflo-Southern Oscillation (ENSO), 
and more regional atmospheric circulation patterns 
such as the North Atlantic Oscillation (NAO). 

The NAO is an alternation in the pressure dif
ference between the subtropic atmospheric high-
pressure zone centred over the Azores and the 
atmospheric low-pressure zone over Iceland. It is 
the dominant mode of atmospheric behaviour in the 
North Atlantic sector throughout the year, but it is 
most pronounced during winter and accounts for 
more than one-third of the total variance in sea-level 
pressure. A number of earlier authors have related 
NAO variability to a wide range of climatic factors 
(e.g. Hurrell, 1995; Dickson, 1997; Hurrel and van 
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Figure 1 The northern North Atlantic with locations of stations and sections indicated. 
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Loon, 1997; Curry et al, 1998). The relationship 
between the state of the NAO and climatic patterns 
IS particularly strong in Northern Europe and 
surrounding waters (Ottersen et al., 2001). 

For the Mariehavn symposium in 1991, Loeng 
et al. (1992) wrote an article on climatic variabihty 
in the Norwegian and Barents seas. They gave a 
descriptive account of the developments in the 
region during the 1980s in addition to analyses of 
several hydrographic and meteorological time-series 
in search of cyclic variations. Ten years later, for the 
Edinburgh symposium, we find it timely to continue 
this work. While spatial and temporal variability 
in the Barents Sea during the 1990s is thoroughly 
analysed in a companion article (Ingvaldsen et al., 
2003; pp 160-168 in this volume), we take a broader 
view. Our main area of interest is the Barents Sea 
and Norwegian coast, but we include data from 
the Canadian east coast and the Faroes. Long time-
series, some dating back to the 1860s, are analysed 
by means of cross-correlations and spectral analysis. 

By studying potential cyclic patterns and synchro
nous or lagged relations we wish to gain new insight 
regarding the nature of sea temperature fluctuations 
in the Northeast Atlantic, and possible links to vari
ability in the Northwest Atlantic and large-scale 
climate forcing as represented by the NAO. 

Material and methods 

A number of sea temperature series were made 
available to us thanks to helpful colleagues. All 
series used, with location, time span covered, and 
depth at which our analyses were done, are listed 
in Table 1. 

NAO indices, slightly modified from the winter 
(Dec-Mar) index of Hurrell (1995), for 1864-2001 
Were obtained from the World Wide Web page 
of Jim Hurrell of NCAR's Climate and Global 
Dynamics Division (http://www.cgd.ucar.edu/ 
-jhurrell/nao.html). Hurrell's indices are based on 
the difference of normalized sea level pressures (SLP) 

http://www.cgd.ucar.edu/
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Table 1 Temperature time-series used 

Name 

Kola Section 

Skrova 
Station M 
Ona 
Torungen 
Mykines 
Printe 5 
Station 27 

Location 

70°10TM to 72°WN 
along 33°30 E 
68°07N 14°32E 
66°0 N 2°0 E 
62''52 N 6°31 E 
'i8°20 N 8°53 E 
62°05 N 7°50 W 
44°54 N 66°48 W 
47°3'!N 52°3'iW 

Depth 

0 200 m 

1 m 
50 m 
SST 
SST 
SST 
SST 
50 m 

Period 

1921 2000 

1936 2000 
1949 1999 
1868 1999 
1867 1999 
1914 1969 
1924 2000 
1947 2000 

between Lisbon, Portugal, and Stykkisholmur, Ice
land from 1864 through 1995 He normalized the SLP 
anomalies at each station by division ot each seasonal 
pressure by the long-term (1864-1995) standard 
deviation Monthly NAO values dating back to 1821, 
used in the spectral analyses are from Jones et al 
(1997) based on the SLP difference between Gibraltar 
and Stykkisholmur They were downloaded from the 
Tiempo web page http //www cru uea ac uk/ftpdata/ 
nao dat 

Standard Pearson product moment correlations 
are applied with various time-lags However, the 
true significance level (p-value) of a test may deviate 
from the intended nominal level if the series are 
autocorrelated Therefore, in calculating significance 
levels for correlations, the effective number of 
independent observations, adjusted for order 1 and 
2 autocorrelations (NJ, was estimated using the 
formula of QuenouiUe (1952) N,= N/(1+2r,|rb, 
+ 2rprbi), where N is the number of data points 
common to the two series a and b, r̂ , and r,,! are the 
lag-one autocorrelations, r̂ , and r̂ ^ the lag-two 
autocorrelations 

Monthly anomalies were calculated by subtracting 
the 1948 1999 monthly mean from each value for this 
specific month We restricted the data applied in time 
and to series with (more or less) complete monthly 
coverage throughout, to allow for all anomalies to 
be based on the same period and thus be more 
directly comparable Winter mean temperatures were 
calculated as unweighted arithmetic means oi the 
January to April values based on all available data 
for each individual time-series Only years with data 
from all 4 months were included to avoid bias 

Spectral analysis was applied to monthly time-
series Before the actual analysis, the seasonal cycle 
was removed by subtracting the mean annual cycle 
In the resulting anomaly series eventual missing 
values were filled by linear interpolation Thereafter 
linear regression was used to remove the linear 
trend 

As a guard towards spurious features in the spec
tral analysis, the analyses were performed using two 
different methods The first method, a smoothed 

periodogram, is carried out by computing the auto
correlation function and making a Fourier transfor
mation smoothed by the Parzen window This is 
a conventional method, described for instance in 
Chatfield (1989) In our case, the width of the 
window IS taken as 400 months The second method 
IS maximum entropy spectral analysis as described 
in Press et al (1989) In our case the order (or 
number of poles) used is 90 In both cases, the power 
spectrum was evaluated al 3600 equidistant frequen
cies, giving periods from 2 months to 600 years All 
power spectra are normalized so that the integral 
over the frequency domain is 1000, allowing for 
direct comparison between series of different units 
A spectral peak is a local maximum In addition 
to Its height or value, the percentage of variance 
described by the peak is tabulated This is defined 
here by the integral between the adjacent local 
minima Note that a sharp, high, peak may thus 
contain less energy than a broader, lower, peak 

Results 

Time-series of 5-year running means of winter mean 
sea temperature from 5 selected northern North 
Atlantic locations and the NAO show that although 
variability at high frequencies obviously has been 
removed by the smoothing, considerable variation 
remains (Figure 2) The most striking feature is 
the high temperatures observed in the early 1990s 
all along the Norwegian coast from Torungen, in 
the southeast, to the Barents Sea The 1930s and 
1950s were also pronounced warm periods in 
Norwegian waters, in the Barents Sea even warmer 
than in the 1990s (as more closely examined in 
Ingvaldsen et al, 2002) Temperatures were par
ticularly low in Norwegian waters during the late 
1970s and early 1980s, similarly cold conditions had 
not been seen since the late 19th century Since the 
late 1960s, the three Northeast Atlantic series show 
similar main oscillations 

Cross-correlations were calculated between 
monthly anomalies trom the most complete time-
series along the Norwegian coast at all lags from 
0 to ±12 months In each case the direct, unlagged 
correlations were highest However, none of them 
were particularly high, the highest being between 
Ona and Torungen (r = 0 42) 

Cross-correlations at all lags from -5 to +5 years 
were also calculated between winter mean tempera
tures for some of the longer time-series (Table 2) 
The correlations between the Norwegian stations 
were much higher here than between the monthly 
anomalies, again there is a particular clear unlagged 
connection between Ona and Torungen SST at the 
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Figure 2 Five-year running means of winter (Jan Apr) sea temperature at selected locations in the northern North Atlantic and 
the NAO winter (Dec Mar) index A Kola meridian hydrographical section 0 200 m depth average B Meteorological station 
Ona SST C Meteorological station Torungen SST D Meteorological station Mykines SST E Hydrographical station Prince 
5 temperature at 0 m F NAO winter index slightly modified from Hurrell (1995) The horizontal broken lines indicate the 
means for the full observation period 

Table 2 Maximum correlations within lags ±5 among time-series of winter (Jan Apr) mean temperatures based on all available 
data and with the NAO winter index Only years with data for all 4 months used Statistical significance levels (p-values) are 
adjusted for autocorrelation, lag indicates lag of maximum correlation, lag +2 means, e g , that the station named above follows 
the station named to the left by 2 years n indicates the number of years common to both series and is thus used for calculating 
the correlation 

R 

Kola 
p-value 
lag 
11 

Ona 
p-value 
lag 
n 

Torungen 
p-value 
lag 
n 

Mykines 
p-value 
lag 
n 

Station 27 
p-value 
lag 
n 

Prince 5 
p-value 
lag 
n 

Ona 

r = 0 48 
< 0 001 

0 
75 

Torungen 

r = 0 4 5 
< 0 001 

0 
77 

r = 0 80 
< 0 001 

0 
125 

Mykines 

r = 0 4 2 
< 0 0 1 
- 1 
47 

r = 0 36 
< 0 0 1 

0 
51 

r = 0 3 3 
< 0 05 
0 

51 

Station 27 

r = - 0 43 
< 0 0 1 
-1-2 
32 

r = - 0 49 
< 0 0 1 

0 
29 

r = - 0 44 
< 0 05 
0 

30 

r = - 0 50 
< 0 10 
0 

10 

Prince 5 

r = 0 1 4 
> 0 10 

Ü 
53 

r = - 0 3 1 
< 0 05 
+4 
51 

r = 021 
> 0 I 0 
+2 
51 

r = - 0 20 
> 0 10 
- 3 
26 

r = 0 3 5 
> 0 10 
+2 
24 

NAO 

r = 0 2 9 
< 0 05 

0 
80 

r = 0 59 
< 0 001 

0 
127 

r = 0 72 
< 0 001 

0 
130 

r = - 0 24 
< 0 I 0 
+2 
53 

r = - 0 60 
< 0 10 
0 

32 

r = 0 2 8 
< 0 10 
- 5 
53 
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Faroese station at Mykines is also positively 
correlated with the Norwegian stations The highest 
correlations between Prince 5, close to the border to 
the US, and the Northeast Atlantic stations are 
fairly low, varying from -0 31 to +0 20 and with a 
confusing lag structure On the other hand, tempera
ture at 50 m at Station 27, off Newfoundland, is 
clearly negatively correlated with all the European 
stations While the highest correlations are unlagged 
with the 1 SST stations, temperature at Station 27 
seems to lag that at Kola by 2 years 

Relations between the NAO winter index and 
winter (Jan-Apr) means for six time-series are 
shown in Figure 3 The high correlations between 
the NAO and SST at Torungen and Ona reflected 
similarity not only in long-term trends, but also 
when the linear trend had been removed The con
nection between the NAO and sea temperature at 
50 m at Station 27 is clearly negative, while the con
nection to surface temperature at both Prince 5 and 
at Mykines is weak 

By splitting the time-series into two shorter periods 
we were able to detect possible temporal changes in 
the NAO sea temperature correlation The high 
positive correlation between the NAO and Torungen 
and Ona was consistent through time, as was the 
negative correlation between the NAO and Station 
27 On the other hand, Barents Sea temperature 

seems to be more closely linked to the NAO since 
the early 1970s (1921 1971 r = 025 (p<0 10), 
1972 2000 r = 0 58 (p<0 005) 

Spectral analysis by the penodogram and maxi
mum entropy methods give similar results Complex 
patterns in the frequency domain are revealed, with 
some time-series having a great deal of energy in 
the short periodic (< 1 year) area, while others 
have their main peaks at decadal and longer scales 
(Table 3) 

The sea temperature series from Station M, 
Skrova, Kola, and Station 27 all have a peak in the 
decadal region, varying from about 8 to about 14 
years The Kola Section series displays several of the 
most dominant peaks, with regard to both height 
and percentage of variance explained The 12-11 
years peak at Station M is also distinct 

The SST time-series from Ona and Torungen have 
much energy in the high frequency domain and little 
in the area from about 2 5 to 6 years However, Ona 
has a peak at around 8 years, which Torungen does 
not, and flattens out more towards the long periods, 
while the variance in Torungen increases slowly 
Mykines and Prince 5 SST have peaks at 2-4 and 
7 9 years, but most of the variance is in the 20-30 
year area The NAO is very close to being white 
noise, but a peak at around 8 years shows in the 
MESA analysis 
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Figure •? The NAO winter (Dec Mar) index plotted against winter (Jan Apr) sea tempciature at selected locations in the north
ern North Atlantic (n=number of non-missing values) A Kola meridian hydrographical section 0 200 m depth average 1921 
2000 n = 80 B Meteorological station Ona SST 1869 1999 n = l 2 7 C Meteorological station Torungen SST 1868 1999, 
n = n O D Meteorological station Mykines SST 1914 1968, n = 51 E Hydrographical station Prince 5 SST 1924-2000, n = 51 
F Hydrographical station Station 27 at 50 m 1948 1999, n = 12 The correlations between the NAO and the Norwegian stations 
Kola Ona and Torungen are statistically significant at the 5 ^ level 
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Table 3 Results of the spectral analysis For each station the results of the penodogram method are given in the first three 
columns, the results of the maximum entropy method in the last three The information given for each method is the period (in 
years), height of the power peak multiplied by 1000 (normalized power spectrum density), and percentage of the total variance 
explained by this peak (where a peak is defined to be between two surrounding local minima) Objective criteria are used to 
select the peaks included Separately for each method the five highest peaks in the spectre are always included, as are additional 
peaks explaining more than 5% of the variability The table is sorted by the height of the peaks for each station and method 

Penodogram MESA 

Series Period Power % Variance Period ower 

62 
44 
25 
07 
05 

30 
20 
1 8 
1 4 
1 1 

54 
1 4 
08 
06 
05 

1 5 
1 4 
1 3 
1 2 
08 
0 8 
06 

20 
1 6 
1 5 
1 2 
1 1 
08 
08 

46 
20 
1 5 
1 4 
1 1 

49 
2 1 
1 4 
1 3 
1 2 

20 
1 4 
1 2 
1 2 
1 1 
1 1 
1 0 

06 
06 
05 
05 
05 
05 

% Variance 

51 1 
153 
14 3 
3.7 
3.0 

14 2 
5.2 
8.1 
6.2 
6.4 

40 4 
7 1 
5.1 
31 
43 

10 8 
138 
8 1 

130 
57 
56 
5.0 

14 9 
180 
9.0 
90 

11 1 
5 5 
65 

30 6 
10 8 
98 
7.1 
6.1 

19 4 
93 
6.1 
4.7 
63 

120 
78 
61 
5.4 
5.5 
8.5 
5.3 

3.2 
3.5 
5.7 
3.2 
5.0 
5.3 

Kola 

Skrova 

Station M 

Ona 

Torungen 

Mykines 

Prince 5 

Station 27 

8 3 
162 
26 
5 1 
4 1 
32 

92 
85 7 

1 3 
1 8 
27 

130 
31 6 

1 9 
1 0 
I 7 

1 0 
79 
23 

46 2 
122 
1 6 

1 3 
1 0 

66 7 
1 1 
1 6 

46 2 
154 
7 1 
25 
33 
43 
1 4 

27 3 
1 0 
37 
2 1 
87 

14 3 
32 
25 
08 
1 I 
1 0 

NAO monthly index 
07 
02 
1 2 
04 
05 

5.7 
5.5 
3.7 
3.0 
2.5 
1.9 

2.5 
2.0 
1.5 
1.2 
1.1 

5.1 
38 
1.3 
0.8 
0.8 

1.7 
1.4 
1.4 
12 
1.2 
1.1 

2.1 
1.8 
1.5 
1.4 
1.4 

4.6 
3.9 
1.9 
1.9 
1.6 
1.6 
1.6 

5.3 
1.8 
1.5 
14 
1.1 

1.9 
1.4 
1.4 
13 
1.0 
0.9 

0.6 
0.6 
0.5 
0.5 
0.5 

19 6 
24 9 
12 5 
96 
74 
56 

134 
49 
76 
54 
34 

27 6 
84 
39 
26 
30 

8 1 
56 
43 
35 
30 
50 

11 9 
84 
75 
54 
55 

12 5 
11 3 
63 
70 
60 
52 
52 

174 
89 
58 
53 
29 

9 1 
60 
86 
52 
33 
6 1 

2 1 
28 
25 
24 
24 

10.0 
26 
4.3 
18 
12 

92 
600 0 
1 4 
1 8 
3.6 

11.8 
1 8 
1.0 
1.1 
0.6 

10 
1.7 
2.2 
10.9 
12 
3.4 
0.9 

13 
1.0 

54.5 
16 
2.1 
5.7 
08 

600 0 
25 
37 
14 
1.8 

20 7 
1.0 
2.1 
1.3 
3.4 

11.5 
23 
0.8 
06 
1.3 
3.1 
0.9 

0.2 
1.2 
0.8 
0.4 
0.5 
7.8 
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Discussion 

Our results show that the correlations between sea 
temperatures from Norwegian stations are highest 
when unlagged, both for monthly anomalies and 
winter means We take the more or less synchronous 
fluctuations observed in upper layer sea tempera
tures all along the Norwegian coast as suggestive 
evidence for sea temperature in the region being 
mainly driven by atmospheric forcing rather than by 
advection in the ocean 

Recent work by Ottersen and Stenseth (2001) and 
Dippner and Ottersen (2001) shows statistical links 
between the NAO and Barents Sea temperatures 
during the past three to four decades, with higher 
temperatures connected to positive NAO phases 
They took this as an indication of sea temperatures 
in the region being controlled by large-scale 
atmospheric patterns 

However, this close connection does not seem to 
be valid for the preceding part of the 20th century 
Our statistical results indicate that Barents Sea 
temperatures have only been closely linked to the 
NAO since the early 1970s This supports the results 
of Dickson et al (2000), who calculated 30-year 
moving correlations between the winter NAO and 
annual Kola Section 0 200 m temperature means 
They concluded that the markedly stronger relation
ship detected during recent decades, and also during 
the early years of the last century, corresponded 
roughly to periods of strong positive phase of the 
NAO, when the storm track penetrates the Barents 
Sea, as also indicated by Ingvaldsen et al (2002) 
Related to this is the more easterly position of 
the NAO pressure centres during the period 1978-
1997 as compared to 1958-1977 shown by Hilmer 
and Jung (2000), which we believe may play an 
important role 

A negative correlation between Station 27 and the 
Northeast Atlantic time-series is evident (Table 2) 
Positive temperature anomalies in the Barents 
Sea seem to be followed by lower than average 
temperatures off Newfoundland 2 years later This 
supports earlier findings ot inverse fluctuation in 
Barents and Labrador Sea temperatures (Izhevsku, 
1964, Sundby, 1998) 

The NAO index is negatively correlated to sea 
temperature at Station 27 (Table 2, Figure 3) A 
strongly positive NAO has earlier been shown to 
lead to low air temperatures and strong wind, which 
again leads to larger ice cover resulting in an 
extended volume of cold intermediate water on the 
Labrador Shelf and ultimately low surface and 
bottom temperature (Mann and Drinkwater, 1994) 
As opposed to the Barents Sea, there is no statistical 
indication of this relation weakening during the 
recent decades with an extended positive NAO 
phase and easterly shifted Icelandic Low 

Further south along each coastline the NAO 
temperature relation evolves differently The corre
lations between the NAO and coastal winter SST on 
the west and south coasts of Norway are strong and 
persistent right back to the beginning of the obser
vational record in the 1860s (Table 2, Figure 3) 
Although such strong relations have not been dem
onstrated previously, Ottersen et al (2001) showed 
that this area has the most pronounced regional 
correlation with the NAO both for winter SST and 
scalar wind This is also on roughly the same lati
tude as the Labrador Sea, where the NAO correla
tion IS at Its highest on the American side Further 
south on the western side of the Atlantic, the link 
between the NAO and sea temperature is weak or 
non-existent (Figure 3) 

While our coastal SST series only display a minor 
part of their variability in the decadal region, the 
subsurface sea temperature series (Kola, Skrova 
Station M, and Station 27) all have oscillations from 
about 8 to about 14 years (Table 3) The latter also 
compares well with the results of Deser and 
Blackmon (1993) and Sutton and Allen (1997) for 
the open North Atlantic, while Moron el al (1998) 
found SST oscillations at both 7-8 and 13 15 years 
A particularly large part of the variance was found 
in the decadal range at the Kola Section and Station 
M This IS not only one single peak, the two series 
have spectra with highest variance at long periods 
One can relate this to these locations being more 
oceanic m nature, while Skrova and Station 27, 
being closer to the coast, are more strongly influ
enced by processes at shorter time scales, typically 
related to wind conditions It should also be noted 
that the Skrova time-series at only 1-m depth must 
be taken as more or less recording SST 

The atmospheric NAO series has most variance 
at high frequency, while the SST series tend to he 
between the NAO and the redder spectra of the sub
surface series (among the SST series, Mykines and 
Prince 5 stand out with red spectra) This can be 
explained by the atmosphere having high variability 
at the synoptic weather scale, with the ocean acting 
as a low-pass filter on the atmospheric input, giving 
a shift towards longer periods when passing from 
SST to the ocean interior 

Although there exist large-scale physical pheno
mena with similar cyclic patterns to those observed 
in our time-series, the linking mechanisms are 
far from straightforward, even for the most well-
documented periodic components In the decadal 
region, the infiuence of the variability in solar 
irradiance throughout the 11-year sunspot cycles 
on temperature is described by numerous earlier 
authors, several dealing with marine time-series (e g 
Izhevsku, 1964) We found power spectrum peaks in 
the vicinity of 11 years in several of our subsurface 
series (Kola Section, Station M, Station 27), but we 
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have no way of deciding whether this is hnked to the 
solar cycle or not 

Of the tidal components acting on the interannual 
and interdecadal time scale, the nodal tide with a 
period of 18 61 years is generally considered to be 
the most important The significance of this is that 
when the declination of the moon's orbit to the 
equator is at its maximum, the tidal forces at high 
latitudes are greatest Using a general system theo
retical approach, Yndestad (1999) linked the tem
perature fluctuations in the Barents Sea to this earth 
nutation period Our results lend little support to 
this, we found no peaks in any of our series between 
16 2 and 27 3 years However, it should be noted 
that recent peaks m these forces have occurred in 
1913, 1931 1950, 1969 and 1988 coinciding with 
the beginning of a warm period in the Barents Sea 
(Ottersen et al, 2000) The 2 6-year quasi-bienmal 
oscillation described by Burroughs (1992) to exist in 
a number of time-series worldwide is seen m the 
Kola and Mykines series 

The spectral peak at around 8 years found in the 
subsurface temperature series also shows up m the 
MESA analysis of the NAO This is the peak with 
the second most variance in the NAO time-series 
according to this method Rogers (1984) and Hurrell 
and van Loon (1997) have earher reported similar 
oscillations However, it must be stressed that this 
peak only contains 5 3% of the total variance most 
of the rest is concentrated at much higher frequen
cies Furthermore, the NAO series is non-stationary, 
when calculating the spectre for only the last 100 
years (from 1902), peaks were found at around 
5 and 10 years Hurrell and van Loon (1997) point 
to the NAO power spectrum becoming redder with 
time 

To conclude, with this article we present statistical 
backing for upper layer sea temperatures all along 
the Norwegian coast and the Barents Sea having 
a simultaneous response to North Atlantic scale 
atmospheric forcing However while the effect of 
the NAO on sea temperatures along the southern 
and western coast of Norway is persistent back to 
the 1860s, a clear NAO-Barents Sea relation is only 
evident from around 1970 onwards By means of 
spectral analysis we furthermore document that 
the subsurface sea temperature series studied have 
pronounced decadal oscillations, notably the Kola 
Section and Station M, both situated in Atlantic 
water masses 
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Extremes of temperature and salinity during the 1990s in the 
northern Rockall Trough: results from the "Ellett line" 
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Symposia, 219:95-101. 

A time-series of deep hydrographic measurements in the northern Rockall Trough is 
analysed to determine the nature and origin of interannual to decadal variability of 
water mass properties The repeat section (Barra Head to Rockall Island) was started 
in 1975 by David Ellett of Dunstaffnage Marine Laboratory and has been occupied 
between one and six times per year since then Both the surface and deep water masses 
have shown extremes in their properties during the past decade compared to the pre
vious 15 years. The 1990s began with relatively low temperature and salinity in the 
surface water mass (Eastern North Atlantic central Water, ENAW), but since 1995 
there has been a dramatic increase, culminating in the highest salinity in 1998 and 
highest temperature m early 2000 In contrast, the deep Labrador Sea Water (LSW) is 
fresher and cooler in the late 1990s than at any time in the scries The ENAW is 
subject to local modification by exchange of heat and freshwater with the atmosphere, 
but the variability is mainly determined by mixing with other water masses at 
the southern entrance to the Rockall Trough. The LSW is a re-circulating reservoir 
periodically flushed by newer water from the southwest. 

Keywords atmospheric fluxes, circulation, interannual variability, mixing. North 
Atlantic, Rockall Trough 
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Introduction 

The Rockall Trough lies to the west of Scotland and 
provides a route for warm Atlantic Water to flow 
northwards into the Nordic Seas. It has a deep 
opening to the south (4000 m), but through-flow is 
restricted to the top 1200 m by gaps in the shallow 
topography to the north, and flow into the Nordic 
Seas is restricted to the upper 500-600 m by the 
Iceland to Scotland ridge. The Trough is bounded 
to the east by the northwest European continental 
shelf, and to the west by the Rockall Plateau (Figure 1). 
The upper ocean consists of warm saline Eastern 
North Atlantic central Water (ENAW), which has 
a net northward drift; the majority of the transport 
is in the shallow poleward shelf edge current, but 
there is also a smaller northward current in the 
western Trough (Ellett et ciL, 1986, Holliday et ciL, 
2000). Approximately one-third of the volume flux 
of Atlantic Water that reaches the Nordic Seas 
has come via the Rockall Trough, with the majority 

passing though the Iceland Basin (Hansen and 
0sterhus, 2000). Below 1200 m the Trough is filled 
with a reservoir of fresher Labrador Sea Water 
(LSW), which enters from the south but cannot flow 
northwards because of the shallowing topography. 
The Rockall Trough does not contain a significant 
quantity of overflow water; rather the vast majority 
of the returning cold dense overflow from the 
Nordic Seas flows though the Iceland Basin (Hansen 
and 0sterhus, 2000). 

The time-series, started in 1975, has not been 
sampled consistently, but, with the exception of 
1986, has been occupied at least once per year. 
There were 4-6 sections per year in the late 1970s 
and 1 ^ sections per year through the 1980s and 
early 1990s, but sampling has dwindled to 1-2 sec
tions per year since 1996. The section is currently 
occupied through a UK cooperative programme 
between Southampton Oceanography Centre, Dun
staffnage Marine Laboratory, and FRS Marine 
Laboratory (Aberdeen). 
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Figure 1 The location and schematic circulation in the region 
of the Rockall Trough and the EUett line Upper ocean cur
rents indicated by the solid black arrows mid-depth circula
tion by grey arrows and bottom flow by dashed arrows Ellett 
line indicated by dolled black line 

Temperature and salinity anomalies of 
the upper ocean 

The mean properties of the upper 800 dbar can be 
used to illustrate the variability as sampled by the 
section The sampling of the Ellett line is irregular 
through the seasons, so in order to highlight the 
interannual variability the climatological seasonal 
means (1975 2000) are removed from each occupa
tion The calculation of seasonal means does not 
unduly alias the interannual variability, despite the 
low number of winter occupations, since the sea
sonal cycle (particularly in salinity) is smaller than 
the interannual (Holliday et al, 2000, Holliday, 
2002a) However, it does reduce the noise in the 
time-series, thus helping to highlight long-term vari
ability The potential temperature and salinity ano
malies are shown in Figure 2, with a 3-point running 
mean applied to further reduce the impact of sam
pling noise The ranges of the properties over the 
time series are ± 0 5°C and ± 0 05 in salinity, with 
maxima ot both temperature and salinity in the late 
1990s The maximum temperature anomaly of the 
time-series occurred in February 2000, when the 
absolute mean temperature was unchanged from 
the previous autumn, despite deep winter mixing 
providing evidence of the usual winter heat loss to 
the atmosphere The salinity maximum of the time-
series also occurred at the end ot the 1990s (May 
1998) In contrast, the early part of the 1990s was 

I I I I I I I I I I I I I I I I I I I I I I I I I 

1975 1980 198'i 1990 1995 2000 

Figure 2 Potential temperature (lower curve) and salinity 
(upper curve) anomalies tor the upper ocean of the Rockall 
Trough (0 800 dbar) Dashed lines are anomalies from 
seasonal means solid line is 'ï-point running mean 

characterized by relatively low salinity and low tem
peratures, the latter reaching a time-series low in 
May 1994, though salinity remained higher than the 
depressed values caused by the passage ot the Great 
Salinity Anomaly in the late 1970s (Dickson et cil 
1988) The result was that the 1990s as a whole, was 
a period of maximum change in the properties of the 
upper ocean 

The hydrographic time-series dates back to 1975, 
but sea suriace observations were made m this 
region from 1948 onwards (Ellett and Jones 1994), 
providing a longer term context tor the results pre
sented here Figure "? shows the Ellett and Jones 
(1994) time-series and the surface values from the 
Ellett line time-series Both are annual means of 
anomalies from a monthly climatology derived from 
the long surface time-series The Ellett line time-
series IS biased by the low temporal resolution, 
especially in the 1990s when the scatter of points 
increases However, the period of overlap shows that 
the decadal scale pattern is reasonably consistent 
between the two time-series The figures show that 
while the 1990s were characterized by increasing 
temperature and salinity, the decade is not perhaps 
as unusual as indicated by the shorter time-series, 
the highest temperatures reached in the 1990s were 
similar to the peak reached in 1960 following a 
decade of increasing values 

Variability of the deep water 

The LSW fills the Rockall Trough below the perma
nent thermocline and the variability of properties is 
best highlighted by extracting the potential tempera
ture and salinity at the tore of the water mass as 
indicated by the zone ot minimum stratification 
(as represented by the potential vorticity minimum, 
Holliday et al 2000) Figure 4 shows the properties 
at the core of the LSW, highlighting the overall 
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Surface Temperature 

Figure 3 Sea surface temperature and salinity anomalies in the 
Rockall Trough (black line) as shown by a 12-month running 
mean of monthly surface anomalies (1948-1992 chmatological 
monthly mean subtracted, data source was Ellett and Jones 
(1994)) Subsurface anomalies from Figure 2 are shown by the 
grey line 
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Figure 4 Potential temperature (solid line), salinity (line and 
diamonds), and pressure (squares) of the core of the Labrador 
Sea Water in the Rockall Trough. 

decrease in values since 1975, which occurs as two 
periods of rapid freshening in 1981-1985 and 1989-
1990. This pattern of variabihty has been interpreted 
by Holliday et al. (2000) as periods of re-circulation 
of LSW in isolation from the cooler fresher LSW to 
the south and west, with periodic major incursions 
of external LSW. The continued decrease in tem
perature and salinity probably reflects the decadal 
scale cooling and freshening of the LSW at source 
(Dickson et al, 1996; Sy et al, 1997). After a major 

incursion of external LSW into the Rockall Trough 
in 1990, there has been little change in the properties 
of the deep water in the 1990s. 

Mechanisms causing the upper ocean 
variability 

Two possible origins of the upper ocean variability 
were discussed in Holhday et al (2000): the basin-
scale atmospheric conditions as measured by the 
NAO index and the variation in the source region of 
the main water mass, the ENAW. The NAO winter 
index shows no statistically significant correlation 
with the time-series of subsurface temperature and 
salinity. Maps of correlation of the NAO index 
with surface temperature (e.g. Rodwell et al, 1999) 
show that the Rockall Trough lies in a region of 
low to zero correlation, between the high positive 
correlation to the south and east and high negative 
correlation to the west. Therefore the conditions 
in the Rockall Trough do not appear to be directly 
related to atmospheric conditions, as indicated 
by the NAO index. The time-series of ENAW in 
the Bay of Biscay (Perez et al, 1995) shows no 
statistically significant positive correlation with the 
Rockall subsurface time-series, suggesting that the 
patterns observed are not merely tlie advection of 
anomalies generated further south (Holliday et al, 
2000). 

Two further hypotheses are discussed here: firstly, 
that the variations observed on the Ellett line are 
caused by local atmospheric interaction, and sec
ondly that they are caused by varying amounts of 
contrasting water masses entering the basin (Hol
liday, 2002a, b). The first hypothesis, that of local 
modification of the properties by air sea exchange, 
can be tested by examining a time-series of heat and 
freshwater fluxes in the region and comparing them 
with change in oceanic heat and freshwater content 
anomalies. The second can be tested by examining 
sporadic hydrographic data to the south of the 
Rockall Trough to investigate possible changes in 
water mass distribution. 

The SOC Flux Climatology (Josey et al, 1998) 
provides a time-series of carefully quality controlled 
ship-based measurements of heat and freshwater 
fluxes. A time-series of precipitation based on 
satellite observations (CPC Merged Analysis of 
Precipitation, CMAP, Xie and Arkin, 1997) avoids 
ship-based sampling errors and was used in conjunc
tion with the SOC Climatology to test the robust
ness of the results. The region over which the fluxes 
were averaged spans most of the Rockall Trough 
(55-57°N, 10-15°W and 50-55°N, 12-17°W), cover
ing the maximum area a body of water may have 
travelled over the period of one year. The net heat 
flux is the sum of sensible, latent, longwave, and 
shortwave fluxes, the net freshwater flux the sum of 
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evaporation (negative) and precipitation (positive), 
and for the whole region the annual net fluxes were 
calculated In this analysis, the 12-month period ran 
from April to March to cover the annual cycle from 
the start of spring to the end of winter (Holliday 
(2002a) describes the methodology and error ana
lysis in detail) The net heat flux time-series was 
adjusted to zero mean using the sample mean 
(-44 W m -) and the anomalies plotted in Figure 5A 
The net freshwater flux was calculated using precipi
tation from both SOC Climatology and the CMAP 
data (evaporation was calculated from the SOC 
Climatology) and there was little difference m the 
final result (Figure 5B) The error bars in both 
figures are standard error, and the absolute bias of 
the means remains unknown 

The heat content anomaly and freshwater content 
anomalies of the upper ocean (0-900 m) were calcu
lated referenced to 0°C and to 36 00 salinity for each 
section Heat content anomaly /ƒ= fpCpTdz where 

40 0 

1980 1985 1990 1995 

Figure 5 Atmospheric flux variations in the Rockall Trough 
region (A) annual net heat flux anomalies (1980-1996 mean = 
-44 W m '), (B) annual precipitation (P), evaporation (E), and 
net freshwater llux (P E) For P and P E dashed lines are 
SOC Climatology, solid lines are CPC Merged Analysis of 
Precipitation (CMAP, Xie and Arkin. 1997) In all figures, 
error bars are standard error and absolute bias is unknown 

p is density, Cp is specific heat capacity of seawater, 
T IS temperature and z is depth (m) Freshwater con-

tent anomaly F= \ { ( ' - ^ ) - l | d z , where Ŝ f is the 
•' S(7) 

reference salinity (here 36 00) and S is the salinity at 
depth z (m). Seasonal cycles of heat and freshwater 
content anomalies were modelled by fitting a sinu
soidal curve to all observations in the time-series, 
and the modelled monthly values removed from 
each occupation to leave a time-series of anomalies 
(again more details can be found m Holliday 
(2002a)). The oceanic heat and freshwater content 
anomalies are shown in Figure 6, plotted alongside 
the atmospheric fiux anomalies The atmospheric 
heat flux variations are half the amplitude of the 
changes in heat content anomaly, and the cycles 
appear to act in opposition to each other The atmo
spheric freshwater fluxes are an order of magnitude 
smaller than the oceanic freshwater content ano
malies We conclude that there is no evidence that 
the variations in the heat and freshwater content 
anomalies can be explained by the variations in the 
local atmospheric fluxes 

The second hypothesis is that the variations in the 
Rockall Trough are the result of varying amounts of 
different water masses entering the basin The upper 
ocean water masses that he to the south of the 

995 2000 2005 

-2 00 
1975 1980 1985 1990 1995 2000 2005 

Figure 6 Oceanic heat and freshwater content anomalies 
(0-900 m, open circles) compared to variations in annual heat 
and freshwater exchange with the atmosphere (solid line and 
dots) (A) heat content anomalies and (B) freshwater content 
anomalies 
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Rockall Trough are the "eastern" water masses, 
the warm saline ENAW and the Mediterranean 
Outflow Water (MEDW), and the relatively cooler 
and fresher "western" water of the North Atlantic 
Current (NAC) (a form of Western North Atlantic 
Water, WNAW), and the SubArctic Intermediate 
Water (SAIW). Most of the upper ocean water flow
ing into the Rockall Trough is ENAW, with small 
input of NAC water (Ellett et al. 1986). The inter
mediate depth SAIW and MEDW are mixed 
together in a region of intense mixing at the entrance 
to the basin, leaving the water within the Rockall 
Trough relatively homogeneous with a tight T-S 
relationship (Read and Ellett, 1991). Below, I dis
cuss whether the eastward extent of western water 
masses influences the properties in the northern 
Rockall Trough. 

Two recent surveys of the Rockall Trough and 
region to the south were analysed to test the hypo
thesis, and evidence was found to support it. The 
surveys were at periods of contrasting properties 
at the Ellett Une; in October 1996 the ENAW at 
the Ellett line was relatively cool and fresh, whereas 
in May 1998 it was the most saline of the time-series 
and very warm. To the south of the Rockall Trough, 
the NAC water was observed east of 17°W in 

October 1996, whereas in May 1998 no NAC waters 
were found east of 20°W. The interesting difference 
between these meridians is their relative location to 
the Rockall Trough; 20°W is the longitude of the 
southern tip of the Rockall Plateau (50-55°N) at 
water depth of 1000 m (17°W at 500 m), so water 
moving northwards west of 17-20°W will be forced 
to flow westwards around the topography. East of 
17-20°W, northward flowing water can move freely 
into the Rockall Trough. Therefore if the NAC 
waters reach east of 20°W they could enter the basin 
and cool and freshen the ENAW (as may have 
occurred in October 1996), but if they stay to 
the west the ENAW will remain relatively warm 
and salty (as may have occurred in May 1998). 
The temperature-salinity relationship of the water 
column at the Ellett line and south of the basin 
during the contrasting 1996 and 1998 periods is 
shown in Figure 7. Profiles B and C are both from 
the same location on the Ellett line, but in different 
years (B in 1996, C in 1998). Note that both con
verge to the LSW sahnity minimum below 1200 
dbar. Profile A is an example of station west of the 
NAC, with WNAW at the surface, SAIW at inter
mediate levels and LSW below. Profile D is a typical 
eastern margin station with ENAW overlaying 
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Figure 7, Potcnfial temperature vs, salinity for stadons around the Rockall Trough (with potential density contours). Locations 
of profiles A, B, C, and D are shown on the map on the right. Profiles A and D illustrate the water masses that can flow into 
the basin (CTD stations from October 1996); Profile A is an example of the cool fresh Western North Atlantic Water (WNAW) 
and SubArctic Intermediate Water (SAIW), and Profile D is an example of the warm saline Eastern North Atlantic central 
Water (ENAW) and Mediterranean outflow Water (MEDW). Profiles B and C are both in the same location on the Ellett line 
but at different times; B in October 1996, C in May 1998. Selected pressure levels are indicated by the arrows and numbers (500, 
1000, and 1200 dbar). 
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MEDW Both profiles A and D converge to iden
tical LSW properties at 3.5-4.5°C, though that 
range of 6-S is deeper in the eastern profile There is 
indeed evidence that in 1996 the Ellett line upper 
ocean (profile B) is infiuenced by NAC water, 
whereas in 1998 the Ellett line curve mixes to and 
overlays the "pure" ENAW curve from south of the 
basin (profile C) The shift to more saline conditions 
in 1998 can be seen down to 1200 dbar, through the 
permanent thermocline zone in which the MEDW 
and SAIW mix in the entrance to the Rockall 
Trough according to Read and Ellett (1991) This 
suggests that the impact of the varying NAC contri
bution to the basin is in both the upper WNAW and 
the intermediate SAIW, and explains the observa
tion that the variability persists beyond the depth of 
the central waters, and deeper than winter mixing 
(Holhday et al. 2000) 

The literature provides further historical evidence 
to support the hypothesis that the regional extent 
of the contributing water masses does vary, and 
appears to co-vary with the properties in the north
ern Rockall Trough Read and Ellett (1991) show 
WNAW and SAIW reaching all the way to the east
ern margin of the North Atlantic in 1989, a period 
when the Ellett line water was cool and fresh (actu
ally the start of the cool fresh period that extended 
to 1996) Read (2001) shows that in 1991 WNAW 
of the NAC was seen east of I7°W at 52°N Simi
larly, Ellett et al (1986) described data from Ocean 
Weather Station J that showed WNAW and SAIW 
east of 20°W in 1974 and 1977; the latter year 
also being the time of the cold fresh Great Salinity 
Anomaly (GSA) in this region. Other examples 
show NAC water remaining west of 20°W at times 
when the Rockall Trough was relatively warm and 
saline The Harvey (1982) description of ENAW 
was based on data from 1957 and 1958, he noted at 
the time that WNAW and SAIW were only found 
west of 20°W, Ellett and Jones (1994, data repro
duced in Figure 3 here) showed the water in the 
Rockall Trough to be unusually warm and saline in 
the late 1950s In 1966 the Rockall Trough was cool 
but with high salinity and Wade et al (1997) note 
from OWS J data that in 1966 WNAW and SAIW 
are only found west of 20°W. 

Finally, the hypothesis does not exclude the infiu-
ence of changing properties of the source waters 
Property variations in both ENAW and WNAW 
can infiuence the Rockall Trough temperature and 
salinity even though they cannot alone explain the 
variability at the Ellett line. In 1966 the cool but 
saline Rockall Trough water probably reflected 
cooler than usual ENAW to the south During the 
GSA period the Rockall Trough salinity was espe
cially low, not just because it contained a greater 
amount of WNAW and SAIW than average, but 
also because those water masses were unusually 
fresh 

Conclusions 

The time-series of hydrographic data in the northern 
Rockall Trough (the Ellett line) provides unique 
insight into the variability of Atlantic Water fiowing 
into the Nordic Seas Over the period of the full 
depth time-series (1975 2001), the upper ocean tem
perature range was ± 0 5°C and the salinity range 
was ± 0 05, with maxima of both occurring during 
the late 1990s. The decade of the 1990s was char
acterized by a period of significant change in upper 
ocean properties, from cool and fresh in the early 
years to warm and saline at the end of the decade 
The rate of change was similar to that observed in 
sea surface temperature and salinity in the 1950s, 
though the maximum surface anomalies of 1960 
were higher than the current subsurface anomalies. 

The time-series of upper ocean temperature and 
salinity in the Rockall Trough does not correlate 
with basin-scale atmospheric conditions as repre
sented by the NAO index The variability observed 
cannot be explained simply as advected anomalies 
formed in the source region of the major water 
mass, the central North Atlantic Water (ENAW) 
Evidence was found that variations in local net 
atmospheric heat and freshwater fluxes are too small 
to account for the observed variations in heat and 
freshwater content. Instead, it has been shown that 
the variations in properties are caused by varying 
inputs of the water masses to the south Most of 
the upper and intermediate water flowing into the 
Rockall Trough comes from the Eastern Atlantic, 
the ENAW, and Mediterranean outflow Water 
(MEDW) When North Atlantic Current water 
masses (Western North Atlantic Water (WNAW) 
and SubArctic Intermediate Water (SAIW)) spread 
east of 17-20°W south of the Rockall Trough (50-
55°N) they flow into the basin and cool and freshen 
the upper water column to 1200 dbar. 

The deep water of the Rockall Trough is a rela
tively saline and warm form of Labrador Sea Water 
(LSW) partially isolated by topography from the 
same water type to the south of the basin In 1990 
the LSW freshened and cooled suddenly owing to an 
influx of external (newer) LSW For the rest of the 
decade the LSW properties remained unchanged as 
the isolated reservoir re-circulated around the basin 
with little input from the south 
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Introduction 

The Greenland Scotland Ridge separates the Arctic 
Mediterranean (Arctic Ocean and Nordic Seas) 
from the Atlantic Ocean Across several of its deeper 
areas there is, however, an overflow of cold, dense, 
water from the north into the Atlantic (Figure 1) 
that IS a key process in the formation of North 
Atlantic Deep Water (NADW) (Dickson and 
Brown, 1994) The overflow can be divided into two 
parts of similar magnitudes in terms of flux (Hansen 
and Osterhus, 2000) One of these is the overflow 
through the Denmark Strait west of Iceland (the 
DSB Hansen et al overflow), the other is the 
Iceland-Scotland overflow, which is carried by 
three branches (Figure 1), across the Iceland Faroe 
Ridge (the IFR overflow), through the Faroe Bank 
Channel (the FBC overflow), and across the 
Wyville-Thomson Ridge (the WTR overflow) 

The most important branch of the Iceland 
Scotland overflow is the deep flow through the 
Faroe Bank Channel By itself, this branch is 

estimated to carry more than half of the Iceland 
Scotland overflow flux and about one-third of the 
total overflow flux (Hansen and Osterhus, 2000) 
Owing to the large sill-depth of the channel, this 
branch also carries the coldest and most dense over
flow water Using a combination of modern current 
measurements and historic hydrographic obser
vations, we have previously shown that the FBC 
overflow has decreased in flux since at least 1950 
(Hansen et al. 2001) 

This conclusion was based on observations of 
the interface between the dense overflow water and 
the lighter water above in the southern Norwegian 
Sea As shown in Figure 2, the deep parts of this 
region are fairly homogeneous in density and the 
top ol this homogeneous layer can be defined by the 
;,) = 28 0 kg m ' density level (Here and elsewhere in 
the article, the density anomaly yis calculated from 
the 1980 equation of state, EOS-80 ) This level we 
term the "interface" and observations from Ocean 
Weather Station M (OWS-M) show that it deepened 
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Nordic Seas 

OWS-M i 

Figure 1. The Greenland-Scotland Ridge. Areas shallower 
than 700 m are shaded. The four overflow branches are indi
cated by arrows and the position of Ocean Weather Station M 
(OWS-M) is also indicated. 
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Figure 3. Five-year running mean of the depth of the interface 
defined as the y„= 28.0 k g m ' density level at OWS-M. H 
indicates the height of the interface above the sill level (at a 
depth of 840 m) of the Faroe Bank Channel. The deepening 
trend is significantly different from zero (p< 0.001). (Adapted 
from Hansen et at., 2001.) 
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Figure 2. A. Map of CTD stations occupied by RV "Magnus 
Heinason" in the southern Norwegian Sea with bottom depths 
greater than 750 m in the period 1976-1999. B. Density (-/„) 
profiles measured at the stations shown in A. To illustrate that 
the 28.0 kg m ' isopycnal marks the upper limit of the deep, 
near-homogeneous layer, each density profile has been moved 
vertically so that the •/„ = 28.0 kg m ' density is at level zero. 

in that region from 1950 to 2000 (Figure 3). In the 
Northeast Atlantic at the exit of the Faroe Bank 
Channel, similar density changes are not seen and a 
deepening interface in the Norwegian Sea therefore 
implies a reduced along-flow baroclinic pressure 
gradient (Hansen et al, 2001). This pressure gradi
ent is generally smaller than the cross-flow pressure 
gradient and the Coriolis force that largely balances 
it. A force that is perpendicular to the velocity 
cannot, however, do any work on the flow and these 
two cross-flow forces do not therefore contribute to 
accelerating the flow up to the large speeds observed 
in the Faroe Bank Channel. Neither can they coun
teract the frictional forces that retard the flow. In 
this sense they do not contribute to driving the flow. 
Rather, the FBC overflow is maintained by the 
along-flow baroclinic pressure gradient, and a decre
ase in this gradient therefore implies a weakened 
FBC overflow (Hansen et al, 2001). 

It is therefore natural to ask whether the same 
conclusion can be drawn for the IFR overflow and 
the WTR overflow. This question is the main moti
vation for this article. A priori, the answer might 
seem obvious, since a deepening of the interface due 
east of these ridges should lead to reduced overflow 
at all points along the ridges of the appropriate 
depth. The answer is not that obvious, however. The 
close hnk between the interface depth at OWS-M 
and FBC overflow follows from the observation 
that the interface at the entrance to the combined 
Faroe-Shetland and Faroe Bank channels is at 
the same depth as at OWS-M (Hansen et al, 2001). 
Apparently, the internal circulation of the Nor
wegian Basin at these depths does not have an 
appreciable component that crosses a line between 
OWS-M and the channel entrance, probably 
because the Faroe Bank Channel drains the waters 
at these depths across the basin. In contrast, both 
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the Iceland Faroe Ridge and the Wyville-Thomson 
Ridge have strong flows parallel to the ridge close to 
sill level and these flows can be expected to distort 
the isopycnal surfaces 

Following this introduction, we first discuss the 
properties of the overflow water masses and briefiy 
review the results for the FBC overflow We then 
discuss in some detail the IFR overflow and the 
WTR overflow and end by discussing potential con
sequences of the overflow changes In the first ins
tance, changing overflows may lead to other changes 
in the physical circulation system, but effects on the 
biological conditions are also to be expected 

Water mass characteristics of the 
Iceland Scotland overflow 

The overflow between Iceland and Scotland is 
generally considered to be composed of three water 
masses of different origin and characteristics (Figure 
4) Norwegian Sea Deep Water (NSDW), Norwe
gian Sea Arctic Intermediate Water (NSAIW), and 
Modified East Icelandic Water (MEIW) The pro
duction and characteristics of these water masses 
were reviewed by Hansen and 0sterhus (2000) The 
relative contribution of the three water masses to the 
overflow is not the same in all regions According to 
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Figure 4 Rectangles indicate temperature and salinity char
acteristics of the three overflow water masses Norwegian 
Sea Deep Water (NSDW) Norwegian Sea Arctic Intermediate 
Water (NSAIW) and Modified East Icelandic Water 
(MEIW) The filled circle and the thick line indicate water 
masses that are entrained into the overflow after it has crossed 
the ridge Modified North Atlantic Water (MNAW) and 
Labrador Sea Water (LSW) The open circle indicates the 
end product North Atlantic Deep Water (NADW) 

Read and Pollard (1992), MEIW is produced in the 
Iceland Faroe Front and its contribution is prob
ably largest for the IFR overflow The other two 
water masses are generally found together in the 
southern Norwegian Sea, but with NSAIW on top 
of NSDW Thus, only the Faroe Bank Channel is 
sufficiently deep to allow appreciable amounts of 
NSDW to overfiow, but even there the ratio of 
NSDW to NSAIW appears to have been declining 
during the last decades of the 20th century (Turrell 
et al, 1999, Hansen and Kristiansen, 1999) 

Unfortunately, the temperature and salinity val
ues used to discriminate between different water 
masses are not determined accurately Also, the 
overflow water mixes with ambient waters on its 
way towards the ridge and some of this mixture 
accompanies the overflow into the Atlantic Tradi
tionally, only that fraction of the mixture that is suf
ficiently dense to contribute to NADW production 
(eg ,„>27 8 kg m ', Saunders, 1994, Dickson and 
Brown, 1994) has been included in the overflow In 
our discussion, we focus on the undiluted overflow 
water masses of Figure 4 

The FBC overflow 

The Faroe Bank Channel is by far the deepest pas
sage across the Greenland Scotland Ridge (Figure 
1) and all modern observations show the deeper 
parts of this channel to be dominated by cold over
flow water on its way into the Atlantic (0sterhus 
et ul. 1999) Measurements using moored Acoustic 
Doppler Current Profilers (ADCPs) have shown a 
statistically significant (p<0001) reduction in the 
flux of overflow <0 3°C (NSAIW+NSDW) in the 
period 1995 2000 and the reduction has been linked 
to the deepening interface at OWS-M (Figure 5) 

OWS-M/\ /-\ 
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Figure 5 Five-month running mean of the flux of water colder 
than 0 VC ( > 28 0 kg m ') through the Faroe Bank Channel 
as measured by moored ADCPs (thick curve) and calculated 
from the interface depth at OWS-M (thin curve) by assuming 
proportionality and an 8-month delay (Hansen cl ul 2001) 
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Using this Hnk, the steady deepening of the inter
face at OWS-M through the latter half of the 20th 
century (Figure 3) implies a flux reduction of the 
overflow. Its magnitude depends on the model used, 
but Hansen et al. (2001) concluded that the reduc
tion from 1950 to 2000 was at least 20%. The flux 
reduction comes in addition to the decrease in the 
average density implied by the shift in composition 
with reduced NSDW influence compared to NSAIW 
(Turrell et al., 1999; Hansen and Kristiansen, 1999). 
Both the observations at OWS-M and the ADCP 
measurements in the Faroe Bank Channel indicate 
an accelerated decrease in the period 1995-2000, 
with an annual flux decrease of 2-4% (Figure 5). 

The IFR overflow 

The topography of the Iceland-Faroe Ridge 
(Figure 6) is fairly regular with a depth that varies 
between 300 and 480 m along the crest. The shallow
est areas are in the northernmost half, but the ridge 
is crossed by a number of passages that seem to be 
the main conduits for overflow (Hermann, 1967). 
The deepest passage (480 m) is close to the Faroe 
Slope, but a channel close to the Icelandic Slope is 
also fairly deep (420 m). 

Figure 6. The topography of the Iceland-Faroe Ridge. 
Arrows indicate the main overflow paths (Hermann, 1967; 
Hansen and 0sterhus, 2000). Black circles connected by thick 
line indicate location of a German standard section shown in 
Figure 7. 

In the period 1959-1971, German research vessels 
occupied a standard section (Figure 6) west of the 
ridge on 14 cruises. From these, Meincke (1972) 
constructed an average water mass distribution 
on the section (Figure 7) which shows that the two 
different overflow water masses have different spa
tial distributions. The MEIW occurs higher up in 
the water column and mainly close to Iceland com
pared to the NSAIW that is only found close to the 
bottom, but both over the northern and southern 
regions. 

This difference in distribution is reasonable when 
taking into account that the two water masses prob
ably cross the ridge by different processes. As des
cribed by Read and Pollard (1992), the MEIW is 
produced in the frontal zone of the Iceland-Faroe 
Front by mixing and sinking, and on hydrographic 
sections crossing the ridge this water is often seen 
as a salinity minimum in the middle of the front 
(e.g. Meincke, 1978). Since the front tends to touch 
bottom on the ridge, close to the crest, frontal insta
bilities and movement will be important for MEIW 
overflow. 

To produce an overflow of NSAIW, on the other 
hand, the interface between this water and the 
waters above needs to be raised above the sill level 
east of the ridge. The movement of the interface may 
be linked to frontal variations, but we have no basis 
for assuming that the two different overflow com
ponents over the Iceland-Faroe Ridge will vary acc
ording to a consistent relationship. Thus, we draw 
no conclusions on the temporal trends of MEIW 
overflow, but we explore the question whether the 
observed interface deepening at OWS-M (Figure 3) 

Figure 7. Average percentage content of MEIW (A) 
and NSAIW (B) on a section due west of the crest of the 
Iceland-Faroe Ridge (Figure 6) based on Meincke (1972). 
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IS likely to have affected the overflow of NSAIW 
across the Iceland Faroe Ridge 

To answer this question, we need to know whe
ther the deepening of the interface at OWS-M has 
also occurred in the region due east of the Iceland 
Faroe Ridge The horizontal depth variation of the 
interface is shown in Figure 8 It is based on CTD 
stations that have not been systematically sampled 
in space or time and the small-scale details may be 
fictitious The overall slope of the interface from the 
Iceland-Faroe Ridge to OWS-M, however, is too 
large and based on too many observations (887 
CTD stations plus the OWS-M observations) to be 
accidental If we follow a transect from OWS-M to 
the area east of the southern part of the Iceland 
Faroe Ridge (A on Figure 8), the isopycnal is seen 
to become about 100 m shallower 

To evaluate whether the interface has deepened 
due east of the Iceland Faroe Ridge, we therefore 
have to consider whether a possible change in the 
slope of the interface could offset the deepening at 
OWS-M We therefore ask the cause of the slope 
and the answer clearly lies in the thermal-wind equa
tion which implies that there must be a vertical 
shear in the horizontal current at the depth of the 
interface The sign of the shear implies that the 
southward velocity component increases with depth 
This can occur either if the flow is north-going and 

Figure 8 Depth ot the = 28 0 kg m ' isopycnal between the 
Iceland Faroe Ridge and OWS-M In the open waters the 
depth IS based on the CTD stations in Figure 2A The two 
broken lines are based on the observation that in the period 
1994 1999 this isopycnal was at similar depths slightly more 
than 550 m at OWS M and at the entrance to the Faroe 
Shetland Channel (Hansen c/ al 2001) Shadings indicate 
areas shallower than 500 m The arrow at A indicates the aver
age residual flow at about 450 m based on current (ADCP) 
measurements lasting more than 4 years (Hansen it al 1999 
Larsen < t al 2000) The arrow at OWS-M indicates the res
idual flow trom a mooring at 550 m depth lasting for 44 days 
(S Ostcrhus unpubl data) The velocity scale lor the arrows 
IS indicated m the lower lelt corner 

weakening with depth, or south-going and strength
ening with depth In the western side of the basin, 
close to the ridge, the second case definitely applies 
as shown by long-term current measurements at site 
A (Figure 8) Farther to the east, we do not have 
long-term current measurements but the result from 
a short-term mooring at OWS-M supports the same 
interpretation (Figure 8) 

This general southward fiow at these depths in the 
Norwegian Basin is, no doubt, the water that feeds 
the FBC overflow The interface is close to the top 
of this layer and the vertical velocity shear, as well 
as the slope of the interface in Figure 8, is therefore 
most likely caused by that flow If this interpretation 
is correct then it is the How field driven by the FBC 
overflow that is the main reason tor the slope of the 
interface The observed deepening of the interface at 
OWS-M since 1950 (Figure 3) implies a weakened 
FBC overflow which again implies a reduced slope 
Thus the interface has probably deepened even 
more in the area due east of the southern part of the 
Iceland Faroe Ridge than at OWS-M in the period 
1950 2000 Since the interface is close to the sill 
depth of the southern part of the Iceland-Faroe 
Ridge, we conclude that the overflow across this 
part of the ridge has most likely been reduced 

For the northern part of the Iceland-Faroe Ridge, 
this line of evidence may not necessarily apply 
From the rather coarse data set of Figure 2A, the 
y„ = 28 0 kg m ' isopycnal seems to be lifted an addi
tional hundred metres in this region and the isopyc-
nals seem to run perpendicular to the ridge This 
behaviour appears to be associated with an overflow 
over the ridge mainly through the channel close to 
the Icelandic slope This flow is seen as a very pure 
(> WV«) core of NSAIW in Figure 7B and probably 
derives more or less directly from the Iceland Sea 

The link between interface depth at OWS-M and 
overflow is thus not so evident for the northern part 
ot the ridge On the available evidence, we can only 
conclude that the overflow of NSAIW water across 
the southern part of the Iceland-Faroe Ridge most 
likely has decreased in the period 1950-2000 

The WTR overflow 

The Wyville-Thomson Ridge connecting the Faroe 
Bank to the European continental shelf has a sill 
depth of slightly more than 600 m (Figure 9) This 
is not much deeper than the ;,i = 280kgm ' iso
pycnal at OWS-M by the end of the 20th century 
(Figure 3), but, as for the Iceland Faroe Ridge, 
there is the question how the circulation affects 
the interface height As noted previously (Figure 8) 
the interface seems to keep a constant depth from 
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Figure 9. Topography of the Wyville Thomson Ridge shown 
with isobaths at depths 200, 500, 600, 700, 800, 900, and 
1000 m. Areas shallower than 600 m are shaded. Circles 
connected by line show a CTD section occupied by RV 
"Magnus Heinason" in May 1997, May 1998, and May 1999. 

OWS-M to the entrance of the Faroe-Shetland 
Channel, but within the channel system there are 
strong currents that could well be expected to tilt 
isopycnals appreciably. 

To study this, we have analysed the density 
field along the section shown in Figure 9. This 
section was occupied three times in 1997-1999 
and Figure 10 shows the average density on the 
section. For intermediate densities (27.5 kgm"^<7,i 
< 27.9 kg m"'), the isopycnals slope downwards 
from the Faroe Plateau towards the Wyville-
Thomson Ridge. The thermal wind equation imphes 
that this is equivalent to a vertical velocity shear on 
the order of 10"'s"'. Water of these densities is found 

Figure 10. Density (-•„ ) on the section shown in Figure 9 
calculated as the average for three cruises. Letters refer to 
locations shown in Figure 9. Lightly shaded areas have 
y9>28.0kgm-\ 

in the transition layer between the overflow and the 
Atlantic waters above, where the along-channel 
velocity increases strongly with depth. 

For the pure overfiow water {y„>28.0 kg m') , 
however. Figure 10 does not indicate a consistent 
isopycnal slope northeast of the ridge, which implies 
a small vertical gradient of velocity. We therefore 
argue that changes in the depth of this isopycnal 
at OWS-M probably give rise to similar changes 
northeast of the Wyville-Thomson Ridge. From 
Figure 10, the depth of the y,, = 28.0 kg m"' iso
pycnal northeast of the ridge is close to the sill 
depth. The data are not sufficiently representative to 
be able to calculate the height of this isopycnal 
above sill level with any great accuracy, but it seems 
likely that a 50 m descent of the isopycnal must have 
affected this height in a relative sense; perhaps even 
changed its average sign. We therefore conclude that 
the flux of pure (y„> 28.0 kg m^̂ ) overflow across the 
Wyville-Thomson Ridge most Ukely decreased from 
1950 to 2000. 

For less dense overflow water (27.8 kg m-'<y„ 
< 28,0 kg m"'), the conclusion is not as straight
forward. A decreasing overflow through the Faroe 
Bank Channel would tend to decrease the velocity 
gradient and hence also the isopycnal slope. Thus 
the effect of a deepening interface at OWS-M could 
be partly offset by relaxation of the slope close to 
the ridge. Whatever the conclusion, the estimated 
flux of WTR overflow was so small towards the end 
of the 20th century (Saunders, 1990; Ellett, 1998) 
that it had little effect on the total Iceland-Scotland 
overflow. 

Physical effects of reduced overflow 

Above, we have argued that there was a flux dec
rease from 1950 to 2000 of the Iceland-Scotland 
overflow. We have focused on the dense component 
(';„> 28.0 kg m"-'), but the isopycnals of lighter over-
fiow water (27.8 kg m-'<y„< 28.0 kg m"') also deep
ened at OWS-M in the same period and there is 
therefore no reason to believe that the fiux of this 
component should have increased to compensate. 
The most immediate consequence of this is a dec
rease in the Iceland-Scotland contribution to the 
production of North Atlantic Deep Water (NADW) 
with implications for the global thermohaline 
circulation. The effect of an overflow change on 
NADW production, however, is highly dependent 
upon the characteristics of the overflow and on 
mixing processes. After crossing the ridge, much 
of the overflow experiences intensive mixing and 
entrains appreciable amounts of ambient water. 
This increases the volume flux but reduces the 
density of the mixture (Figure 11). 
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Surface slope 

Cooling & brine re|ection 

Figure 11 Schematic illustration of the efTect of Arctic Medi
terranean thermohaline circulation and overflow on NADW 
production and Atlantic inflow to the Nordic Seas Cooling 
and brine rejection induce convection and other vertical ex
change of water in various areas of the Arctic Mediterranean 
The vertical exchange may involve both sinking and rising 
of water parcels but has the net effect of increasing the density 
at deep and intermediate layers This process maintains the 
density difference between the Nordic Seas and the Atlantic 
at and above sill level and the density difference gives rise to 
the horizontal pressure gradient that drives the overflows 
Entrainment of ambient water decreases the density and 
increases the flux of overflow water The export of water 
from the Arctic Mediterranean in the overflows will tend 
to lower the sea level northeast of the ridge and create a 
barotropic pressure gradient that drives an inflow to the 
Arctic Mediterranean from the Atlantic 

Much of the entrainment occurs shortly after 
passing the ridge and will involve mainly Atlantic 
Water (MNAW), but at a later stage Labrador Sea 
Water (LSW) is also entrained Clearly, NSDW 
can entrain more ambient water than NSAIW and 
still be sufficiently dense to contribute to NADW, 
while the lightest components of MEIW are already 
too light even before entrainment (Figure 4) Using 
hydrochemical observations and CFC tracers, Foge-
Iqvist et ill (2002) found the mixture of Iceland-
Scotland overflow and entrained water to contain 
43% of NSDW+NSAIW and \\"A of MEIW when 
It had arrived in the Irminger Basin Thus, a given 
flux reduction ot NSDW and NSAIW overflow can 
be expected to lead to a reduced contribution to 
NADW by slightly more than twice the magnitude 

There remains the question of what effect an 
overflow reduction would have on the meridional 
overturning circulation (MOC) Munk and Wunsch 
(1998) stated that "the strength of the MOC and 
associated heat fiux may well be primarily deter
mined not by the high-latitude buoyancy forcing, 
but by the power available to return the fluid to the 
surface layers" For our system, this statement ref
lects the undeniable fact that without global mixing 
the deep regions of the world's oceans would be 
filled up with cold water and the density difference 

driving the overfiow across the ridge would dis
appear However, that would require from several 
centuries to thousands of years (Munk and Wunsch, 
1998) On time scales of decades to one or a few 
centuries, on the other hand, changes in global 
ocean mixing should not affect the processes illus
trated in Figure 11 significantly and, on these time 
scales, reduced overflow should lead to reduced 
meridional overturning 

In addition to the effects on global circulation 
there is the possibility of an effect on the Atlantic 
inflow to the Nordic Seas The link between over
flow and Atlantic inflow is illustrated schematically 
in Figure 11 Other forces (e g windstress) may con
tribute to driving the Atlantic inflow, but flux esti
mates (Hansen and Osterhus, 2000) indicate that 
75% of the total Atlantic inflow returns to the 
Atlantic as overflow rather than surface outflow 
This implies that the thermohaline forcing of 
Figure 11 accounts for most of the Atlantic inflow 
and, hence, that an overflow reduction can be 
expected to lead to a reduction in Atlantic inflow of 
similar magnitude It is important to note, however, 
that It IS the total overflow flux that enters into the 
balance 

The effect of a reduced Iceland-Scotland overflow 
on Atlantic inflow therefore depends on the Den
mark Strait overflow Unfortunately, measurements 
of Denmark Strait overflow are either based on the 
geostrophic method which is questionable in slope 
regions (Bacon, 1998), or are of too short duration 
to indicate long-term trends Thus, we cannot 
exclude the possibility of an increased Denmark 
Strait overflow that compensates for our observed 
Iceland-Scotland overflow decrease, but we find no 
evidence for it Barring this possibility, we can con
clude that the Atlantic inflow to the Nordic Seas 
most likely decreased in the period 1950 2000 

The Atlantic inflow is an important source of heat 
to the atmosphere over the Nordic Seas, but the 
oceanic heat flux carried by the Atlantic inflow 
involves water temperature as well as volume flux 
From long-term monitoring, the temperature of the 
Atlantic Water close to the continental shelf has 
increased slightly, while the component further off
shore does not show clear long-term trends (Turrell 
et al, 2003) Overall, temperature changes are not 
enough to compensate the flux reduction and the 
reduced volume flux of Atlantic inflow should there
fore imply a reduced oceanic heat flux This implies 
that the overflow reduction may have had a cooling 
effect on the atmosphere and, indeed, there is some 
evidence of this Thus the air temperature in the 
Faroe Islands, which is in the middle of the Atlantic 
inflow, did not experience the general warming 
observed in the last decades of the 20th century as 
observed at most other locations (Cappelen and 
Laursen, 1998) 
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Biological effects of reduced overflow References 

As discussed above, the geographical extent and 
magnitude of the overflow decrease is not well 
known throughout the Iceland-Scotland region 
Most conclusions on biological effects must there
fore also be qualitative and their extent speculative 
We shall not attempt to make a complete list of 
biological effects, but rather briefly mention three 
mechanisms transport of organisms by overflow 
currents, changing bottom temperature regimes in 
areas affected by overflow water and effects of 
changing Atlantic inflow 

Changing transport of organisms by changing 
overflow has already been suggested by Heath et al 
(1999) to be responsible for the decreasing import 
of the copepod Calanus fmmarchtcus to the North 
Sea These scientists focused on the changing ratio 
between deep (NSDW) and intermediate water 
(NSAIW) in the overflow but our results of a dec
reasing overflow flux can only strengthen their 
conclusion Similar effects can be expected for other 
areas that receive overwintered copepods through 
advection by the overflow The Faroe Shelf in par
ticular, seems to be sensitive, since imported Calanus 
from the FBC overflow has been suggested to regu
late the primary production on the inner Faroe Shelf 
through grazing (Gaard et al 1998) Furthermore, 
productivity changes are seen to penetrate through 
the whole ecosystem (Gaard et al, 2002) 

Changing bottom temperature regimes are ano
ther potential effect of changing overflow The most 
sensitive areas are probably the western flanks of 
the Iceland-Faroe Ridge and the WyviUe Thomson 
Ridge During an overflow event bottom tempera
tures in the areas affected may presumably decrease 
by more than 5°C in a matter of hours With the 
decreased overflow, some areas on these two ridges 
will probably have experienced a reduced frequency 
of overflow events and the benthos especially will 
experience a more stable temperature regime 

Lastly but perhaps of greatest overall signifi
cance the Atlantic inflow to the Nordic Seas is one 
of the most important factors determining the living 
conditions there The waters north of Iceland and 
in the Norwegian Sea are especially sensitive to the 
Atlantic inflow Potential changes in the inflow must 
be expected to lead to changes in flow patterns, 
temperature, and salinity and hence also stabihty in 
these areas that presently maintain rich ecosystems 
including commercially valuable species such as 
herring and blue whiting Predicting the potential 
biological effects of a changing physical environ
ment IS no easy task, but if the Atlantic inflow 
should be significantly reduced, the effects on 
marine ecosystems will, no doubt, be huge 
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Introduction 

New, intensive, and coordinated monitoring of 
exchange across portions of the Greenland Scotland 
Ridge took place during the decade of the 1990s, 
which, for the first time, utilized sustained direct 
measurements of transports in conjunction with fre
quent hydrographic surveys. This article examines 
aspects of water mass characteristics during that 
period, and some properties of the Atlantic water 
fiux towards the Norwegian Sea through the Faroe 
Shetland Channel. 

Historical perspective 

Regular surveys of the Faroe Shetland Channel 
commenced at the beginning of the 20th century as 

part of the international cooperative research which 
ultimately led to the formation of the International 
Council for the Exploration of the Sea (Helland-
Hansen and Nansen, 1909). From the start, the 
intention was to monitor not only water mass 
characteristics but also transport, as it was already 
known that the region was a key gateway between 
the Atlantic and the Arctic, and that the northward 
flows through the region were responsible for sig
nificant fluxes of heat, salt, and nutrients; all essen
tial for the region's climate and health of the ocean. 
The surface poleward flowing oceanic waters inun
date adjacent shelf seas (the North Sea, Barents Sea, 
and the Norwegian ShelO within which commer
cially important fisheries occur, and so monitoring 
oceanic transports was considered essential for stud
ies in support of fisheries management within these 
adjacent regions. 
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During the first decade of surveys, transport path
ways were inferred by detailed water mass analysis 
and geostrophic calculations (Helland-Hansen and 
Nansen, 1909) Indeed, it was while Helland-Hansen 
was working with the Fisheries Laboratory in Aber
deen in 1903, during early cooperative work between 
oceanographers from Scotland and Norway that 
he was developing the use ot Bjerknes's dynamical 
theory (Helland-Hansen, 190"!) Over the following 
40 years the geostrophic method continued to pro
vide estimates of transport through the Channel 
(eg Tait, 1957) However, when reliable mechanical 
current meters were developed in the 1960s (one of 
the most common styles being developed for studies 
in this region by NATO and Aanderaa), it was 
shown that the geostrophic method was often in 
error owing to strong barotropic flows above the 
slope areas (Dooley and Meincke, 1981, Hansen and 
0sterhus, 2000) 

Conventional moorings with mechanical current 
meters were used successfully to reveal many aspects 
of the circulation of the region (eg Steele, 1967, 
Hansen et al. 1986, Sherwin, 1991) However, 
instrumented moorings could not be used to provide 
long-term estimates of transport owing to their 
damage or loss due to the increasingly intensive fish
ing throughout the area, which now occurs down to 
1000 m One notable exception to the lack of long-
term transport estimates was the year-long measure
ment of transport in the Scottish slope current by 
Gould era/ (1985) It was only until remote measur
ing, using near-bed-mounted acoustic profiling cur
rent meters, became possible at the start of the 1990s 
that long-term direct measurements of transports 
became reliable and a practical monitoring tool 

The Nordic WOCE Program 

The Nordic WOCE (World Ocean Circulation 
Experiment) project exploited the potential of the 
acoustic Doppler current profiler (ADCP) The 
project commenced in 1994 and consisted of inten
sive CTD surveys and semi-permanent ADCP 
deployments along a network of sections radiating 
out from Faroe, and at other points along the 
Greenland Scotland Ridge (Hansen et al, 1999) 
The monitoring which Nordic WOCE initiated has 
since been maintained during the EU funded VEINS 
and MAIA projects, and will form components of 
the ASOF programme 

Using data from this programme, we first exam
ine the water mass properties within the Faroe 
Shetland Channel during the 1990s This analysis 
provides details of the mean, seasonal, and inter-
annual variability of the properties of the poleward 
flowing surface Atlantic Water These are then 
combined with mean and seasonal variations of 

transport, from direct measurements using ADCPs, 
to provide an indication of the seasonality of Atlan
tic Water fiux through the Channel, and of the mean 
heat and salt transport during the 1990s Using 
long-term data from the Faroe Shetland Channel, 
and from Ocean Weather Station "Mike" (OWSM), 
the 1990s are placed into a longer-term context 
Finally, some aspects of the interannual variability 
of water mass transport, heat, and salt flux during 
the decade are discussed 

Background and methods 

Figure 1 shows the location of the Nordic WOCE 
standard sections north (FN), east (FE), and south 
(FS) of the Faroes, along with suspected transport 
pathways of poleward flowing surface waters In sum
mary. Modified North Atlantic Water (MNAW), 
originating from the North Atlantic Current, crosses 
the Iceland Scotland Ridge between Iceland and 
Faroe, and flows through the FN section as the Faroe 
Current before entering the Norwegian Sea basin 
close to the location of OWSM Some water from the 
Faroe Current turns south at the eastern edge of the 
Faroese plateau to enter the Faroe Shetland Channel 
However, most of the water from this source, which 
crosses the FS section, recirculates and again fiows 
polewards at the offshore edge of the Shetland Cur
rent (Hansen and Osterhus, 2000) North Atlantic 
Water (NAW) fiows above the slope of the northwest 
European continental shelf, entering the Norwegian 
Sea through the FS section in the Shetland Current 
and continuing northwards along the Norwegian 
Coast as the Norwegian Atlantic Current (Hansen 
and Osterhus, 2000) 

A total of 34 CTD surveys were performed along 
the FS section during the period 1994 2000 by the 
Faroes Fishery Laboratory and the Marine Labora
tory Aberdeen (Figure 2) Following initial data 
quality control and calibration, data have been 
averaged into 5-m-depth bins at each standard sta
tion A first-order estimate of the seasonal cycles of 
temperature and salinity of the form 

A = A„-l-H„cos(o)t-l-(})) (1) 

was then obtained at each depth and at each 
station using a least squares fitting procedure 

The FS section was also instrumented with five 
ADCP moorings (Figure 1 inset) In total, 6616 days 
of current profile measurements were recorded 
between 1994 and 2000 (Figure 2) Data gaps at sites 
D and E (Figure 1) were partly filled using ADCP 
data made available by the Noith West Approaches 
Group (NWAG), a consortium of oil companies 
working in the area The additional data were 
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Figure 1. Map showing the location of the CTD sections (FN, FE. and FS) surveyed intensively during the 1990s by the Faroese 
and Scottish Fishery Laboratories, as well as Ocean Weather Station "Mike" (OWSM) run by the University of Bergen. Dark 
shading = depths less than 200 m; light shading = depths less than 750 m. White contour 500 m, all others at 1000-m intervals, 
from 1000 m. Thin black arrows = transport path of Modified North Atlantic Water (MNAW). Thick black arrows = transport 
path of North Atlandc Water (NAW) (after Hansen and 0sterhus (2000)). The FS line with the positions of the five semi
permanent ADCP moorings (filled squares A E) is shown inset. Numbers indicate named currents in text; 1 = Shetland 
Current, 2 = Faroe Current, 3 = Norwegian Atlantic Current. 
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Figure 2. Data inventory for the period 1994-2000. Upper 
panel shows the availability of valid data from the five ADCP 
moorings (Figure 1) as solid lines, and the timing of surveys 
across the FS CTD section as filled triangles. The lower panel 
shows the number of valid data days per month at each of the 
five ADCP moorings. (Note duplicate surveys performed in 
November 1995, June 1996, and September 1999). 

obtained from downward looking instruments 
attached to offshore platforms, as well as conven
tionally moored instruments deployed over short 
periods (Turrell et al., 1999a). The daily mean, 
along-channel current velocity (towards 038°) was 
computed within 25-m bins, and a seasonal cycle 
fitted using the same procedure as that applied for 
temperature and salinity. Transports were computed 
by interpolation of the along-channel velocities onto 
a regular grid across the FS section, with 25-m-deep 
boxes centred on each standard CTD station. Sea
sonal variations of the flux of mass, heat, and salt 
were then computed using combinations of daily 
temperature, salinity, and current velocity, recreated 
for each model box using the fitted seasonal cycle 
parameters. 

Monthly averaged observations of temperature 
and salinity from OWSM, derived from weekly 
bottle casts, were treated in the same way as a sta
tion on the FS section, and the same seasonal model 
applied to compute mean, seasonal, and residual 
temperature and salinity anomalies. In order to 
examine long-term hydrographic variability in the 
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Faroe Shetland Channel indices of temperature 
and salinity variability were also calculated using 
data from both the FS and FE standard sections 
(Figure 1) The two stations on the Scottish side ot 
both sections were used together in order to leng
then the period over which valid data were avail
able Data were interpolated onto standard depths 
and sinusoidal seasonal models fitted at each depth 
in order to remove the annual cycle of temperature 
and salinity The temperature and salinity of the 
salinity maximum observed in any one survey were 
then selected as the index values for NAW (Turrell 
et al, 1999b) A similar process was carried out for 
the two most northern stations on each line on the 
Faroese side of the Channel in order to provide 
similar de-seasoned indices of MNAW temperature 
and salinity variability 

Results 

Seasondl model sections 

Figure 3 (upper panels) shows the sections ot mean 
temperature salinity and current velocity derived 
from fitting the seasonal model to data collected 
along the FS section Maximum poleward velocities 
( > 26 cm s ') were found in the slope current above 
the 500 m contour The base of the poleward flow in 
the slo pe current intersected the shelf edge at 575 m 
with flow towards the southwest below this depth, 
and at all depths offshore from Station 7 Tempera
ture and salinity maxima lay above the 180-m con
tour inshore trom the core of maximum poleward 
current 
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Figure '$ Upper panels = annual mean (A ) potential temperatuie salinity md along channel current velocity across the FS 
section orientated with Faroe to the left Scotland to the right (sec Figure 1) The upper axis indicates location of the standard 
CTD stations (Stations 2 I ^) Also indicated in the velocity tigurcs are the locations ot valid dat i trom the ncai bottom ADCPs 
(A to E) deployed across the section in the period 1994 1999 Shading in the mean velocity liguie indicates flow towirds the 
southwest through the section Centre panels = amplitude (H ) ot seasonal cycles Lower panels = phase (D ) ot season it cycles 
presented as Temperature and Salinity = Julien day ot maximum Velocity = Julien day ot maximum northeast going tlow tor 
bins with positive A (see upper panel) and ot maximum southwest going How tor bins with negative A 
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Amplitudes of the seasonal temperature cycle 
(Figure 3, centre panels) increased in the vertical 
uniformly across the Channel, from approximately 
0 6°C at 100-m depth to 2°C at the surface Two 
subsurface maxima of the amplitude of the seasonal 
temperature cycle lay at approximately 400 m on the 
Faroe side of the Channel, and at 600 m on the Scot
tish side, below the slope current Both may have 
been associated with seasonahty of the depth of the 
permanent thermocline The subsurface seasonal 
cycle amplitude maximum on the Scottish side was 
repeated in the salinity and along-channel current 
fields Salinity amplitudes typically varied between 
0 02 and 0 04 The amplitude of the seasonal cycle 
of along-channel velocities was typically 0 02 to 
0 03ms ', increasing to 0 05 m s ', in the core of 
the slope current and at the intersection of the 
permanent thermocline with the shelf 

The phases of the seasonal cycles of temperature 
(Figure 3, lower panels) reveal that maximum tem
peratures in the surface waters occurred at approxi
mately the same time across the channel, during 
late August and early September, with a delay to 
late September to early October in the core of the 
slope current The time of maximum temperature 
propagated down through the water column, with a 
2-month delay at a depth of 200 m Surface waters 
exhibited maximum salinities m about June on the 
Faroe side of the Channel, while towards the slope 
current surface water salinity reached a maximum as 
early as April, possibly due to the reduction in sali
nity in surface waters caused by the offshore exten
sion of low salinity shelf water during the summer 
Salinities in the core of the slope current, however, 
exhibited maximum values in early October, irre
spective of depth This coincides with the maximum 
poleward velocity in the slope current The maxi
mum poleward flow at moorings D and E in the 
slope current, and the maximum southwestward 
flow at mooring B occurred at the same time, in 
October 

9S Curves and Water Mass Transformation 
Processes 

The mean profiles from the FS section of tempera
ture and salinity, from values of Ao (see Equation 
(1)), are shown in Figure 4 as potential temperature-
salinity (OS) curves, along with all individual OS 
curves observed across the section during the period 
1994-1999 The mean OS properties of the surface 
waters can be seen to he on the high salinity extreme 
of Eastern North Atlantic Water (ENAW) Only 
one station (Station 12, Figure 3) had mean proper
ties which lay within the range of NAW as defined 
by Hansen and Osterhus (2000) Below the surface 
waters, the mean profiles showed an inflection 
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Figure 4 Potential temperature salinity 6S diagram for the 
(upper panel) hS section and (lower panel) Ocean Weather 
Station Mike (Figure 1) All OS curves for the period 1994-
2000 are plotted in light grey The heavy black lines indicate 
the mean OS profiles derived using the seasonal cycle fitted at 
each of the standard stations across the section Also indicated 
are water mass characteristics from Hansen and 0sterhus 
(2000) These are shown as boxes indicating the typical ranges 
for this region of North Atlantic Water (NAW) Modified 
North Atlantic Water (MNAW) Modified East Icelandic 
Water (MEIW) and Norwegian Sea Arctic Intermediate Water 
(NSAIW) The constant salinity Norwegian Sea Deep Water 
(NSDW) is also indicated as are the 6S boundaries of Eastern 
North Atlantic Water (ENAW) and Western North Atlantic 
Water (WNAW) shown by inflected single lines The regions A 
B and C in the upper panel indicate regions of the OS curve 
where different water mass modification processes are active 
(see text) 

corresponding to the depths influenced by Modified 
East Icelandic Water (MEIW), below which a salini
ty minimum was evident corresponding to depths 
receiving Norwegian Sea Arctic Intermediate Water 
(NSAIW) Below the NSAIW sahnity increased, 
indicating the presence of Norwegian Sea Deep 
Water (NSDW) 
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Three distinct mechanisms for water mass trans
formation influencing the inflowing Atlantic Water 
at the FS section may be seen in Figure 4 Seasonal 
heating in the surface waters accounts for zone A. 
Analysis of individual temperature and salinity 
sections reveals that salinity is often reduced in the 
surface waters above the seasonal thermocline by 
the westward extension of low salinity shelf water 
above the saline slope current core Hence, the 
warmest waters are not the most saline in the 
summer months At intermediate depths the intru
sion of new forms of MEIW accounts for zone B, 
with occasional intrusions of extremely fresh ver
sions of this water mass Mixing then between the 
MEIW and the surface Atlantic waters results in the 
slope of the OS curves Direct mixing between 
NSDW and surface waters accounts for zone C 
This generally occurs on the Scottish side of the 
Channel, below the slope current where the inter
mediate water masses MEIW and NSAIW are 
"pinched" out and direct contact occurs between the 
coldest and warmest waters in the Channel Direct 
mixing between the two water masses may be the 
result of Ekman transport near the bed, mixing by 
the internal tide in the region or vertical exchange 
associated with mesoscale eddies. 

These transformation processes have all varied 
through the decade of the 1990s, and have played 
a role in modifying the inflowing surface Atlantic 
waters (I-AW) entering the Norwegian Sea Histori
cally, the data from the FS section have been used to 
determine the long-term variability of the properties 
of I-AW, and the method most often used has been 
to record the temperature and salinity of the most 
saline water located in a survey (i.e the apex of a OS 
curve) Some studies imply that this method pro
vides a measure of the "true" temperature and sali
nity of Atlantic Water at some point downstream of 
the FS section, before any mixing with surrounding 
water masses has occurred In the past, high salinity 
maxima have been taken as indicative of strong 
transport within the slope current under the implicit 
assumption that more rapid transport results in 
less reduction in salinity of the I-AW due to mixing 
processes Finally, three point mixing models have 
been used, assuming some constancy of the three 
end members (NAW, MEIW, and NSAIW) to 
define percentage water mass distributions in the FS 
section All of these concepts may be of doubtful use 
when computing long-term heat and salt transport 
across the Greenland Scotland Ridge through the 
FS section, and require further examination outside 
the scope of the present article. 

Atlantic Water reaching OWSM (Figure 4) also 
predominantly had OS properties lying towards 
the higher salinity ENAW characteristic line, 
for 0>6°C, although water mass transformation 
processes had reduced the maximum salinity values 

observed in the surface waters compared to those 
observed in the Faroe Shetland Channel. 

Mean transports 

Table 1 presents the results of the transport calcu
lations, using the mean sections of temperature, 
salinity, and along-channel velocity (Figure 3) The 
transports have been calculated for the surface 
Atlantic Water only, defined as 0 > 6°C. The mean 
net mass, heat, and salt fluxes were 3 2 Sv, 123 TW, 
and 115 kT s ', respectively These values approxi
mate to previous estimates using Nordic WOCE 
data (Turrell et al, 1999a, Hansen et al, 2000). Dif
ferences compared to the earlier estimates are 
accounted for by the inclusion of more data, specifi
cally at mooring B, which had poor coverage prior 
to 1999, and by restricting the calculations to 
the Atlantic Water There was insufficient coverage 
of the water column, particularly at the deeper 
moorings, to calculate total transports 

Seasonal variability of transports 

Figure 5 shows the seasonal variation of mass, heat, 
and salt fiux in the surface Atlantic waters These 
differ from those presented by Hansen e! al (2000) 
owing to the reasons given in the previous section. 
While the inflow of Atlantic Water into the Nor
wegian Sea through the FS section on the Scottish 
side varied between 4 9 Sv and 3.7 Sv, the outflow 
towards the southwest through the section co-varied 
between 1 4 Sv and 0.7 Sv, resulting in the net flux 
through the section having a small seasonal ampli
tude of approximately 0.2 Sv. The corresponding 
amplitudes of net heat and salt flux through the 
section were ~20 TW and ~8 kTs ', respectively The 

Table 1 Mean transports of mass (Q), heat (H), and salt 
(S) through the FS section (Figure 1) in Atlantic Water 
(6 > 6°C) for the period 1994 1999. calculated using the model 
described by Turrell et ul (1999a) and the mean values of tem
perature, salinity, and along-channel velocity seen in Figure ^ 
Positive values are directed towards the northeast Terms 
in first column are Total NE refers to transport through the 
section towards the northeast into the Norwegian Sea. Total 
SW refers to transport out trom the Norwegian Sea. towards 
the southwest. Net refers to net transport through the FS sec
tion Effective temperature (Tf) and salinity (SO calculated 
from overall mass, heat, and salt fluxes 

Total NE 
Total SW 
Net 

Q(Sv) 

41 
- 1 Ü 

32 

H(TW) 

159 

127 

S(k tonnes s"') 

155 
-37 
118 

Tf(°C) 

9 1 
78 
95 

Sf 

35 30 
35 20 
35 33 



HydrographiL \anabilit) in the Atlantic and Norwegian Sea 117 

Total NH 

1—n—I—I—I—r 
J F M A M J J A S O N D 

Month 

20On 

160-

TotalNE 

bl20-

S 80-

Net 

0-S—I—I—I—I—I—I—I—I—I—I—r 
J r M A M ] J A S O N D 

Month 

200-1 

^ 160-

V 

§ 120-1 
0 

^ 80-

-a 
40-

TotalNE 

1—I—I—;—I—I—I—I—I—I—I—r 
J F M A M J J \ S O N D 

Month 

Figures The calcuUted beasonal cycles of mass heat and salt flux withm the surface Atlantic waters (0 > 6°C) Terms in figures 
arc Total NE = refers to transport through the section into the Norwegian Sea towards the northeast Total SW = refers to 
transport out from the Norwegian Sea towards the southwest Net = refers to the net transport through the FS section 

seasonal cycle of net mass transport seen m Figure 5 
differs significantly from that of Gould et al (1985) 
This difference has been examined extensively, and 
IS due to two factors Gould ct al (1985) did not 
distinguish between water masses Hence much of 
their transport was of recirculated intermediate 
and deep waters as well as mflowing Atlantic Water 
Secondly, the Gould el al (1985) section only 
extended out from the Scottish continental shell to 
the 1000-m isobath, hence did not sample the recir
culating Atlantic waters on the Faroese side of the 
Channel 

Decadal variability of water mass properties 

Figure 6 shows the residual temperature and salinity 
indices for the two principal Atlantic water masses 
observed in the Faroe Shetland Channel (NAW and 
MNAW) for the period 1900 2000, and of Atlantic 
Water at OWSM for the period 1948 2000 The 
temperature index derived for NAW exhibited quite 
large variability during the period 1900-1940 with 
frequent cold periods From 1940 to 1965, tempera
tures were more stable and generally warmer than 
average The period 1965-1975 was persistently 
cold followed by an overall warming trend for 
the remainder of the record, with decadal scale 
variability similar to that of the North Atlantic 
Oscillation (NAO) over the same period (Hurrell, 
1995) Prior to 1965, there did not seem to be any 
relationship with the NAO Salinity showed a simi
lar development to that of temperature, with gener
ally negative salinity index values during the 1900 
-1940 period, positive values during the middle 
period of the century, ending in the freshening event 
of the mid-1970s Sahnity variability during the final 
30 years again followed similar trends to that of the 

NAO over the same period, imposed upon a general 
increase in salinity 

The temperature index for MNAW showed a 
similar development over the century as for NAW, 
but with a significant warm episode between 1955 
and 1965, and a less marked warming trend during 
the last decades of the century This was repeated 
at OWSM Salinity index values within the MNAW 
varied similarly as those within NAW, but with 
greater amplitude For example, the mid-1970s 
freshening event was more marked in MNAW com
pared to NAW and in fact greater in amplitude at 
OWSM than within the MNAW The general trend 
towards the end of the century of rising salinity in 
NAW was not so marked in the MNAW, and at 
OWSM there was an overall freshening m the last 
few decades 

Table 2 presents the trends over the whole records 
(1900-2000 for MNAW and NAW 1948-2000 
for OWSM) The NAW index exhibited a general 
warming trend over the century of 0 03°C decade ' 
compared to a more rapid warming of 0 36°C 
decade ' during the 1990s The salinity index showed 
no significant trend over the century as a whole but 
an increase of 0 06 during the last decade Both 
MNAW and OWSM had an overall cooling over 
the entire length of their records However, MNAW 
exhibited a warming of similar magnitude as obser
ved within NAW during the 1990s, whereas OWSM 
had a warming trend about one-third of that of 
NAW or MNAW Both MNAW and OWSM 
exhibited freshening during the 1990s 

Discussion 

The decade of the 1990s has been perhaps the most 
intensively monitored period, in terms of the surface 
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Figure 6 Index values of temperature and salinity variability within North Atlantic Water (NAW) and Modified North Atlantic 
Water (MNAW) in the Faroe Shetland Channel, and surface Atlantic water at Ocean Weather Station Mike (OWSM) (heavy 
lines) NAW index = the temperature and salinity anomaly (seasonal cycle removed) at the standard depth which exhibits the 
maximum salinity within an individual survey of the two most southeasterly stations on both the FS and FE standard sections 
on the Scottish side of the Channel The criteria were designed to produce the characteristics ot the NAW lying within the slope 
current at the Scottish shelf edge typified by a salinity maximum on a 9S diagram MNAW index = the temperature and salinity 
anomaly (seasonal cycle removed) at the standard depth which exhibits the maximum salinity within an individual survey ot the 
lirst two stations on both the FS and F t standard sections on the Faroese side of the Channel OWSM index = temperature 
and salinity anomaly (seasonal cycle removed) averaged over the upper 100 m Light line = NAO index following Hurrell (1995) 
All time-series have been filtered using a 2-year running average 

Table 2 Rates of change of temperature (°C decade ') and 
salinity (decade ') over the whole record length (1900 2000 tor 
North Atlantic Water (NAW) and Modified North Atlantic 
Water (MNAW) 1948 2000 lor Ocean Weather Station 

Mike (OWSM) indicated by italics) and over the decade of 
the 1990s 

1900 2000 
(194H 2000) 

dT/dt dS/dt 
°C decade ' decade ' 

1990 2000 

dT/dt 
°C decade ' 

dS/dt 
decade ' 

NAW 
MNAW 
OWS Mike 

0 03 
-0 04 
-0 02 

<0 01 
-0 01 
-0 01 

0^6 
0 14 
0 11 

0 06 
-0 01 
-0 02 

Atlantic Water entering the Arctic mediterranean 
across the Greenland Scotland Ridge, since instru
mental records began The results have provided 
the best estimates yet of mean and seasonal water 
mass characteristics and along-channel velocities, 
giving a fairly complete picture of the slope current, 
and the recirculating surface waters within the Faroe 
Shetland Channel The combination of regular 
CTD surveys, permitting the correct resolution of 
the seasonal cycle of temperature and salinity, with 
semi-permanent ADCP moorings has allowed mean 
and seasonal transports of mass, heat, and salt 
to be calculated The longer-term hydrographic 
observations, a century long in the Faroe Shetland 
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Figure 7 The relationships between the variability of temperature (T), salinity (S), and transport (Q), and the resulting changes 
m heat flux (Q,,, where Q,, = p C^ T Q, p is ambient density, and Cj specific heat constant) and salt flux (Q„ where Q, = p S Q) 
The ranges used for temperature and salinity variability, as well as for transport change, are within the range of observed sea
sonal and decadal change Horizontal axes are temperature change {°C) and salinity change Vertical axis is mass transport 
change (Sv) Contoured values are left = heat flux change (TW), right = salt flux change (kTs"') The shaded ellipses indicate the 
typical seasonal variabihty of heat and salt flux in the 1990s, the black circles show one possible decadal change scenario under 
present warming (0 36°C decade"') and salinity increase (0 06 decade"') conditions (Table 2), assuming a decrease of transport of 
0 1 Sv decade"' 

Channel, and half a century long at OWSM, has 
permitted the decade of the 1990s to be placed in a 
centennial scale context 

Two aims remain unaddressed when considering 
transports of mass, heat, and salt through the Faroe 
Shetland Channel to examine and quantify short-
term (days-weeks) transport variability and to esti
mate decadal scale transport variability The former 
IS frustrated by the lack of high frequency hydro-
graphic observations, while the latter suffers from 
the absence of long-term velocity measurements 

Estimates of decadal scale variability of mass, 
heat, and salt transport into the Norwegian Sea are 
important requirements of climate studies From 
consideration of the heat and salt flux equations. 
It is evident that, over the observed range of sea
sonal and decadal salinity variation in the Faroe 
Shetland Channel, salt flux through the Channel is 
almost independent of salinity change and varies 
directly with mass transport (Figure 7), while the 
observed seasonal and decadal temperature changes 
in the Channel are great enough to influence heat 
transport 

We presently do not have long enough records to 
be able directly to estimate the transport variation 
over a 10-year period However, based on existing 
information we may arrive at a hypothetical scenario 
for the decade of the 1990s. In one recent study 
(Hansen et al, 2001) a 20% decline in outflow was 
reported through the Faroe Bank Channel since 
1950, corresponding to a decline of 0 5 Sv, or 
approximately 0 I Sv decade"' It could be assumed 

that the inflow of Atlantic Water towards the Arctic 
decreased at a similar rate. Under a climate change 
scenario of warming and sahnity increase in Atlantic 
Water as at present (i.e. 0 36°C decade ' and 
0 06 decade"'), but a reduction of inflow of 0 1 Sv 
decade ', heat flux towards the Arctic remains un
changed, while salt flux reduces by 4 kT s ' decade ' 
(or by 3% decade '). 

We do not yet know how inflow is changing 
decadally, and how the Faroe Shetland Channel 
inflow relates to the inflow north of the Faroes, in 
the Faroes Current, but certainly salt flux must be 
considered as well as heat flux if we are to determine 
the influence these changes may have on the thermo-
haline circulation The present observation of fresh
ening throughout the Nordic Seas may be partly 
related to a decline m salt flux across the Greenland 
Scotland Ridge These ideas are forming part of an 
ongoing study 
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Introduction variability in the North Sea. A couple of investiga
tions have been based on the analysis of observa-

The influence of environmental conditions on the tional data focused, in particular, on quasi-synoptic 
marine ecosystem has been the subject of discussion surface data (e.g. Becker and Pauly, 1996; Dippner, 
over the past 5-10 years. International research 1997) and on long-term hydrographic time-series 
programmes such as GLOBEC have been established (e.g. within the NOWESP project; Siindermann 
to investigate the linkage between environmental et a!., 1996). Although valuable understanding was 
conditions and ecosystem dynamics. Furthermore, achieved, e.g. on the connection between winter 
national and international projects (LIFECO, North Atlantic Oscillation (NAO) and sea surface 
GLOBEC related projects) and international work- temperature (SST) in the North Sea, observational 
shops (e.g. ICES Backward-Facing Workshops) data are sketchy in time and space and thus investi-
have been initiated in order to improve the under- gation of variability based on field data is strongly 
standing of environmental variability and its impact limited. In particular, field-based studies on the 
on higher trophic levels m the marine ecosystem. The variabiUty of subsurface conditions such as water 
first natural step towards a comprehensive under- column stability and intensity and duration of ther-
standing of ecosystem variability is the investigation mal stratification, key to resolving the timing of the 
of the effects of chmate variability on the physical spring bloom as well as transport of nutrients into 
environment, i.e. on the physical features that the euphotic zone, are rare. Furthermore, studies 
control the ecosystem dynamics. examining intra-annual and interannual variations 

Recently, many attempts have been made to in transport, impacting on the invasion of Calanus 
investigate the climatically induced long-term finmarchicus into the North Sea as well as on the 
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transport of fish eggs and larvae from spawning to 
nursery areas, are limited Both of these transport 
processes have been proposed to impact on North 
Sea fish stocks (e g Heath and Gallego, 1998, Heath 
etal. 1999, ICES, 2001) 

Realistic hindcast simulations provided by com
plex numerical models are valuable tools to fill this 
gap and to provide more information on the vari
ability in the physical marine environment Deter
ministic numerical models can be used to interpolate 
dynamically in space and time, depending on the 
prescribed boundary forcing and initial conditions 
This has been done in the past in the North Sea 
by several authors (eg Kauker 1999, Langenberg 
et al, 1999 Pohlmann, 1996. Smith el id 1996) 
These models have been integrated for different 
periods, and describe the hydrodynamic state of the 
North Sea on different levels of spatial and temporal 
resolution 

A similar model the HAMburg Shelf Ocean 
Model (HAMSOM), has been utilized to examine 
the dynamics of the coupled system of North Sea 
and Baltic Sea (Schrum, 1997a) to provide a more 
realistic description of the exchange flow between 
both seas In particular, it has been used to study 
two different periods, namely 1979 199"? and 1958 
1997 In the following results of the latter longer 
run will be used to investigate the decadal and 
interannual variability of stratification and circula
tion in the North Sea in order to relate the 1990s to 
trends over previous decades As the variability of 
stratification and circulation in the North Sea is 
closely connected with the atmospheric variability, 
in particular the windfield variability, the discussion 
of oceanic conditions (model results) will not 
be separated from the discussion of forcing wind 
conditions 

Model configuration 

The model is based on the HAMSOM which has 
been described in detail by Schrum and Backhaus 
(1999) The model region, the North Sea from 49° 
to 59°N and the Baltic Sea, is resolved with a hori
zontal resolution of 10 km (A(p = 6" and AX =10") 
and by a maximum of 20 vertical levels The vertical 
resolution is 5 m from surface to 40 m, 8 m from 
40 to 88 m with subsequent depth layers at 100 125, 
150, 200,400, and 630 m 

To investigate the impact of climatic induced vari
ability, the model employs forcing from consistent 
atmospheric gridded data sets Typically these atmo
spheric data sets are provided by weather services, 
using an analysis model to interpolate the sketchy 
meteorological observations in time and space Since 
the analysis and forecast models have been changed 
many times from the beginning of the operational 

analysis, the resulting long-term data sets are highly 
heterogeneous and thus not suitable for describing 
climate variability of the atmosphere This was the 
motivation to set up independent re-analysis pro
jects by the European Center of Medium-Range 
Weather Forecast (ECMWF) and by the NCEP/ 
NCAR to provide consistent global 3-D atmo
spheric data sets The re-analysis has been carried 
out with a 'frozen' version of the data assimilation 
system for the respective hindcast periods ECWMF 
1979 1993 (ERA-15), NCEP 1958 1997 (NCEP-
40)) The main features of the assimilation schemes 
can be characterized as follows The horizontal 
resolution corresponds to the spectral wave number 
T106 (ECMWF, about I 1°) and T62 (NCEP about 
2°), the time stepping of the models output corre
sponds to 6 h, 1 e 4 times daily More details about 
the re-analysis project of the ECMWF have been 
given by Gibson et al (1996), while for the NCEP/ 
NCAR re-analysis project a detailed description is 
presented in Kalnay et al (1996) 

The HAMSOM has been integrated for both 
re-analysis periods The initial conditions for the 
respective runs are provided by the climatology for 
temperature and salinity as presented by Janssen 
et at (1999). with additional corrections in the initial 
state for 1958 and 1979 (based on the ICES database 
that was also used for the climatology) At the open 
boundaries, sea surface elevation was taken from 
a coarser shelf sea model (for details, see Schrum 
et al, 2000) Boundary conditions for temperature 
and salinity were prescribed based on chmatological 
temperature and salinity data from Janssen et al 
(1999), with an additional annual correction cal
culated from the ICES database More information 
regarding the incorporation of freshwater run-off 
boundary forcing and validation of the model 
sensitivity is given by Schrum et al (2000) 

Detailed analysis of the skill of the model using 
ECMWF atmospheric forcing data are presented 
by Schrum f/a/ (2000) and Janssen c/a/ (2001) In 
these studies it was shown by comparisons to tide 
gauges //; '>itu and satellite data that sea surface 
elevation, sea surface temperature salinity and 
sea ice were described with considerable accuracy 
Correlations of observed and modelled sea surface 
elevation, which is a measure for the quality of 
modelled volume transports, are in the order of 0 9 
for different tide gauges in the Baltic and along the 
continental coast of the North Sea Correlations 
along the British coast are slightly lower (about 0 8) 
It should be recognized that a detailed validation 
has not yet been carried out using the NCEP-40 gen
erated estimates However, the overlapping period 
of both runs will be used to compare the estimates of 
both model realizations and thereby compare the 
behaviour of the latter model configuration with 
respect to the description of variability 
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Figure 1 Calculated monthly mean stratification pattern for the period 1958 1997 The contour lines give the maximum 
temperature difference across the modelled thermochne Contour levels are 0 25°C The shading indicates the depth level (m) of 
the maximum gradient 
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Stratificdtion 

Methods and general remarks 

The monthly mean stratification pattern calculated 
by the model in response to the NCEP-40 forcing is 
presented in Figure 1 in terms of temperature differ
ence across the thermocline Here, the thermocline is 
assumed to be located at the depth of the strongest 
temperature difference between the vertical levels 
Furthermore, we assume that the critical level for 
defining stratified conditions is a temperature dif
ference of at least 0 5°C between the levels Informa
tion on the depth of the thermocline is provided by 
contouring Additional information about the depth 
of the thermocline is given by the shaded area How
ever It should be noted that these estimates are 
strongly limited by the coarse vertical resolution 
of the model as the estimates are based on a 5-m 
integrated value in the surface layers 

It IS possible that the stratified area identified by 
the pattern of temperature difference is larger than 
the shaded area estimated from mean thermocline 
depth This could be explained as follows the tem
perature difference is to be interpreted as a monthly 
mean difference unstratified situations included 
as zero temperature difference It is thus possible 
that, after averaging the monthly mean temperature 
difference at a respective grid point is less than 
the critical temperature difference of about 0 5°C 
Hence, the respective grid point appears as unstra
tified in the contouring of Figure 1 The mean ther
mocline depth IS estimated slightly differently, i e 
only the stratified conditions are taken into account 
It IS therefore possible that an estimate of the ther
mocline depth IS based on only a few (or possibly 
only one) stratified days This implies that the mis 
match between the two respective patterns is also a 
measure of variability in the respective averaging 
period 

Seasonal cycles and extreme situations 

Comparison of the modelled stratification pattern 
to estimates based on climatological data analysis 
(Janssen et al 1999) shows that seasonal extension 
and intensity of stratification are similar for model 
results and observations The onset of stratification 
occurs in May with thermocline depths between 10 
and 20 m Strongest mismatches between the pattern 
of thermocline intensity and thermocline depth 
are found at the beginning and end ot the stratified 
period, 1 e in May and October The onset and 
breakdown ot stratification are subject to strong 
interannual variability Thus, the resulting climat
ological mean temperature diflerence in May and 
October is below 0 5°C for almost the whole area. 

indicating climatologically unstratified conditions 
However occasionally stratification has developed 
in May, as shown in the monthly mean pattern for 
May 1993 (Figure 2) and can persist in a diagonal 
band across the northern North Sea until October 

The maximum temperature gradient increases 
continuously during the summer reaching its maxi
mum values in August Local maxima up to 5°C can 
be found in the eastern North Sea off the Jutland 
coast Significant deepening of the thermocline 
occurs from July onwards caused by increasing 
windspeed (not shown here) and decreasing heating 
from short wave radiation resulting in increasing 
vertical mixing due to wind induced turbulence and 
thermal convection This process is connected with 
a decrease in the stratified area 

Variability of stratified conditions can be also 
be detected trom the monthly mean model data In 
the summer months, variability occurs roughly in 
a band of 100 km extension (June, July) which 
expands until the breakdown of stratification, start
ing in the region of the shallower southeastern 
North Sea in August The variability here is strongly 

ThermoclinG Depth [m] 

Figure 2 Calculated stratification for May 199"! an extremely 
stratified situation Contour lines give the maximum tempera 
ture difference across the modelled thermocline the shading 
indicates the depth level (m) of the maximum giadient 
Contour levels are 0 25°C 
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connected to windspeed and wind direction changes, 
with tidal and wind-induced turbulent mixing limit
ing stratification. Along the continental coast, off
shore wind-induced transport of less saline surface 
water has a stabilizing effect on the water column 
and allows the development of thermal stratification 
even very near the coast, where tidal mixing is high. 
The near surface advection of less saline coastal 
waters offshore, connected to more easterly and 
northerly wind forcing, is responsible for a stabiliza
tion of the water column and counteracts the strong 
tidal and wind induced stirring. This was earlier 
investigated for the region of the German Bight by 
Schrum, 1997b and it was found that a necessary 
pre-condition for near-coastal stratification was the 
wind-induced haline stratification. 

To answer the question whether the variability 
results in coherent patterns of monthly distribution, 
i.e. to estimate whether the variability occurs on 
interannual rather than on intra-monthly time scales, 
two extreme conditions are presented in Figure 3: 
The August 1997 situation shows high temperature 
differences between layers of up to 6.5°C and an 
extended near coastal stratification towards the 
Danish and German coasts. A contrasting situation 
was seen in August 1985, when stratification was at 

a minimum. The maximum temperature difference 
across the thermocline was 1.5°C less than maximum 
values reached in August 1997. In August 1985 the 
near coastal region is unstratified, with stratification 
found only west of 7°E. The pattern was coherent 
for the whole month, with the variability below the 
monthly time scale being small, as indicated by 
a good correspondence of the shaded region (esti
mated only for the stratified cases) and the contoured 
area (averaged over all cases). 

In Figure 4, the respective wind density distribu
tions are presented for the region of the eastern North 
Sea (2.5°E-10°E). The wind density is calculated 
from the 6-hourly values of the NCEP re-analysis by 
division of the wind rose into 36 classes, i.e. 10° steps 
were chosen. The angle of 0° corresponds to wind 
blowing from the East. Within the respective classes 
k, the wind speeds v'j (i and j indicate the position of 
the respective event in time and space) were summed 
and normalized by the total number of events. The 
normalized wind density function for a respective 
class k is defined as: 

number of classes 
/ 

c (, J)=k total number of events 
= I 

Temperature 
Forcing NCEP Reaiialysis 
Tefnperature Difference [°CJ 
Depth of max vert, change [m] 
August 1985 

Thermocline Depth [m] Thermocline Depth [m] 

Figure 3. Calculated stratification for two extreme situations in August: extended stratification in August 1997 (right) and 
less extended stratification in August 1985 (left) Contour lines give the maximum temperature difference across the modelled 
thermocline, the shading indicates the depth level (m) of the maximum gradient. Contour levels are 0 25°C 



126 C Sihrum et dl 

1997 
270 

Figure 4 Normalized wind density distribution for August 
1984 (stable stratification occurred), August 1985 and August 
1997 The wind density function tor class k is defined as 

v' , number of classes 
W|( = X v) 

c(,j|=k total number of events 

According to the definition of the wind density 
function, high values indicate high frequency of 
winds blowing from a respective direction or result 
from high windspeeds. Increasing total area of the 
wind density function (over all classes) indicates an 
overall increase in windspeed. Further details about 
the calculation of the wind density function are 
given by Siegismund and Schrum (2001) Compar
ing the forcing wind field for the two years 1985 and 
1997, and for 1984, which is also an example of an 
intensively stratified situation, the reason for the dif
ferent stratification pattern is understandable For 
the extreme stratified situations, the August wind 
distribution show only weak winds Prevailing wind 
directions are east (1997) and northwest (1984), 
favouring stratification by offshore advection of 
fresher coastal waters. Contrasting wind forcing can 
be found for August 1985 Here, the prevailing wind 
direction was southwest, resulting in near-coastal 
northward advection of the coastal waters and no 
haline stratification The larger area covered by the 
wind density pattern in August 1985 indicates higher 
windspeeds compared to 1984 and 1997, which 
results in increasing wind mixing and thus faster 
stratification breakdown. 

Interannual and decadal variability 

Investigation of interannual and decadal stratifica
tion variability was focused on the southeastern 
North Sea in a coastal band from 3°E to the 

continental coast for latitudes between 52 5°N and 
56.5°N, an area tound to be representative of the 
changes in the whole North Sea system and, turther-
more, a key habitat for juvenile cod (e.g. St John 
and Lund, 1996) Stratified grid points were identi
fied by the critical temperature difference of 0 5°C, 
to be reached in monthly mean values The onset of 
stratification differs strongly from year to year, as 
can be seen in Figure 5, where the stratified area in 
terms of stratified grid points (each corresponding 
to an approximate area of about 100 km-) are shown. 
A 5-year running mean shows that more stratified 
periods and periods with less stratification (caused 
by frequent unstratified years) can be distinguished 
on longer time scales. It is obvious from Figure 5 
that a long period with less unstratified conditions in 
May exists from 1967 to 1985 Contrastingly, from 
the mid-1980s to the end of the investigation period, 
the North Sea tends to be stratified again earlier 
in the year, with only 2 exceptions in 1992 and 1997 
Most of the years with highest extent of stratification 
can be found within this latter period, at the end 
of the 1980s and the 1990s from 1986-1991 and 
1993 1996. 

A similar outstanding period can be found by 
analysing the distribution of stratification in August 
The modelled extent of stratification is significantly 
higher during August from 1963 to 1984 This is 
followed by a period with low stratification from 
1985-1994 with increasing stratification for the last 
years of the investigation period 

The year-to-year variability late in the year is less 
compared to the decadal trends for this period The 
higher frequency variability, which is dominant at 
the beginning of the stratified period, is damped 
during the summer. The respective curves for June 
and July are given in Figure 5 In principle, they 
confirm this with higher frequency variability (i e 
the year-to-year variability) stronger earlier in 
the year The variability in July is similar to that in 
August, whereby stratification in June is only weakly 
correlated to pattern earlier and later in the year 
This is the case for the year-to-year variability as well 
as for the filtered time-series The only coherent 
signal in June, July, and August is found for the year 
1962 when stratification shows a significant mini
mum after relatively strong stratification in May 
1962 

Circulation 

General circulation 

The typical circulation pattern in the North Sea 
shows a prevailing cyclonic circulation with inflow 
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Stratification May 

75 80 85 
Time(years) 

Stratification August 

75 80 85 
Time(years) 

of salty Atlantic Water along the western and 
central part of the northern boundary (about 1 Sv in 
annual mean) and outflow of less saline water from 
the Norwegian Coastal Current (about 1 H Sv), as 
presented earlier by a large number of authors 
(e g , see the review article by Rodhe, 1998) From 
the Baltic Sea, typically a net outflow of freshwater 
occurs, which is potentially compensated on shorter 
time scales by a wind-induced inflow into the Baltic 
Sea The annual mean net exchange between the 
North Sea and the Skagerrak shows a comphcated 
flow regime with near-surface inflow in the northern 
Skagerrak and near-surface outflow in the southern 
part (inflow and outflows are named from the 
view to the North Sea) Vertically integrated, this 
picture changes into a net outflow in the northern 
Skagerrak and a net inflow in the southern part 
This typical circulation pattern is reproduced by the 
model, with results in close correspondence to ear
lier work (e g Rodhe, 1998, Lenhart and Pohlmann, 
1997) as the earlier analysis of Schrum et al (2000) 
has already indicated 

Transport variability 

stratification June 

75 80 85 
Time(years) 

Stratification July 

Figure 5 Interannua! variabihty of the stratified area in a 
band from 3°E 10°E and 52 5°N 56 5''N The stratified area 
IS given in units of grid points each approximately cor
responding to an area of 100 km^ annual values (thin line 
dashed) and 5-year moving average (thick line) May (upper 
left) and August (lower left) June (upper right) and July 
(lower right) 

The volume transports across the boundaries show 
significant variability on all time scales It should 
be noted, however, that below the daily time scale, 
tidal advection plays the most important role in the 
variability of the water transports On longer time 
scales, the net tidal transports across the open bound
aries are negligible, relative to the wind-induced 
variabihty, the most important forcing parameter 
influencing circulation variability In order to iden
tify seasonal variabihty we distinguished four differ
ent situations The winter situation with wind forcing 
mainly dominated by southwesterly winds (Oct-Jan), 
the late winter (Feb Mar), characterized by winds 
from westerly-southerly to easterly directions, April 
May with wind forcing from all directions, and 
finally the summer period (Jun Sep), which is char
acterized by less intense wind forcing, mainly from 
westerly directions This classification was chosen 
based on windfield analysis of the monthly mean 
windfields from the NCEP-40 data set The criteria 
for the classification of the seasons were the similarity 
of the monthly mean windfields 

Significant transport anomalies occur for all inves
tigated seasons on all inflow and outflow sections of 
the North Sea First we examined the section Orkney 
to Norwegian Trench (from 3°W-3°E, 59°20, 5 N), 
where the main inflow into the North Sea takes place 
Figure 6 shows the monthly mean inflow anomahes 
(positive anomalies indicate higher inflows) during 
the four periods of interest The fifth curve in 
black-dashed is given for validation purposes and 
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Transport Anomalies Oct/Nov/Dec/Jan and Feb/Mar 
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x10 Transport Anomalies Apr/May and Jun/Jul/Aug/Sep 
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Figure 6 Transport anomalies of North Sea inflows tor four respective seasons The seasons are chosen to be Oct/Nov/Dec/Jan 
(I upper solid) Feb/Mar (II upper dashed dotted and dashed from ERA 15 forcing) Apr/May (III lower dashed-dotted) and 
Jun/Jul/Aug/Sep (IV lower solid) 

shows the anomalies calculated from the 15-year 
ECMWF forced run The two runs came up with 
almost identical variability and hence support the 
utility of the NCEP-40 outputs 

The strongest variability on a monthly time scale 
was tound for the North Sea/Skagerrak exchange 
Here, the variability at the northern open boundary 
ranged from 10% to 50% of the annual inflow. 

depending on the season Comparing the correlations 
between the anomalies in different seasons it is clear 
that transport anomalies are uncorrelated between 
the different periods with a maximum correlation 
ot 0 4 found for period II (Feb/Mar) and III (Apr/ 
May) It cannot therefore be expected that the index 
of the North Atlantic Oscillation (NAOI for further 
details, see Hurrell 1995) normally calculated trom 
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the winter period December to March, is a measure 
for transport anomalies in periods other than the 
winter season. Within the present contribution it is 
not possible to discuss all details of transport ano
malies. Hence, for a first step, only winter (Oct-Mar) 
and summer anomalies (Apr-Sep) of the inflow are 
discussed (Figure 7). Two conspicuous features can 
be identified for the different periods: the winter 
period shows significant high positive inflows for the 
last decade compared to the previous decade and 
could be interpreted as a positive trend, regarding 
only the past 20 years. However, when examined 
over the entire time period, resolution of a trend is 
not possible. The summer period shows a different 
behaviour: a clear positive trend can be identified 
for the last three decades. The first decade behaves 
differently, showing the highest as well as lowest 
summer inflow anomalies. 

Variability of late winter conditions 

The second focus of the present study is the period 
February to March. In an earlier wind analysis 
(Siegismund and Schrum, 2001) it was shown that the 
1990s were an outstanding period of wind forcing in 
the late winter with mean monthly windspeeds 

.,(,5 Transport Anomalies Oct/Nov/Dec/Jan/Feb/Mar 

"^ 1960 1965 1970 1975 1980 1985 1990 1995 
Time [years] 

)( .|Q5 Transport AnotnaliesApr/May/Jun/Jul/Aug/Sep 

-0 5 4 U U xi y ' I 

"^ 1960 1965 1970 1975 1980 1985 1990 1995 
Time [years] 

Figure 7 Transport anomalies of North Sea inflows for 
October to March (upper) and April to September (lower) 
The transports are given in m' s '. 

Figure 8 Normalized wind density distribution in Feb/Mar 
for the four respective decades 1958-1967. 1968-1977, 1978-
1987, and 1988-1997 Different to the definition of the wind 
density function used in Figure 4 the number of classes used 
here is 72. 

increasing in Feb-Mar over the last decade (1988-
1997) and the prevaihng wind direction changing to 
a more south-westerly orientation (Figure 8). This 
has serious implications for the water transports: the 
exchange across the northern boundary (inflow and 
outflow, i.e. the cyclonic circulation) is intensified 
in the period 1988-1997 (Figure 6, also identified in 
the half year winter mean in Figure 7). Transport 
anomalies for the 2-month mean of about 0.5 Sv were 
calculated by the model. These transport changes 
were found to be in correspondence with the timing 
and magnitude observed in earlier studies (Iversen 
et ai, 1998; ICES, 2001). These increased inflows in 
the last decade occurred after a long period with 
significantly lower inflows from 1974 to 1987. 

The influence on the exchange flow in the 
Skagerrak region, which shows high variability, 
in Feb/Mar is even more pronounced (Figure 9). 
The wind-forcing fluctuations result in pronounced 
anomalies in the flow field from 1988 to 1997 (two 
exceptions being in 1991 and 1996) an exceptional 
period within the investigated 40-year period. The 
surface exchange was enhanced, with more surface 
inflow into the North Sea in the southern part of the 
Skagerrak (positive anomalies) and more surface 
outflow in the northern part of the Skagerrak (nega
tive anomalies) with a reduction in deep water 
exchange. The calculated anomahes are exception
ally high for the near surface inflow (upper 30 m, 
increasing inflow, negative anomaly) in the southern 
part of the Skagerrak and for the deep water inflow 
in the northern part (decreasing inflow, negative 
anomaly). The calculated transport anomalies are 
in the order of 0.5 Sv, which is about twice that of 
anomalies found during the previous 30 years. 
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optimal larval and juvenile habitats (e.g. ICES, 
2001; Heath and Gallego, 1998; Voss ct al.. 1999). 

Similarly, stratification of the North Sea in the 
1990s can also be classified as unusual; the years 
of the most extended stratification in May can be 
found in the 1990s, with the fiux of limiting nutrients 
into the euphotic zone reduced due to a reduction in 
turbulent mixing - a situation that reduces the total 
potential production of the ecosystem by limiting 
production of lower trophic levels (e.g. Sharpies and 
Tett, 1994; Nielsen and St. John, 2002). Variations in 
stratification intensity and its effects on lower 
trophic level production and phasing (Kiorboe, 1991) 
is the basis of the so-called 'bottom-up' control of 
higher trophic level production. 

In summary, we have identified how the 1990s 
have varied with respect to two key biologically 
relevant physical parameters, stratification and 
transport, both potentially impacting on the ecosys
tem dynamics. Future research within the European 
Union-funded LIFECO programme will address 
the mechanisms by which these parameters impact 
on the population dynamics of key species in the 
North Sea. 

Figure 9 Transport anomalies for the Skagerrak exchange 
flow in Feb/Mar Upper. Northern Skagerrak surface inflow 
(solid) and lower layer outflow (dashed) Lower Southern 
Skagerrak surface outflow (solid) and lower layer inflow 
(dashed) The transports are given in m' s"'. 

Discussion and biological implications 

Investigations of the variability of water transports 
and stratification showed that there is considerable 
variability in the North Sea hydrodynamic environ
ment. Although the variability is mainly dominated 
by the year-to-year variability, decadal variability 
can be identified as well. Longer periods with 
frequent occurrence of similar conditions were 
identified for stratification as well as for transport 
processes. 

Yes, regarding the period February and March, 
the 1990s were unusual with respect to water trans
ports! The anomalous wind forcing found in the 
1990s for this period resulted in transport anomalies 
across the northern boundary and in exceptionally 
anomalous exchange circulation in the Skagerrak. 
This potentially impacts on the degree of transport 
of newly emerged Calanus fmmarchicus into the 
Northern North Sea (Heath et al., 1999). A key 
species whose abundance is linked to variations 
in recruitment success of North Sea fish stocks 
(Rothschild, 1998). Furthermore, variations in tran
sport have also been identified as a key issue in the 
survival success of key fish stocks, impacting on 
the transport of early life stages of these stocks to 
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The hydrographic-hydrochemical variability in the Baltic Sea during the 1990s was 
characterized by the general tendency of decreasing frequency and intensity of major 
inflows observed since the mid-1970s At the end of the 1990s, the area of the central 
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last century Effects of a weak inflow of very warm, saline, and oxygen-rich water 
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ever observed Five of the summers were the warmest of the 20th century and caused 
sea surface temperature anomalies up to 5-6 K in the open Baltic Sea The decrease 
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centrations of inorganic nutrients in the surface layer are still high compared with 
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Nitrogen levels remain high 
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Introduction 

The Baltic region, located in temperate latitudes 
of the Northern Hemisphere, consists of the sea 
area itself (Figure 1) and its drainage area, which is 
four times larger. The Baltic Sea is almost entirely 
landlocked. Like other landlocked seas in humid cli
matic regions, the Baltic Sea has a positive water 
balance. A narrow, shallow transition area consist
ing of the Kattegat and Belt Sea greatly restricts the 
water exchange with the North Sea, giving the water 
in the Baltic Sea a residence time of about 25-35 
years. Because of this long residence time and the 
specific ecological conditions, the Baltic is extremely 
sensitive to any changes in its environment. 

The environmental conditions of the surface and 
deep water depend strongly on the meteorological 
forcing over the Baltic, the hydrological processes in 
its drainage area, and the hydrographic processes in 
the sea, as well as the interaction between them. 
These processes govern the water exchange with the 
North Sea and between the sub-basins, as well as 

transport and mixing of water within the various 
sub-regions of the Baltic. 

The water body of the central Baltic is perman
ently stratified, consisting of an upper layer of 
brackish water with salinities of about 6-8 and a 
more saline deep water layer of about 10-14. A 
strong permanent pycnocline at depths between 60 
and 80 m prevents vertical circulation and, con
sequently, ventilation down to the bottom all the 
year round. During spring, a thermocline develops 
at 25-30 m depth and restricts additionally vertical 
exchange within the upper layer until late autumn. 
The horizontal deep water circulation is restricted 
by a series of sub-basins separated by submarine 
sills. 

Effects on abiotic environmental conditions in 
the central Baltic deep water are mainly caused 
by variations in water exchange. The deep water 
is infiuenced by inflows of saline water from the 
Kattegat and North Sea. The very frequent but 
weak inflows (10-20 km') have little impact on the 
deep and bottom waters because their water will be 
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Figure 1 Sub-regions of the central Baltic Sea, their representative stations (squares) and the main transport route of inflowing 
water during salt water inflows (arrows). Figures correspond to the Baltic Sea inside the entrance sills 

interleaved in or How just beneath the permanent 
halocline. Episodic inflows of larger volumes (100-
250 km') of highly saline (17-25) and oxygenated 
water - termed major Baltic inflows (MBIs) - repre
sent the only mechanism by which the central Baltic 
deep water is renewed to a significant degree. A total 
of III MBIs has been identified between 1880 and 
2001. The water entering the sea during MBIs is 
dense enough to replace the deep and bottom 
waters. The criteria used to identify MBIs have been 
published by Matthaus and Franck (1992) and 
Fischer and Matthaus (1996). The relative intensity 
of MBIs between 1880 and 2001 was re-estimated 
after a method given by Fischer and Matthaus 
(1996). 

Because such inflows are restricted by narrow 
channels (Little Belt, Great Belt, Sound) and shal
low sills (Darss Sill: 0.8 km- cross section, 18 m sill 
depth; Dregden Sill: 0.1 km^ cross section, 7 m sill 
depth; location cf Figure IB), the deep water in 
the central basins tends to stagnate for periods of 
several years. The consequences are depletion of 
nitrate, increasing phosphate and ammonium con
centrations, decreasing salinity and oxygen content, 
sometimes culminating in the formation of consider
able hydrogen sulphide concentrations in the deep 
basins. 

During the late 19th and the first three quarters of 
the 20th century, MBIs were recorded more or less 
regularly (Figure 2). Since the mid-1970s, their fre
quency and intensity have decreased (Schinke and 
Matthaus, 1998). The abiotic environmental condi
tions changed dramatically during this period, which 
culminated in the two most significant stagnation 
periods, from 1977-1992 and from 1995 onward, 
ever observed in the Baltic Sea (cf. Figures 3, 4). 

The general meteorological conditions during 
the 1990s were characterized by a series of mild 
winters, several unusually warm summers and 
above normal precipitation. The winter run-off 
(September-March) was unusually high since the 
late 1970s (cf Figure 2). Details are published in 
Bergström and Matthaus (1996), Bergström et al. 
(2001), and Matthaus et al. (2002). 

The general hydrographic conditions were char
acterized by both mainly positive anomalies in sea 
surface temperatures (SSTs) in winter due to the 
mild winters and positive anomalies in SST (cf also 
Siegel et al., 1999) in the upper layer during summer 
(cf. e.g. Matthaus et al., 1998) due to the unusually 
warm summers. The latter caused temperatures 
between 20°C and 23°C in the upper 15 m layer of 
the open Baltic Sea. Positive anomalies of 5-6 K 
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Figure 2 Major Baltic inflows (MBIs) between 1880 and 2001 and their seasonal distribution (upper right) shown in terms of 
their relative intensity (Matthaus and hranck 1992 Fischer and Matthaus 1996, supplemented and updated) and 5-year running 
means of river run-off to the Baltic Sea (inside the entrance sills) averaged Irom September to March (shaded) Black boxes on 
the time axis MBIs arranged in clusters 

were recorded in the central Baltic in the unusually 
warm summers of 1994 and 1997 (Nehring et cil, 
1995a, Matthaus et al, 1998) Since the late 1970s, 
a decrease in surface salinity has been observed 
(cf also Samuelsson, 1996) 

During the first half of the 1990s, the conditions 
in the central Baltic deep water were dominated by 
the late phase of the long stagnation period 1977 
1992 (Matthaus, 1990. Nehring and Matthaus, 1991, 
1991/92. Nehring et «/, 1993), by the effects of the 
very strong inflow ot saline and oxygen-rich water in 
January 1993 (Hdkansson et al. 1993, Jakobsen, 
1995. Matthaus and Lass. 1995) and the subsequent 
weak inflow events in 1993/1994 (Nehring et al, 
1995a) The second half was characterized by the 
early phase of a new stagnation with a large exten
sion of areas of oxygen depletion and anoxic condi
tions A weak inflow in early autumn 1997 caused 
extraordinary high temperatures in the deep water 
(Matthaus et al, 1999) 

This article is focused on the hydrographic 
hydrochemical conditions of the Baltic Sea during 
the 1990s in relation to changes during the 20th 
century The main basis for hydrographic and nutri
ent data is the ICES and HELCOM database and 
the data collected under the German National 
Monitoring Programme 1969 2000 Numerous 
tables on annual means ot hydrographic data and 
nutrient concentrations during the 1990s are given in 
Matthaus et al (2001) 

Conditions during the 1990s 

Stagnation in the central Baltic deep water 

Stagnation is a natural process in the deep water 
of nearly completely landlocked sea areas like the 
Baltic Sea Stagnation periods are characterized by 
the depletion of nitrate, increasing phosphate and 
ammonium concentrations and decreasing salinity 
and oxygen depletion due to remineralization ot 
organic material that has settled from the surface 
layers This can completely consume the dissolved 
oxygen, thereby creating anoxic conditions and lead
ing to the formation ot considerable concentrations 
of hydrogen sulphide 

Role of the Bornholm Basin 

Realizing the topography of the Baltic Sea along 
the main transport route of the inflowing saline 
water (cf Figure lA), the thermohaline conditions 
in the first Baltic deep basin downstream from the 
entrance sills, the Bornholm Basin, are ot consider
able importance tor the evolution ot stagnation 
in the central Baltic deep water In general, there 
is a frequent inflow of lower amounts of highly 
saline water which penetrates across the sills into 
the Arkona Basin during each baroclinic or weak 
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Figure 3. Long-term variations of salinity in the central Baltic deep water during the past century. 

barotropic inflow event. This water is trapped in the 
Bornholm Basin, renewing the ambient deep water 
to a certain extent and causing an annual variation 
in the deep water. 

The filling stage of the Bornholm Basin with 
saline water, below the permanent halocline, is 
a measure of the estimation of the impact of weak 
inflows on the central Baltic deep water. During 
periods of low inflow activity, salinity and thus 

density of the Bornholm Basin deep water decreases 
(Figure 3). Depending on the inflowing volume of 
saline water, weak inflows and even MBIs only fill 
up this basin and the saline water generally does not 
pass the Stolpe Sill downstream through the Stolpe 
Channel into the central Baltic. 

When the buffering capacity of the Bornholm 
Basin is exhausted, weak inflows of saline and 
oxygen-rich water crossing the entrance sills into the 
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Figure 4. Long-term variation of oxygen and hydrogen sulphide concentrations in the central Baltic deep water during the past 
century (hydrogen sulphide converted into negative oxygen equivalents). 

Baltic can pass that basin in depths of 50-60 m, 
propagate downstream relatively quickly and cause 
significant effects in the central Baltic deep water. 

Stagnation period during the 1990s 

The inflow into the Bornholm Basin strengthened 
during the early 1990s and both salinity and oxygen 

concentration increased in the deep water of that 
basin (cf. Bornholm Deep in Figures 3 and 4). In the 
central Baltic deep water, however, salinity con
tinued decreasing. The stagnation period with high 
hydrogen sulphide concentrations in the deep water 
continued in the eastern Gotland Basin (Gotland 
and Faro Deeps), while the oxygen concentrations 
of the western Gotland Basin deep water (Landsort 
and Karslö Deeps) increased until 1993. 
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The MBI m January 1993 filled up the Bornholm 
Basin with highly saline and oxygen-rich water 
(Figures 3, 4), the impact on the central Baltic deep 
water remained small (Nehnng et al, 1994) In 
May 1994, the deep water of the whole Baltic Sea 
was free of hydrogen sulphide In the 200 m level of 
the Gotland Deep, temperature decreased by 1 1 K 
and salinity increased by 1 (Figure 3) The oxygen 
concentration of 3 3 8 cm' dm ' measured between 
170 m depth and bottom were the highest since the 
1930s (Figure 4 and Matthaus, 1990) 

The absence of MBIs since then has resulted in a 
new stagnation period in central Baltic deep water 
After the renewal, oxygen depletion started and 
anoxic conditions developed (cf Figure 4) In the 
deep water of the western Gotland Basin, continu
ous oxygen depletion started m 1993 (cf Landsort 
and Karlso Deeps in Figure 4) The decrease in 
oxygen concentration, which is characteristic of this 
basin for the early phase of stagnation periods 
(Matthaus, 1995), led in 1999 to the lowest oxygen 
content since the mid-1980s and the formation 
of hydrogen sulphide in the near-bottom layers 
(Figure 4) 

The weak inflow events in December 1993 and 
March 1994 transported cold, saline, and oxygen-
rich water into the central deep basms The tempera
tures below 100 m depth in the Gotland Deep 
decreased from >5°C at the beginning of the year 
to 4-A 5°C in May 1994 Temperatures of 4°C are 
among the lowest values observed in the deep water 
of the Gotland and Faro Deeps during the present 
century (cf Matthaus et al, 1999) 

The exceptionally high SSTs in summer 1997 led 
to an unusual increase m deep water temperatures 
in late autumn due to an inflow in September and 
early October This inflow of warm (7 8°C), saline 
(14 15), and oxygen-rich deep water (2 cm'dm') 
reached the Gotland Deep in spring 1998 As a 
result, temperature and salinity increased to >7°C 
and 12 7, respectively, in the near-bottom water 
The inflow process into the central Baltic was settled 
m May 1998 (cf Hagen and Feistel, 2001) 

In 1999/2000, the areas of both oxygen deficiency 
and anoxic conditions in the central Baltic deep 
water reached their largest extent since 1993 

Nutrient situation in the deep water during 
the 1990b 

The nutrient situation in the deep basins is mainly 
characterized by the alternation between MBIs and 
stagnation periods In the presence of oxygen, phos
phate is partly bound in the sediment and onto 
sedimented particles as iron-III-hydroxophosphate 
complexes, resulting in phosphate concentrations 
of only 1 2 îmol dm ^ (compare Figures 4 and 5) If 
the redox status changes, this complex is reduced by 

hydrogen sulphide Phosphate and iron-II-ions are 
liberated 

Inorganic nitrogen compounds are also strongly 
influenced by the presence or absence of oxygen and 
hydrogen sulphide, respectively Under aerobic con
ditions, inorganic nitrogen compounds are present 
nearly exclusively in the oxidized form as nitrate 
Under anoxic conditions, the available nitrate is 
denitrified to dinitrogen gas On the other hand, 
ammonium, which is liberated due to the mineral
ization processes, cannot be oxidized As a result, 
ammonium is enriched and nitrate vanishes 

The water renewal during the first half of the 
1990s and the subsequent development of a new 
stagnation period can be recognized most distinctly 
by the variations of nutrient concentrations in the 
eastern Gotland Basin (cf e g Gotland and Faro 
Deeps in Figure 5) At the end of the 16-year stagna
tion period m 1992 hydrogen sulphide concentra
tions up to -8 cm'O^ dm \ in the near-bottom layer 
up to -10 cm'Oi dm ', were measured with a high 
degree of variability (Figure 4) The nutrient situa
tion is characterized by the absence of nitrate and 
nitrite and a considerable enrichment of ammonium 
up to 40 î mol dm ' (Nehnng et al 1995b) 

In 1993, the nutrient distribution reacted dis
tinctly to the changes in the redox regime in the east
ern Gofland Basin (for phosphate, cf Figure 5) 
despite the impact of the January event remaining 
small in the central Baltic Ammonium decreased 
strongly and was not detectable m June and August 
1993 Nitrate concentrations increased and the 
amount of phosphate was reduced (Nausch and 
Nehnng, 1994) But the layer below 200 m depth 
became anoxic again in November 1993 Only the 
weak inflows at the end of 1993/beginning of 1994 
resulted in a longer improvement in the aerobic 
situation m the Gotland Deep (Figure 4) due to their 
fast penetration into the eastern Gotland Basin 
As a result, lowest annual means in phosphate 
(Figure 5) and ammonium concentrations but high
est nitrate concentrations were observed in 1995 
before the new stagnation had started From mid-
1998 onwards, when permanent anoxic conditions 
prevailed, nitrate was not detectable and phosphate 
and ammonium concentrations were increasing 
However, the concentrations had not yet achieved 
the high values measured at the end of the stagna
tion period 1977 1992 (Figure 5) The development 
in the Faroe Deep can be compared with the condi
tions in the Godand Deep, but the processes are 
delayed and reduced in their intensity due to the 
submarine sill between the two basins 

In the western Gotland Basin, nitrate concentra
tions in the 1990s were stable over a longer period 
with around 10 jimol dm ' At the end ot 1998, how
ever, oxygen conditions had depleted so much that 
denitnfication could take place (Goering, 1968) 
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Figure 5 Long-term variation of phosphate concentrations in the central Baltic deep water during the second hall of the past 
century 

resulting in a decrease m nitrate which is clearly 
marked in 1999 In 1999, the highest ammonium 
concentrations were measured (Matthaus et al, 
2001) The increase in phosphate concentrations, 
especially in the Landsort Deep is lower compared 
to the eastern Gotland Basin (Figure 5), probably 
because of the different structure of the sea floor 
This development in nutrient balance seems to be 
characteristic for the early stage of stagnation 

State of eutrophication during the 1990s 

The increasing supply of inorganic nutrients due to 
human impacts in the drainage area and the subse
quently increasing primary production are known as 
eutrophication Therefore nutrients have been used 
to describe the state of eutrophication Phosphate 
and nitrate are the final products of biochemical 
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mineralization of organic matter under aerobic con
ditions They are therefore the most important 
nutrients in trend analysis 

In the whole Baltic Sea, the nutrient concentra
tions are characterized by a pronounced seasonality 
with high concentrations in winter and often a dec
rease near to the detection limit during the period 
of high biological activity beginning m spring and 
ending in late autumn (Nausch and Nehring, 1996) 
For nutrient trend studies only the mixed surface 
layer in winter can be used when the biological pro
ductivity IS low and nutrient concentrations are high 
(Nehring and Matthaus, 1991, Nausch and Nehring, 
1996) The duration of this "winter plateau" differs 
in the Baltic Sea regions and is best developed in the 
eastern and western Gotland Basins (Matthaus 
et al, 1998) In general, trend analysis should iden
tify long-term developments m relation to changes 
in load In the past decade, they have to answer 
the question whether reduction measures, initiated 
within the Joint Comprehensive Environmental 
Action Plan (Helcom, 1993) and by the decrease in 
fertilizer application in the drainage area (Nehring 
et al 1995b), result in decreased phosphate and 
nitrate concentrations in the mixed winter surface 
layer 

This can be shown more clearly by comparing the 
periods 1989/1993 and 1994/1998 (Figure 6) Com
paring the second with the first half of the 1990s, a 
distinct decrease in phosphate winter concentrations 
was identified, mainly in the nearshore areas of 

the western Baltic (Lubeck, Mecklenburg and Pome
ranian Bights), but also in the central Baltic Sea 
(Figure 6A) Measures undertaken to reduce phos
phate input from point sources m the drainage area 
seem to be effective A clear relation can be drawn 
to the riverine discharge Thus, the phosphate con
centrations m the Oder river decrease from 1986 to 
1999 (Helcom, 2002) Recent measurements, how
ever, show that a new equilibrium is already estab
lished, and therefore a further decrease in phosphate 
concentrations cannot be expected But this reduc
tion IS not evident in all regions For example, phos
phate concentrations have increased in the inner 
Gulf of Gdansk, thereby influencing the whole 
bight The reasons can be assumed to be less effec
tive reduction of phosphate discharge from point 
sources and the specific character of the Vistula 
river drainage area dominated by diffuse nutrient 
inputs (Helcom, 2002) 

Nitrate concentrations do not show any signi
ficant decrease between both periods m most of 
the investigated regions Moreover, the concentra
tions in the Pomeranian Bight and in the Gdansk 
Bight are higher (Figure 6B) Several reasons can 
be mentioned for the failing reduction In the central 
Baltic Sea, the atmospheric input still plays an 
important role despite first signs of positive devel
opments for this route (Helcom, 1997) Also the 
yearly input of nitrogen through nitrogen-fixing 
cyanobactena in summer must be taken into consi
deration (Wasmund et al, 2001) The most impor
tant reason, however, is that nitrate originates 
mainly from diffuse sources in the drainage area 
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Figure 6 Changes in phosphate (A) and nitrate+nitrite concentrations (B) in the winter surface layer (February 0 10 m depth) 
of the western and central Baltic Sea during the periods 1989 1993 (left column) and 1994-1998 (right column) 
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Thus the input into the coastal areas is closely 
related to the treshwater run-olf (Pastuszak ct al, 
1996, Nausch et al, 1999) Therefore reduction 
measures are much more complicated to convert and 
need longer time perspectives 

Climate change and Baltic deep water 

Backhaus (1996) investigated the climate sensitivity 
of the Baltic Sea based on regional model results 
According to him the Baltic seems to be much more 
susceptible to climate change than the North Sea 
because of a strong feedback between sea surface 
and air temperatures with the haline stratification 

Air-sea interactions are a main source of the 
observed variability in seas in time scales ranging 
from years to centuries On decadal time scales, 
variations in atmospheric circulation over the north
ern Atlantic Ocean and Europe govern fluctuations 
in the water exchange between the North Sea and 
the Baltic and are mainly reflected in marine cli
matic changes in the central Baltic deep water (e g 
Hupfer, 1975, Makkonen et al, 1984, Matthaus, 
1984, Launiainen and Vihma, 1990, Matthaus, 
1995) 

The schematic diagram in Figure 7 illustrates 
the pathway of the influence of the atmospheric 
circulation on the central Baltic deep water The 
variability in atmospheric circulation governs the 
water exchange of the Baltic with the ocean, espe
cially the occurrence or absence of major inflows 
(Matthaus and Schinke, 1994, Gustafsson, 2000) 
MBIs have an essential impact on the oceanographic 
conditions in the deep water (temperature, salinity, 
oxygen, inorganic nutrients) There are indications 
that MBIs may also affect the transformation of 
contaminants (PAHs) and the modification of their 
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Figure 7 Schematic diagram of the influence ol variability in 
atmospheric circulation on the central Baltic deep water 

distribution in the deep water (cf Witt and 
Matthaus, 2001) There seems to be an impact ot 
run-off variation on the occurrence of MBIs Dras
tic changes in environmental conditions in the deep 
water can be explained by increased zonal circula
tion linked with more intensive precipitation in the 
Baltic region and increased river run-off into the 
Baltic (Matthaus and Schinke, 1999, Hanninen 
et al, 2000, Zorita and Lame, 2000) Launiainen 
and Vihma (1990) demonstrated a correlation 
between river run-off and Baltic deep water salinity 
(cf also Samuelsson, 1996) There is also a connec
tion between aerobic/anoxic conditions and the 
concentration of inorganic nutrients (Nehring, 1987, 
1989) 

Changed conditions in the central Baltic deep 
water could be an indicator of climate change Cli
mate model simulations predict a climate change 
due to the increasing concentrations of greenhouse 
gases and sulphate aerosols in the atmosphere 
World-wide human activities may already have 
affected the global climate (Storch and Hasselmann 
1995, Santer et al, 1996, Hasselmann, 1997) and 
caused changes in the atmospheric circulation aff
ecting the water exchange between the North Sea 
and the Baltic The sensitivity of MBIs to variations 
in climatic factors has been modelled by Gustafsson 
(2000) and Gustafsson and Andersson (2001) 

An attempt to analyse potential impacts of future 
climate change on the run-off from the drainage 
area to the Baltic Sea indicated that global warming 
may lead to a changed annual cycle and less pro
nounced spring run-off as winters become less stable 
(Graham et al, 2001) Run-off seems generally 
to increase trom the northernmost parts of the 
drainage area and decrease to the central Baltic 

In order to estimate the impact of climate change 
on the central Baltic deep water the effects of human 
activities on the deep water must be identified Man-
made impacts affect the concentration of both inor
ganic nutrients (cf eg Elmgren 1989, Jansson and 
Dahlberg, 1999, Nausch et at. 1999, Wulff et al, 
2001) and contaminants (cf eg Helcom, 1991, 
1997, 1998, Hemes, 1999, Skei et «/, 2000, Elmgren 
and Larsson, 2001, Wulff tV al ,2001) in the surface 
layer via land-based (point and diffuse sources) 
and airborne inputs (precipitation) Increases in 
nutrient levels lead to higher organic productivity in 
the euphotic layer (Cederwall and Elmgren, 1990, 
Wulff et al, 1990) This causes an increase in dead 
organic material partly loaded with contaminants 
which, settling to the bottom, have an impact on 
both oxygen regime and concentrations of contami
nants in the deep water Both the lack of MBIs and 
man-made impacts are responsible for oxygen deple
tion and increase in hydrogen sulphide concentra
tions However, it is not possible presently to state 
how much of this variability is due to which cause 
Moreover, there are indications that the man-made 
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redistribution of the water run-off through river 
regulation measures may have an impact on the 
water exchange (Carlsson and Sanner, 1994) and 
may also affect the frequency and intensity of MBIs 
(Mdtthaus and Schinke, 1999, Rodel, 2001) 

Nevertheless, the variation in water exchange 
between the North Sea and the Baltic during the 
1990s, which is clearly reflected at least in the hydro-
graphic conditions of the central Baltic deep water, 
seems to remain within the range of natural fluctua
tion (cf Figure 3) Alternations between oxidizing 
and reducing marine environments in the Baltic deep 
water have also occurred in the past centuries (cf 
Ignatius et al, 1971, Neumann et al, 1997) 

Conclusions 

During the 1990s, a distinct decrease m phosphate 
winter concentrations but no significant change in 
the nitrate concentrations of the mixed winter sur
face layer was observed The general tendency of 
decreasing frequency and intensity of MBIs conti
nued interrupted only by the very strong single MBI 
in January 1993 

Investigating the long stagnation periods in the 
Baltic deep water, there are similarities between the 
current stagnation period and the stagnation in 
1977-1992 The maximum extent of oxygen defi
ciency and anoxic conditions occurred during both 
periods about 5 7 years after a strong MBI, i e 
1982/1983 during the previous stagnation and 1999/ 
2000 during the present stagnation period After 
1982/1983, an increase in oxygen concentration 
started in the western Gotland Basin deep water (cf 
Landsort and Karlso Deeps m Figure 4) and is 
assumed to be caused by both increased vertical 
exchange due to decreasing stability of the water 
column and the effects of weak inflows The water 
of such inflows propagates along the main transport 
route (cf Figure lA) and can relatively quickly 
pass the eastern Gotland Basin at intermediate 
levels below the haloclme Because of the density it 
can penetrate up to the near-bottom layers of the 
western Gotland Basin 

The area of central Baltic deep water affected 
by oxygen deficiency and anoxic conditions at the 
turn of the century was the largest for 15 years In 
general, the anoxic layer seems to be thickest when 
the area affected by oxygen deficiency and anoxic 
conditions is largest This was also observed during 
the stagnation period of 1977-1992 As the stag
nation continues the redoxclme moves to greater 
depths because of weak inflows in intermediate 
layers below the permanent haloclme, and the hydro
gen sulphide concentrations increase in the deep 
water In general, an intensive phosphate accumula
tion occurs at the beginning of stagnation periods 
Thereafter, the concentrations increase only slowly 

and fluctuate around an average (cf Figure 5) The 
phosphate reserves seemed to be exhausted and the 
further increase in hydrogen sulphide concentrations 
did not result in a further liberation of phosphate 

If the decrease in frequency and intensity of MBIs 
and, thus, the present stagnation in the central 
Baltic continue, a decrease m the extent of areas 
affected by oxygen deficiency and anoxic conditions 
in the deep basins and a further increase in hydrogen 
sulphide concentration in the deep water of the 
eastern Gotland Basin will occur However, an 
increase in oxygen concentration can be expected in 
the deep water of the western Gotland Basin starting 
within the next few years 
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Hydrographic data from three standard sections (Svinoy. Gimsoy, and Sorkapp) in 
the Norwegian Sea are used along with a simple analytical model to investigate the 
heat loss of the Norwegian Atlantic Current toward the Arctic. The sections include 
data from 1978 to 2000 Only in the northern part of the Norwegian Sea is there a 
significant negative trend in salinity The area occupied by Atlantic Water in the 
Svinoy Section decreased over a similar period, but showed a similarly rising tempera
ture trend Summer heat contents in the Svinoy and Gimsoy sections, however, show 
no prominent trend from 1979 to 2000 Results trom the analytical model show that 
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Introduction 

The main features of the circulation system in the 
Nordic Seas (Greenland, Iceland, and Norwegian 
Seas) were well described almost 100 years ago 
(Helland-Hansen and Nansen, 1909). The overall 
cyclonic circulation is characterized by a northward 
flow of warm water on the eastern side and a cold 
current flowing southward on the western side. The 
zone between the warm and the cold water masses 
in the Nordic Seas is referred to as the Arctic Front. 
The Atlantic inflow to the Norwegian Sea forms the 
most northern limb of the North Atlantic Current 
system and carries relatively warm and saline 
water from the North Atlantic to high latitudes. An 
update of the knowledge on these inflows was 
recently presented by Hansen and 0sterhus (2000). 
Atlantic Water enters the Norwegian Sea through 
the Faroe-Shetland Channel, and Modified Atlantic 
Water enters between the Faroes and Iceland, flow
ing eastward along the Iceland-Faroe Front into the 
Norwegian Sea. A smaller branch, the North Ice
landic Irminger Current, enters the Nordic Seas on 
the western side of Iceland (e.g. Stefansson, 1962; 
Kristmannsson, 1998). The Norwegian Atlantic 
Current (NwAC) splits into two main branches at 
about 7rN. One branch flows into the Barents 

Sea while the other one (West Spitsbergen Current) 
flows northward toward the Arctic Ocean (e.g. Swift 
et al., 1997; Dickson et ciL, 2000). The temperature 
and salinity conditions in these currents are moni
tored in three standard sections, as shown in Figure 
1, and reported on annually as for example in Mork 
(2001) and on a decadal basis as in Loeng et al. 
(1992) and in the present report. These currents 
carry a large amount of heat and are important for 
the regional climate. They keep the entire Norwe
gian Sea and large areas of the Barents Sea ice free 
and open for biological production The condition 
of the fish stocks in this region is normally best 
during high temperatures (e.g. Cushing, 1982; Hoist, 
1996). 

Based on current measurements and hydro
graphy, Orvik et al. (2001) estimated the annual 
Atlantic inflow to the Norwegian Sea to be 7.6 Sv. 
By studying other works along with new ADCP 
measurements of bottom currents Hansen and 
Osterhus (2000) estimated that about 9 Sv leave the 
Nordic Seas, which is compensated by an inflow of 
nearly 1 Sv through the Bering Strait (Roach el al., 
1995) and an 8 Sv inflow of Atlantic Water. With 
climatological data from COADS and ECMWF 
Simonsen and Haugan (1996) calculated the net 
heat loss in the Nordic Seas and Arctic Ocean to be 
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about 300 TW, which must be balanced by the 
Atlantic inflow through the Greenland-Scotland 
passage. In contrast, Blindheim (1993) estimated the 
annual heat inflow by dynamic calculation from 
hydrography data to be only 120 TW. 

The properties of the north-going NwAC change 
due to heat loss to the atmosphere and by mixing 
with other water masses that are relatively colder 
and fresher. One goal of this work is to find the 
relative importance of the mixing process and the 
ocean-atmosphere heat loss of the NwAC. 

Data 

Positions of the sections from which data are 
obtained are shown in Figure 1. The sections that 
have been repeated regularly across the Atlantic 
inflow are: the Svinoy Section between 62°22'N, 
05'T2'E and 64°44'N on the prime meridian, the 
Gimsoy Section between 68°24'N, 14°04'E and 
70°24'N, 08°12'E off the Lofoten Islands since 1978, 
while the zonal S0rkapp Section off the southern tip 
of West Spitsbergen, has been worked mainly along 
76"20'N across the West Spitsbergen Current since 
1965. The time-series from these sections are from 
July/August and also from March/April when used 
in the analytical model. 
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Figure 1. Locations of the Sviney, Gimsoy, and Sorkapp 
sections. 

Results and discussion 

Figure 2 shows variations in temperature and salin
ity since 1978 in the three sections: Svinoy, Gimsoy, 
and Sorkapp. The values are averages between 50 
m and 200 m in the core of Atlantic Water near 
the shelf edge. The data from the years 1978-1980 
are ignored in calculating the trends because of the 
influence of the Great Salinity Anomaly (GSA, 
Dickson et al., 1988). Trends with relatively high 
confidence levels are only seen in the Sorkapp Sec
tion, where a positive temperature trend is seen but 
with a confidence level of only 77%. It also has a 
negative trend in salinity with a confidence level as 
high as 98%. 

In this work we have defined Atlantic Water as 
water masses with salinities greater than 35. Figure 3 
shows the relative area for different water masses 
in "per thousand" from the total area of the Svinoy 
section. Areas of water masses are calculated in 
intervals of 0.025 and 0.25°C for salinity and tem
perature, respectively. Only summer data down to 
1000 m depth from 1978 to 1999 are used. The figure 
shows that the salinity limit of 35 lies in a region 
with small values. Our choice of definition of Atlan
tic Water therefore seems acceptable, since small 
changes in salinity of the inflowing Atlantic Water 
will only change the integrated area with salinity 
above 35 to a small extent. Figure 4 shows that the 
area in the Svinoy Section occupied by Atlantic 
Water has decreased, and is also associated with a 
similar positive temperature trend. The confidence 
levels are 87% and 94%o, respectively. A decreasing 
area is mainly a result of a narrowing NwAC gener
ated by wind-forcing (Blindheim et al., 2000; Mork 
and Bündheim, 2000). One result of a narrowing 
current will be that less Atlantic Water is exposed to 
the atmosphere; heat export to the atmosphere 
should be reduced correspondingly, so that more 
heat is conserved in the Atlantic Water as it flows 
northward. Blindheim ct al. (2000) suggested that 
the negative trend in salinity is a result of increased 
mixing with Arctic water masses that are relatively 
colder and fresher. The temperature increase seen in 
the northern part of the Norwegian Sea might have 
been larger without this mixing. 

We calculated the time-series of heat content 
anomaly, accumulated for temperatures above 0°C, 
and salt content in the Svinoy and Gimsoy sections 
to check their variability. The heat and salt contents 
were calculated for waters with sahnity greater than 
35. It must be mentioned that the westward spread
ing of Atlantic Water in the Gims0y Section often 
reaches further westward than the section itself This 
introduces some uncertainties in the heat content 
values for the Gimsoy Section. The time-series 
are shown in Figure 5. Comparing between the 
time-series for heat and salt contents in the Gimsey 
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Figure 2 Temperature and salinity in the core of Atlantic Water in the Svinoy, Gimsoy, and S0rkapp sections, averaged 
between 50 and 200 m depth 

34 85 34 9 34 95 35 06 35 1 35 15 36 2 35 25 35 3 35 35 
Salinity 

Figure 3 Relative areas of different water masses from the 
total area of the Svinoy Section Values are in per thousands 
The areas are calculated by integrating the found areas of 
salinities and temperature within intervals of 0 025 and 0 25°C. 
respectively The figure represents the summer condition from 
1978 to 1999 and only data down to 1000 m depth are used 
Only values for temperatures above 1"C are shown 

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 

Figure 4 Time-series of area (in km-) and averaged tempera
ture of Atlantic Water in the Svinoy Section, observed during 
July/August 1978-2000. 

Section shows very similar variability. This should 
indicate that the mixing process is clearly more 
important than the ocean-atmosphere loss. How
ever, there are also years with differences, e.g. 1996 
and 2000, and these differences might be a result of 
increased or reduced heat loss to the atmosphere. 
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Figure 5. Heat content anomaly (top) and salt content (bottom) of Atlantic Water in the Svinoy (solid line) and Gimsoy (broken 
line) sections, 1979-2000 

A simple analytical model 

A simple stationary model is introduced to further 
investigate the lateral mixing contra the ocean-
atmosphere heat flux. For salinity, we assume a 
balance between north-south advection (between 
Svinoy and Gimsoy) and east-west mixing, while 
for temperature a heat loss term is included. The 
equations are therefore: 

vS =AS„ (1) 

vT = A T „ + Q (2) 

where v is the northward velocity, S is the saUnity, T 
is the temperature, A is the horizontal diffusion 
coefficient, and Q is the vertical heat flux. The sub
scripts (y and xx) indicate partial derivative in a 
northward direction and double partial derivative in 
an eastward direction, respectively. For simplicity, 
we assume that v, S, and T are depth independent in 
the upper Atlantic layer. Vertical integration over 
the Atlantic layer, from the depth (z = -h ) where 
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salinity equals 35 (the lower bound of the Atlantic 
layer) to the surface yields 

v | - f jsdz | -vS,hy=A}s^dz (3) 

V— ƒ Tdz - vT hhy-A ƒ T„dz+ƒ Qdz (4) 
" y \ h j h h 

S h and T h are salinity and temperature, respec
tively at the base of the Atlantic layer (z = -h) and 
are set constant in the north south direction By 
introducing an anomaly (P =P - P J where P is 
S or T and using (Ph)j = 0, the equations can be 
written as 

(hS')^=-jS„dz (5) 

(hr)^=A}T^dz + l}Qdz (6) 
h h 

Eliminating A/v and integrating from y = 0 to y = L 
gives 

I " 
A(hT') = RA(hS') + - fQdz (7) 

where 

R= 

JT^dz 
. _ h 

JSxxdz 
(8) 

which we have assumed to be independent of y A is 
the North-South difference operator and L is the 
distance between the Svinoy and Gimsoy sections 

It IS now possible to compare the relations 
between the processes The term on the left-hand side 
in Equation (7) is the north south advection, the 
first term on the right side represents the diffusion 
while the last term is the heat loss from the ocean to 
the atmosphere The time L/v in Equation (7) is 
the time for an anomaly to move from the Sviney 
Section to the Gimsoy Section A large time span 
results in a large heat loss from the ocean to the 
atmosphere, because the water is exposed to the 
atmosphere for longer 

Using averaged hydrography data trom 1978 to 
2000 in the Svinoy and Gimsoy sections we can 
calculate the advection and diffusion terms from 
Equation (7) Figure 6 shows the averaged R in the 
Svinoy section for Mar/Apr and Jul/Aug From the 
shelt edge and otfshore R is about 10°C ior both 
Mar/Apr and Jul/Aug We have theretore used a 
constant R = 10°C In calculating hS' and hT' in the 

4L 

— July/August 
March/April 

200 150 
Kilometres 

Figure 6 Averaged R ( | T „ d z / jS^dz) in the Svinoy Section 
cdlculdtcd for Mar /Apr and Jul/Aug 1978 2000 Right-hand 
side IS at the Norwegian Loast 

Svinoy and Gimsoy sections we have used hydro-
graphic data in the region with largest values of tem
perature and salinity, which is in the core of the 
Alantic layer That region is roughly located over 
the 600 m isobath Table 1 gives the averaged values 
used in the model 

The vertical heat flux Q is (KT,)^, where K is the 
ve rtical diffusion coefficient and the subscript z 
indicates partial derivative in the vertical direction 
The vertical integration of Q yields Hf/(p„Cp) at the 
sea surface neglecting the vertical diffusion at z = -h 
Hf (in W/m )̂ IS the heat fiux from the ocean to the 
atmosphere, Po is a reference density and Cp is the 
heat capacity of seawater For simplicity we have 
used H| = -37 W m \ which we calculated as the 
annual mean heat flux in the eastern Norwegian Sea 
from the NOAA-CIRES data set The distance L 
between the Svinoy and Gimsoy sections is about 
lO'm Using the values in Table 1 we have calculated 
the time (L/v) to 12 months and the speed v to 3 2 
cm s ' The speed is close to the speed of 2 5 cm s ' 
that Dickson and Blindheim (1984) found by tracing 
a salinity anomaly trom the Faroe-Shetland Chan
nel to Spitsbergen during the late 1970s The model 
also shows that mixing and heat loss processes are of 
similar orders (see Table 1) 

Table 1 Values used in the analytical model ind the results 

Svinoy Gimsoy Advection Mixing Heat 
loss 

S T „ hT hS hT ST A(hT) RA(hS) L/v 
jQdz 

Mar/Apr ^5 4 0 1700 94 1190 72 -490 -220 -270 
Jul/Aug 15 M 1790 101 1200 70 -590 -310 -280 
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Conclusion 

Only the time-series of summer temperatures in the 
Atlantic core for the northern section shows a sig
nificant increasing linear trend and a decreasing 
salinity trend The area in the Svinoy section occu
pied by Atlantic Water has decreased with a similar 
positive temperature trend during the same period 
Results from the analytical model suggest that lat
eral mixing and ocean-atmosphere heat flux pro
cesses are of similar orders The model also suggests 
that the time for an anomaly to move from the 
Svinoy Section to the Gimsoy Section is about 
1 year, corresponding to a propagation speed of 
3 2 cm s ' 
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Long-term hydrographic variability patterns off the Norwegian coast 
and in the Skagerrak 
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patterns off the Norwegian coast and in the Skagerrak. ICES Marine Science 
Symposia, 219: 150-159. 

The Norwegian Coastal Oceanographic Observing System consists of observations of 
temperature and salinity in the surface layer, carried out at fixed positions from 
coastal liners, and measurements in the whole water column, carried out by local 
observers. The observations date back to 1935. Additionally, long-term data from the 
Institute of Marine Research station in Fladevigen on the Skagerrak coast and some 
selected data from the Torungen Hirtshals hydrographic section are included. These 
data have been used to elucidate the long-term hydrographic variability along the 
Norwegian coast. Four relatively warm winter periods could be identified in the 
surface layer, culminating around 1950. 1960. 1975. and in 1990 1992. The long-term 
temperature and salinity trend 1950-1989 is negative along the whole coast. The 
1990s, however, are characterized by having the highest mean decadal temperature for 
the whole period of observations along the southern coast. The importance of the 
1990s in the surface layer is gradually reduced northwards. Along the northernmost 
coast, other decades, such as the 1950s or the 1960s, show higher decadal mean tem
perature. Also for the salinity the 1990s show high values along the southern coast, 
while other high salinity decades dominate further north. The high temperatures 
and salinities along the southern coast in the 1990s are caused by an increase in the 
Atlantic inflow in the late 1980s and early 1990s combined with the atmospheric 
conditions associated with periods of a high level of the North Atlantic Oscillations. 

Keywords: long-term hydrographic variability, Norwegian coast, Skagerrak. 

R. Saetre and J. Aure: Institute of Marine Research. PO Box 1870. NO-5817 Bergen, 
Norway. D. S. Danielssen: Institute of Marine Research, Flodevigen Marine Re.iearch 
Station. N0-4817 His, Norway. 

Introduction 

Norwegian Coastal Water (NCW) originates prima
rily from the freshwater outflow from the Baltic and 
the freshwater run-off from Norway. This water 
mixes with North Sea Water (NSW) and Atlantic 
Water (AW) to form the Norwegian Coastal Cur
rent, which flows northwards along the coast of 
Norway as a wedge-shaped low-salinity current 
bordered by the Norwegian North Atlantic Current 
off the central and northern parts of Norway 
(Figure 1). A description of the characteristic feature 
of this current system was given by Sa;tre and Ljoen 
(1972) and in Saetre and Mork (1981). The current 
system and water masses in the Skagerrak area 
have been described by Gustavsson and Stigebrandt 
(1996) and by Danielssen et al, (1997). 

The Norwegian shelf is the spawning and hatching 
area for several commercially important fish species. 
Early in the previous century it was acknowledged 

that fluctuations in the hydrographic conditions 
along the coast might influence the recruitment, 
growth, and distribution offish stocks. This was used 
as an argument for establishing the Norwegian 
Coastal Oceanographic Observing System (NCOOS) 
consisting both of observations from the surface 
layer by ships of opportunity and of fixed hydro-
graphic station carried out by local observers. The 
observing system was established in the mid-1930s 
and is still operational. It represents some of the 
longest continuous oceanographic time-series in the 
world. Data from this observing system have been 
used in a large number of reports and publications for 
various purposes, including highlighting long-term 
variations (e.g. Ljoen and Sa;tre, 1978; Blindheim 
et al., 1981; Danielssen et al„ 1996). 

The aim of this contribution is to elucidate the 
long-term hydrographic variability patterns along 
the Norwegian coast and identify possible regional 
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Figure 1. Selected stations for the present study along with the persistent currents. (1) Surface layer observations from coastal 
liners. (2) Fixed hydrographic stations. (3) Norwegian Coastal Current. (4) Norwegian North Atlantic Current. 

differences with special emphasis on the situation 
in the 1990s. It is mainly confined to the winter 
situation, as this season is beheved better to reflect 
the long-term climatic signals. 

Material and methods 

During the period 1935 to 1947 Jens Eggvin at the 
Institute of Marine Research (IMR) established a 
number of fixed hydrographic stations in Norwe
gian coastal waters (Eggvin, 1938, 1948). He also 
initiated a surface layer observation programme 
from ships of opportunity. Since 1951, the IMR has 
operated a standard hydrographic section across the 
central part of the Skagerrak between Torungen on 
the Norwegian side to Hirtshals on the Danish side. 

Since 1961 the section has on average been worked 
out 8-12 times a year. Some data from this section 
are presented as seasonal means as a basis for assess
ing possible biological effects of the variability in 
the physical environment. From this section three 
different positions are selected: one at 10 m depth, 5 
nmi off Torungen in the Norwegian coastal current 
(Torungen 5 nmi), one at 300 m depth, 30 nmi from 
Torungen in the Atlantic water masses in the central 
Skagerrak (Torungen 30 nm), and one at 10m 
depth, 52 nmi from Torungen near the Danish coast 
in the North Sea water masses (Torungen 52 nmi). 

Figure 1 shows the location of the stations selected 
for the present study. For the ship of opportunity 
programme, regular coastal liners measure the tem
perature at predetermined locations at the intake of 
cooling water to the engine. Simultaneously, a water 
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sample is taken for analysis of the salinity The depth 
of observations is approximately 4 m The frequency 
of observations is usually 8 10 times per month 

At the fixed hydrographic stations the vertical 
temperature and salinity profiles are measured 
2-4 times per month by local observers Aure and 
0stensen (1993) present both mean values and long-
term variations from the fixed stations Since 1919 
temperature and salinity have been measured daily 
in the pipeline through which seawater is pumped 
from various depths at the IMR's Research Station 
in Flodevigen The salinity has been determined by 
means of an aerometer (pycnometer) The quality of 
the salinity observations is uncertain and for that 
reason only the temperature observations have been 
used 

The NORWegian ECOlogical Model system 
(NORWECOM) IS a 3-D coupled physical, chemi
cal, biological model system (Skogen et ah. 1995) In 
the present study, only results from the physical 
module are presented The physical forcing variables 
are 6-hourly hindcast atmospheric pressure fields 
provided by the Hindcast Archive of the Norwegian 
Meteorological Institute (Eide et al, 1985, Reistad 
and Iden, 1995), 6-hourly windstress derived from 
the pressure fields and freshwater run-off The mean 
oceanic winter inflow (Jan-Mar) to the North 
Sea across the whole Orkney-Shetland-Norway 
section was calculated from the daily mean current 
component. 

The long-term temperature and salinity trends 
along the coast have been normalized by taking 
the ratio between the long-term change and the 
standard deviation for the same period. Similarly, 
the deviation in the mean value between two mean 
periods has been normalized by using the ratio 
between the temperature or salinity deviation for the 
two periods and the standard deviation for the first 
period The terms "warm winter" or "cold winter" 
mean that the temperature is above or below the 
long-term mean ±1 standard deviation. 

Results and discussion 

Surface layer 

Figure 2 shows the mean temperature and salinity 
for the first quarter of the year (Jan-Mar) for 
selected stations along the whole Norwegian coast, 
along with the modelled winter inflow to the North 
Sea during Jan-Mar The curves have been smo
othed by 5-year running means During the period 
1940-2000 four relatively warm winter periods could 
be identified, culminating around 1950, 1960, 1975, 

and in 1990-1992. Up to the end of the 1980s there 
was a negative temperature trend along the whole 
coast (Table 1) The highest normalized temperature 
trend for the period 1950 1989 was -0 9 and -1 2 
for Lista in the extreme south and Vardo in the 
extreme north, respectively 

The last period of warm winters started in 1987 
and culminated at the beginning of the 1990s 
(Figure 2). During this period the highest winter 
temperatures since 1936 were observed along the 
southern and central parts of the Norwegian coast 
Daily observations from the Torungen lighthouse 
back to 1867 strongly indicate that the winter of 
1990 in southern Norway was the warmest in the 
last 130 years (Anon., 1993). Further north the tem
perature increase in the 1990s was significantly less, 
and at the stations of Folda, Loppa, and Vardo the 
1960s show higher values Comparing the mean 
decadal temperature for the 1990s with the mean for 
the period 1940-1989 the normalized deviation is 
reduced from 1 28 at Flodevigen to 0 17 at Vardo 
(Table 2, Figure 4A) The numbers of warm winters 
in the 1990s reduce from 8 along the Skagerrak 
coast to 1 at Loppa. Consequently, the effect of the 
warm 1990s was gradually reduced from south to 
north 

In the surface layer there is also a significant 
negative trend in winter salinity along the whole 
coast up to the end of the 1980s with the strongest 
salinity reduction at the end of this period (Figure 2, 
Table 1) The normalized salinity trend (the salinity 
trend/standard deviation) up to 1989 was highest 
along the southern and central coasts (Table 1) with 
a maximum at Stad of about -1 8 From the end of 
the 1980s there was again an increase in the salinity 
of the surface layer (Figure 2). Just as for the tem
perature, the salinity increase in the 1990s was 
markedly higher along the southern coast However, 
the negative long-term trend before 1990 resulted in 
the salinity of the surface layer along most of the 
coast in the 1990s remaining below the long-term 
mean for the period 1940-1989 Only in the extreme 
south were the salinities in the 1990s above the 
1940-1989 mean value (Table 2, Figure 4B) 

Along most of the southern coast there appears to 
have been a shift in the temperature regime around 
1988, and after that the temperatures reached above 
normal. This feature is especially pronounced at 
19-m depth at Flodevigen (Figure 2) If we compare 
the seasonal mean temperature for the period 
1940-1987 with the period 1988 2000 we can see that 
during winter and spring there has been a jump of 
more than 1°C At the surface layer of the Torungen-
Hirtshals section, the station on the Norwegian side 
(Torungen 5 nmi. Figure 1) during the same periods 
shows a difference of 1° to 1 7°Cin winter and spring 
or 0 5-0 7 standard deviations, respectively (Table 4, 
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Fledevigen 19m North Sea winter Inflow 
( Utsira -Orknev Islands) 

Figure 2 Mean temperature and salinity in the surface layer for the first quarter of the year (Jan Mar) along the coast from 
north (upper) to south (lower) and the modelled winter inflow to the North Sea (upper right) Five-year running means are 
indicated 
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Table 1 Temperature and salinity trends (T S trend) stan
dard deviation (stdev) and normalized trend (trend/stdev) at 
the surface layer stations and in 150-m depth at the fixed 
hydrographic stations during winter (Jan Mar) from 1950 to 
1989 

Station 

Surface layer 
Vardo 
Loppa 
Skrova 
Folia 
Stad 
Utsira 
Lista 

150 depth 
Skrova 
Sognesj0en 
Utsira 
Lista 

T trend 

- 0 68 
- 0 68 
- 0 48 
- 0 12 
- 0 40 
- 0 36 
- 1 0 8 

- 0 16 
- 0 22 
- 0 21 
- 0 48 

T 
stdev 

0 58 
061 
061 
0 59 
071 
0 87 
1 23 

0 55 
0 29 
041 
0 47 

T trend/ 
T stdev 

-1 17 
-1 11 
- 0 79 
- 0 54 
- 0 56 
- 0 41 
- 0 88 

- 0 29 
- 0 77 
- 0 52 
-1 02 

S 
trend 

- O i l 
- 0 10 
- 0 14 
- 0 28 
- 0 60 
- 0 60 
-1 48 

- 0 12 
- 0 07 
- 0 16 
- 0 12 

S 
stdev 

0 18 
0 23 
0 38 
0 26 
0 33 
0 63 
1 14 

0 20 
0 07 
0 11 
0 12 

S trend/ 
stdev 

- 0 61 
- 0 43 

0 37 
-1 08 
-1 82 
- 0 95 
-1 30 

- 0 60 
-1 03 
-1 45 
-1 02 

Figure 6) There has also been an increase in salinity, 
except for the summer (Figure 6) 

Approximately the same feature is seen in the 
surface layer on the Danish side (Torungen 52 nmi) 
of the section (Table 4, Figure 6), where the North 
Sea water masses enter the area There has been a 
pronounced increase in temperature, especially in 
winter and spring, but not very much during the rest 
of the year Here, the spring was also the period 
with the largest increase, 1 44°C, which is about 0 72 
of the standard deviation for the period 1962-1987 
There has also been an increase in salinity in all 
seasons except the summer The largest increase 
has been in the autumn, with 0 61 of the standard 
deviation of the period 1962-1987 (Table 4, 
Figure 6) 

The deeper layer(150 200 m) 

There has also been a negative temperature trend in 
the deeper layer of the coastal water trom about 
1945 to the beginning of the 1980s (Figure 3) The 
normalized temperature trend 1950 1989 was high
est at the southern stations (Figure 3, Table 1), with 
values between 0 3 and 1 0 standard deviation As 
in the surface layer, there was also a significant tem
perature increase after 1987 The winter temperature 
at Utsira, Sognesjoen, and Skrova was the highest 
observed since 1936 The normalized temperature 
deviation in the 1990s compared to the period 1940 
1989 was highest at the stations with highest salin
ity, 1 e those most influenced by the Atlantic Water, 
such as Torungen 30 nmi, Utsira, and Sognesjoen 
(Figures 3, 4C, Table 2) The Torungen 5 nmi, Lista, 
and Skrova stations are more infiuenced by the 
coastal water with lower salinity (Table 2) 

In the deeper layer there is, in general, also a 
decrease in salinity from around 1950 to the early 
1980s (Figure 3, Table 1) At the Lista, Utsira, and 
Sognesjoen stations, the reduction was highest 
during the period 1970 to the early 1980s, while 
further north at Skrova there was a gradual decrease 
from the mid-1960s to the beginning of the 1990s 
At the stations in southern Norway the normalized 
salinity trend during the period 1950 1989 was 
between -1 and -1 4 standard deviations (Table 1) 
The increase in salinity from the mid-1980s and in 
the 1990s was highest at the stations with the highest 
salinity, i e those mostly influenced by Atlantic 
Water, such as in the open Skagerrak (Torungen 
30 nmi) and at Utsira (Figure 4D, Table 2) The 
relatively cold and low salinity period at the end of 
the 1970s to early 1980s, which is most pronounced 
at Sognesjoen (Figure 3), appears to be associated 

Table 2 Mean temperature and salinity (Tm Sm) during the period trom 1940(50) to 1989 mean deviation trom this mean 
in the 1990s (Dcv, ) and normalized deviation (Dev ,)„/stdev 4,»,) for the surface stations and in 150 m depth at the fixed 
hydrographic stations during winter (Jan Mar) 

Stations (surface 

Vard0 
Loppa 
Skrova 
Folia 
Stad 
Utsira 
Lista 
Flodevigen 

Stations (150 m 

Skrova 
Sognesjoen 
Utsira 
Lista 
Torungen 5 nmi 

layer) 

depth) 

Torungen 30 nmi 

Tmjo g. 

3 10 
3 58 
3 46 
5 14 
5 10 
4 89 
3 98 
3 50 

Tm,,, J, 

6 74 
7 72 
7 38 
6 87 
6 60 
6 89 

DevT^, 

0 10 
0 12 
0 24 
0 29 
0 40 
0 79 
1 01 
1 53 

DevT„, 

0 28 
0 28 
0 35 
0 07 
0 20 
051 

D e v T „ / T s t d e v « „ 

0 17 
0 20 
0 39 
0 49 
0 57 
0 91 
0 84 
128 

DevT«k/Tstdev5„,, 

0 51 
0 97 
0 85 
0 15 
0 33 
0 78 

^ ^ 5 0 K9 

34 41 
34 00 
33 15 
33 64 
32 98 
32 95 
31 97 
30 37 

^ Ï T Ï f ü 8V 

34 56 
34 93 
34 92 
34 81 
34 86 
35 09 

D e v S « , 

- 0 01 
- 0 10 
- 0 25 
- 0 10 
- 0 18 

0 45 
0 69 
1 34 

Dev S,„ 

- 0 12 
0 00 
0 06 

- 0 07 
- 0 07 

0 05 

DevS 

D e v S 

Kij/Sstdevso g, 

- 0 06 
- 0 42 
- 0 66 
- 0 38 
- 0 55 

071 
0 61 
0 55 

VSstdev „, g. 

- 0 60 
0 00 
0 55 

- 0 59 
- 0 41 

0 42 
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Lista 150m 

1940 1950 1970 1980 2000 

35 0 

34 9 

34 8 

34 7 

34 6 

34 5 

Lista 150m 

1950 2000 

84 
82 
80 
78 
76-
74-
72 -
70 
68 
66 
64 

Utsira ISOm 

1940 1950 1960 1970 1980 1990 
34 7 

Utsira ISOm 

1940 1950 1960 1970 1980 1990 2000 

Sognesjaen ISOm 

1940 1950 1970 1980 1990 2000 

35 1 

35 0 

34 9 

34 8 

Sognesjeen ISOm 

1940 1950 1960 1970 1980 1990 2000 

Skrova ISOm Skrova ISOm 

2000 2000 

Figure "? Mean temperature and salinity at 150 m depth for the first quarter of the year at the fixed hydrographic stations along 
the coast Five year running means are indicated 

with the "Great Sahnity Anomaly" of the North 
Atlantic (Dickson e/a/ 1988) 

At 300-m depth in the central Skagerrak the 
normalized seasonal temperature deviation from the 
period 1962 1987 to the period 1988-2000 is 1 1 to 
1 7 standard deviations, while that of salinity is 0 5 
to 0 9 (Table 4 Figure 6) There was also an increase 
in the salinity in all seasons, between 0 5 and 0 9 of 
the standard deviation of the period 1962-1987 
(Table 4 Figure 6) There is a very good correlation 
between the temperature and the salinity in the 
Atlantic water masses of the central Skagerrak, 
which is in accordance with the increased inflow of 
Atlantic Water to the North Sea during the past 
decade (Figure 2) 

Discussion 

The variable inflow of oceanic water to the Norwe
gian and North Seas will influence the hydrographic 
conditions along the Norwegian coast and in the 
Skagerrak The modelled winter inflow to the North 
Sea during January March from 1955 to 2000 
appears in Figure 2 As the large-scale wind pattern 
IS the main driving force, the fluctuation m this 
inflow will most likely also reflect the variability 
m the inflow to the Norwegian Sea As seen, there 
was a significant increase in the inflow in the 
late 1980s and 1990s During the period 1988-2000 
there were 6 winters with extremely high inflow 
(> long-term mean -i-1 standard deviation) The mean 
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Figure 4 The normahzed temperature and salinity deviation (temperature difference-salinity difference/standard deviation) 
between the decadal mean during the 1990s and the period 1940-1989 (temperature) and 1950 1989 (salinity) 

inflow in the 1990s was 1.75 Sv or 1.6 standard devia
tions above the long-term mean for 1955-1989 This 
inflow was highly correlated with the North Atlantic 
Oscillation (NAO) winter index (Hurrell, 1995) with 
r̂  approaching 0 5 A high NAO index is associated 
with mild winters and an increase in the westerly 
winds and the winter precipitation over Scandinavia. 

The wedge-shaped Norwegian Coastal Current is 
deep and narrow during winter and wide and shal
low during summer The driving mechanism for this 
seasonal lateral oscillation of the current is most 
likely an effect of the monsoon-hke wind pattern 
along the Norwegian coast (Sietre el al, 1988). High 
NAO levels mean increased southwesterly winds, 
and this will deepen the Norwegian Coastal Current 
off most of the coast and could result m colder and 
less saline coastal water. Consequently, a high NAO 
winter index is not necessarily synonymous with 
higher temperature and salinity in coastal waters 

The increased temperatures and salinities during 
winter in Norwegian coastal water in the 1990s are 
clearly related to a significant increase of the inflow 
of relatively warm and saline Atlantic Water during 
the same period and especially in the deeper layers 
which are more directly influenced by the Atlantic 
Water. Figure 5 shows the relationship between the 
winter inflow to the North Sea and the temperature 
in the upper layer for the period 1989-2000 Off the 

0 6 -^ 

0 5 

0 4 

"oi 0 3 -

02 -

0 1 

0 

Ql vs temperature 
surface layer 

0 50 

0 36 
0 27 

0 15 

0 00 0 00 

0 46 
0 40 

A-" .o<^ cf ^^^- J"^/' ^5* 

Figure 5 The correlation coefficient (r') between the winter 
inflow to the North Sea (Jan Mar) and the temperature in the 
upper layer for the period 1989-2000 

southern coast the correlation is reasonably good 
(Table 3), but is markedly reduced further north 
The variability pattern in the Atlantic inflow to the 
Norwegian Sea will most likely be similar to that of 
the North Sea The Stad station is believed to reflect 
the fluctuations in this northern branch of the 
Atlantic inflow towards the Norwegian coast The 
correlation between the winter temperatures at Stad 
versus those of the other coastal stations (Table 3) 
indicates low Atlantic influence off the coast of 
northern Norway. 
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Table 3 The correlation coefficient (r ) between the winter 
inflow of Atlantic Water to the Nor th Sea (Qi) and surface 
layer temperature in J a n - M a r at the coastal stations and 
between winter temperature at the station Stad versus the 
other coastal stations during the period 1989 2000 

Station r ' ( Q l ) r^Stad) 

Vard0 0 0 28 
Loppd 0 0 1 0 
Skrova 0 1 5 0 1 4 
Folda 0 27 0 90 
Stad 0 36 * 
Utsira 0 50 0 70 
Uista 0 46 0 68 
Flodevigen 0 40 0 75 

Table 4 Mean seasonal temperature and salinity in the 
periods 1962 1987 and 1988 2000 the difference in means 
between the two periods the s tandard deviation tor the 
period 1962-1987 and the normalized deviation (Diff/stdev) 
between the two periods at the stations Torungen 30 nmi 
(300 m) Torungen 5 nmi (10 m) and Torungen 52 nmi (10 m) 
(Torungen Hirtshals section) 

S 6 g S 88 X Diff S stdev S ^ 87 Diff S/stdev 

This, combined with the reduced normalized tem
perature and salinity deviation from south to north 
during the 1990s (Table 2, Figure 4A B), indicates 
that the increased inflow of Atlantic Water in the 

1990s mostly influenced the hydrographic con
ditions m the upper layer along the southern and 
central Norwegian coasts There is a rather strong 
positive correlation between the temperature and 
salinity variations (r' around 0 5) along the southern 
coast, while further north the two parameters 
appear to be uncorrelated This supports the above 
statement 

The long-term decreasing salinity trend in the 
surface layer along the Norwegian coast is probably 
mainly caused by the increased precipitation and 
thereby the substantial increase in freshwater 
run-off Forland et al (2000) demonstrated that the 
winter precipitation m western Norway is more than 
25% higher during 1980 1999 than for the normal 
period 1961 1990 It is likely that this precipitation 
pattern reflects that of northwestern Europe, so in 
the 1990s the Norwegian Coastal Current has been 
supplied with more freshwater from the Baltic and 
from the North Sea One of the effects of the regula
tion of the freshwater run-off due to construction 
of hydroelectric power plants is increased winter 
discharge and this may also be an important 
explanatory factor Asvall (1976) shows that in the 
southeastern region of Norway the mean natural 
winter freshwater discharge during the period 
1969-1973 increased by up to 170% due to flow 
regulation 

Along the southern and central Norwegian coasts 
the winters of the 1990s are characterized by the 
highest decadal mean temperatures both m the sur
face and in deeper layers for the whole period of 
observations In the upper layer this tendency is 
most pronounced in the southern parts Along the 
northern coast, however, other decades, such as 
the 1950s and the 1970s, show higher decadal mean 
temperatures 

Along the northern Norwegian coast bordering 
the Barents Sea, variabihty patterns seem to follow 
that observed in the open Barents Sea (Ingvaldsen 
et al, 2003), where the 1950s were notably colder 
than the 1990s Although the NAO has a significant 
effect on the climatic variability of the area, local 
wind and atmospheric pressure forces seem to be 
major factors determining the degree of Atlantic 
inflow to, as well as the circulation and water mass 
distribution within, the Barents Sea (Ingvaldsen 
et al, 2003) 

The observations of long-term temperature and 
sahnity variability in Norwegian Coastal waters sug
gest that the fluctuations may be due either to direct 
changes in the heat transfer of the region or be 
advective in nature (Blindheim et al, 1981) How
ever, this IS most likely not a case of "either/or" The 
two types of climatic signals probably interact in a 
rather complicated way 

30 nmi 300 m S Season 
Winter 35 12 35 15 
Spring 35 08 35 14 
Summer 35 11 35 17 
Autumn 35 13 35 18 

30 nmi 300 m T Season 
Winter 6 27 6 91 
Sprmg 5 72 6 61 
Summer 5 68 6 57 
Autumn 6 02 6 78 

5 nmi 10 m S Season 
Winter 31 15 32 13 
Sprmg 29 08 29 74 
Summer 30 01 30 35 
Autumn 31 33 30 97 

5 nmi 10 m T Season 
Wmter 4 63 5 68 
Spring 4 36 6 09 
Summer 14 34 14 32 
Autumn 12 14 13 06 

52 nmi 10 m S Season 
Wmter 33 78 34 14 
Spring 33 40 33 67 
Summer 32 39 32 25 
Autumn 32 94 33 48 

52 nmi 10 m T Season 
Winter 5 69 6 51 
Spring 5 14 6 58 
Summer 13 89 14 29 
Autumn 12 40 12 54 

0 03 0 07 0 47 
0 06 0 07 0 86 
0 06 0 07 0 82 
0 05 0 06 0 87 

0 63 0 56 11 
0 88 0 62 14 
0 89 0 51 17 
0 76 0 5 15 

0 97 2 08 0 47 
0 65 2 87 0 23 
0 34 1 67 0 20 

-0 36 2 02 -0 18 

1 06 2 27 0 46 
1 72 2 63 0 65 

-0 02 2 63 -0 01 
0 92 2 30 0 40 

0 36 0 95 0 38 
0 28 131 0 21 
-0 14 1 14 -0 12 
0 55 0 90 0 61 

0 82 1 68 0 49 
1 44 I 99 0 72 
0 40 2 50 0 16 
0 14 2 34 0 06 
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Figure 6 The normalized seasonal deviation (deviation/standard deviation) in temperature and salinity between the periods 
1962 1987 and 1988-2000 for 3 stations on the Torungen-Hirtshals section 
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Climate variability in the Barents Sea during the 20th century 
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Time series of temperature in three sections representative of Atlantic Water in the 
Barents Sea reveal that the climate in the region has both long term and short term 
quasi regular periods Compared with other decades during the 20th century the 
1990s were colder than both the 1930s and 1950s The 199ÜS started out warm with a 
short relatively cold period in 1996 1998 During the final years of the decade there 
was a gradual build up towards higher temperatures with very high anomalies during 
late autumn and early winter Through regional and local effects the North Atlantic 
Oscillation (NAO) has a significant influence on the Barents Sea on decadal time 
scales and during extreme NAO events Still local atmospheric forcing not captured 
by the NAO index seems to dominate the distribution of the water masses within the 
area The local pressure field appears to change the relative strength of the two 
branches going respectively northeast and east thereby having a significant effect on 
the local climate The local pressure distribution not captured by the NAO index also 
has some influence on the total inflow to the Barents Sea 

Keywords Barents Sea climate variability decadal. North Atlantic Oscillation, 
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Introduction 

The first broad analysis of the hydrography, cur
rents and climate variability in the Barents Sea was 
carried out by Helland-Hansen and Nansen (1909) 
who suggested that the climate variations in this 
region were probably ot an advettive nature How
ever, not all changes in the Barents Sea are traceable 
upstream and advection in the ocean does not 
explain a major part of the variability in the tem
perature conditions (Ottersen et al 2000) Adland
svik and Loeng (1991) demonstrated that the inflow 
ot Atlantic Water (AW) to the Barents Sea is deter
mined, to a large degree by local atmospheric 
forcing Their conceptual feedback model stated 
that cyclonic airllow in the Barents Sea would 
increase the Atlantic infiow and thereby increase the 
temperature The higher temperatures would then 
maintain a low air pressure The Barents Sea tem
perature conditions are further influenced by local 
winter cooling and ice processes Formation of 
water of high density during winter, followed by 
draining from the sea in bottom currents, may be an 

important temperature-regulatory factor (Midttun, 
1985) The activity in building up dense bottom 
water may vary from one year to the next followed 
by variations in the outflow with corresponding 
changes in the inflow In recent years a relation 
between the Barents Sea climate and the North 
Atlantic Oscillation (NAO) has been proposed 
by Grotefendt et al (1998), Dickson it a! (2000), 
Ottersen and Stenseth (2001), and Ottersen et al 
(2003) 

The Barents Sea is a pathway for AW to the 
Arctic Ocean and the transformation of AW when 
It passes through the Barents Sea is important lor 
the ventilation of the Arctic Ocean (e g Aagaard 
and Woodgate 2001) Observations have shown 
that the Barents Sea provides intermediate water 
reaching to a depth ol 1200 m m the Arctic Ocean 
(Rudeh et al 1994 Schauer t / a / , 1997) Barents 
Sea climate is therefore also important for large-
scale climate developments linked to the Arctic 
Ocean 

The present study deals with climatic variability 
in the Barents Sea, emphasizing the Atlantic domain 
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in the 1990s Temperature data from three hydro-
graphic sections and a geographically distributed 
data set were analysed The relationship between 
temperature variability in the different sections and 
horizontal distribution of temperature was investi
gated Finally, causes for the observed climatic 
variability are suggested 

Material and methods 

Location of the stations and sections from which 
data were obtained are shown in Figure 1 This 
includes time-series of temperature in the section 
Fugl0ya-Bear Island (FB) at the western entrance of 
the Barents Sea and the section Vardo-N along 
3r i3 'E The time-series go back to 1953 in the 
Vardo-N Section, while in the FB Section the regu
lar observations started in 1964 In the beginning, 
regular observations were taken only once a year, in 
late August or early September Since 1977, regular 
observations have been carried out more frequently 
SIX times a year at the FB Section and four times a 
year at the Vardo-N Section The data presented 
here are average temperatures for 50 200 m in the 
part of the section where the main Atlantic inflow 
takes place as identified by salinity (Bhndheim and 
Loeng 1981) For the FB Section this means 
between 7r30'N and 73°30'N and for the Vardo-N 
Section the area between 72°15'N and 74°15'N was 
used Data from the Russian records on the Kola 

10°E 20°E 30°E 40°E SO'E 60°E 

Figure 1 The Barents Sea The solid and dashed arrows 
indicate flow of Atlantic Water (AW) and Arctic Water 
respectively The sections Fugloya Bear Island (FB) Vardo N 
(VN) and Kola (K) are shown and the area where average 
temperatures were calculated is indicated The locations of the 
meteorological stations are symbolized by an asterisk Letters 
symbolize Tromso Bank (T) the Nordkapp Bank (N) Finger 
Canyon (F) and the Murmansk Current (M) 

Section along 33°30'E are also included Data from 
1921 to the present day are presented as monthly 
mean values calculated for the depth interval 
between 0 and 200 m in the area between 70°30'N 
and 72°30'N Historical data were taken from 
Bochkov (1982) and Tereshchenko (1996), while 
data from recent years were provided by PINRO, 
Murmansk 

The meteorological data were supplied by the 
Norwegian Meteorological Institute The surface air 
temperatures are from their stations at Torsvag, 
Tromso, Bear Island, and Hopen (Figure 1), while 
the winter mean sea level pressures (SLP) are from 
their hindcast archive (Bide et al 1985) 

Horizontal fields of temperature from 1970 to 
2000 were constructed based on data sampled 
during international fish surveys carried out every 
year Data from the area south of 75°N were sam
pled by 2 Norwegian and 2 USSR research vessels 
between 20 August and 10 September each year 
Data from the area north of 75''N were sampled by 
2 3 Norwegian and USSR vessels in the period 10 
September to 10 October Gaps in the vertical were 
filled by simple linear interpolation separately for 
each station For each separate vertical level a 2D 
algorithm (Taylor, 1976), combining Laplace and 
cubic sphne interpolation, was applied The grid 
distance was 20 x 20 km No extrapolation was per
formed nor smoothing, except for the implicit effect 
of the interpolation 

The long-term means for the sections were 
calculated for the period 1961-1990, following the 
international meteorological mean period, and all 
anomalies were calculated based on this mean period 
For the horizontal temperature fields the long-term 
mean was prepared for the shorter period 1970-2000 
due to the availability of data 

Results 

The Barents Sea climate alternates between warm 
and cold periods, which have both long-term and 
short-term quasi-regular fluctuations (Figure 2) 
The temperature fluctuation is similar in all the 
sections During the 1950s and 1960s the variability 
was high and fluctuations with periods of about 3-5 
years were predominant Prior to and after these 
decades, longer periods were more pronounced 
Comparisons of the August temperature anomahes 
decade by decade reveal the same for the oceano-
graphic sections and meteorological stations the 
1990s were warm, but the 1930s and 1950s were even 
warmer (Figure 3) 

In order to investigate how representative the 
sections are for the rest of the Barents Sea, the time-
series of temperature in each point in the horizontal 
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Figure 2. Time-series of mean August temperature for the 
hydrographic sections. 

field were correlated with mean temperature of the 
section time-series averaged over the same months 
(Figure 4). In general, all sections show relatively 
high correlation, with values of 0.6 or higher throu
ghout the Atlantic domain. An exception is in a 
narrow north-south band near 22°E, where the maps 
indicate two patches of poor correlation (Figure 4). 
The northern patch seems to be located in the area of 
Finger Canyon, where the local topography modifies 

the circulafion and the frontal position (Parsons 
et al., 1996). The southern patch is confined to the 
400 m deep trough between Troms0 Bank and 
Nordkapp Bank (Figure 1) where there is a more or 
less permanent eddy (Loeng et al., 1989). All maps 
also indicate that the temperature in the northern 
and northeastern Barents Sea, which is occupied by 
Arctic water masses, is more or less uncorrelated with 
the standard section temperatures, at least when con
sidering unlagged correlations. Also in the bank areas 
the sections fail to relect the temperature conditions. 
This is not surprising, as local forcing is dominant 
in these areas. The Central Bank is covered by a large-
scale eddy with long residence time that prevents AW 
entering (Quadfasel ct al., 1992). 

A closer examination of the 1990s reveals that this 
decade started out warm, followed by a period with 
temperatures slightly below the long-term mean in 
1996-1998 (Figure 5). During the last 2 years of the 
decade the temperature increased to above the long-
term mean, with especially high anomalies during 
winter in 1999 and 2000. In fact, during the winter 
of 1999 the anomaly in the FB Section was TC 
above the long-term mean (Figure 5). During the 
1990s the total temperature variability spanned a 
range of 1.5°C. 

Temperature anomalies at 100 m show that the 
1990s started out warm in the Atlantic and in most 
of the Arcfic domain (Figure 6). Thereafter there 
was a gradual temperature decrease in the western 
and increase in the eastern parts in 1991 and 1992. 
The year 1993 was significantly colder than the 
previous years, followed by a short warming period 
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Figure 3. Decadal temperature anomalies for (A) the hydrographic sections and (B) the air temperatures at the meteorological 
stations. 
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Figure 4, Maps of correlation coefficients between the 
temperature in 100 m and the time-series from the sections (A) 
FB, (B) Vardo-N, and (C) Kola. Only coefficients above 0.5 
are drawn. The data were from the period 1970-2000, and 
sampled in August- October. The portion of the sections 
where mean values have been constructed is shown. 

towards 1995. The temperature drop in 1996 was 
sudden and simultaneous in most of the Barents 
Sea (Figures 5, 6). A recovery towards higher tem
peratures was evident in the western parts in 1998, 
apparently progressing eastwards towards the central 
parts of the Barents Sea in 1999. 

Discussion 

The correlation maps between the sections and hori
zontal fields of temperature (Figure 4) demonstrated 
that all three sections are fairly representative of 
the Atlantic domain in the Barents Sea. However, 
because or their more northerly position and thereby 
distance from the Norwegian Coast, the mean 
values from FB and Vardo-N are most representa
tive for the northern branch of inflow to the Barents 
Sea, i.e. for the AW going north into Hopen Trench 
(Figure 4). The Kola Section on the other hand 
is located in the Murmansk Current, and is more 
representative for the portion of AW continuing east 
towards Novaya Zemlya. 

Decadal variability and effect of the NAO in 
the Barents Sea 

In the 1990s the temperatures in the Barents Sea were 
well above the long-term mean (Figure 3). However, 
both the 1930s and the 1950s were warmer, indicating 
that the warming of the last decade may very well be 
related to natural variability rather than anthropo
genic effects. However, since the 1960s there has been 
a general increase in both oceanic and atmospheric 
temperatures in the Barents Sea (Figure 3). During 
this period the NAO winter index (Hurrell, 1995) 
changed from its most negative phase in the 1960s to 
its most positive phase in the late 1980s/early 1990s. 
The Nordic Seas/Arctic response of this shift is well 
documented (e.g. Dickson el ciL, 2000), although not 
fully understood. The shift has been accomplished 
by, among several other changes, (1) a significant 
increase in winter cyclone activity for the region 
north of 60°N as a whole, with locally significant 
increases over the central Arctic Ocean, the Barents 
Sea, and the Kara Sea (Serreze et al, 1997; Rogers, 
1997), (2) a decrease in late winter ice-extent in 
the Arctic and eastern Nordic Seas (Johannessen 
et al, 1999; Vinje, 2001), (3) an increase in the annual 
volume fiux of ice from the Fram Strait (Dickson 
et al, 2000; Vinje, 2001), (4) an increase in the 
amount of Atlantic inflow to the Arctic Ocean 
(Grotefendt et al, 1998; Dickson et al, 2000). 

A positive NAO index will result in at least 
three (obviously connected) oceanic responses in the 
Barents Sea, reinforcing each other and causing 
both higher volume flux and higher temperature of 
the inflowing water. The first response is connected 
with the direct effect of the increasingly anomalous 
southerly winds during high NAO (see Figure 7 A). 
Secondly, the increase in winter storms penetrating 
the Barents Sea during positive NAO (Serreze et al, 
1997; Rogers, 1997) will, according to the concep
tual feedback model of Adlandsvik and Loeng 
(1991), give higher Atlantic inflow to the Barents 
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Figure 5 Time-series of temperature anomaly in the 1990s tor the hydrographic sections The January values are labelled 

Sea The third aspect is connected to the branching 
of the Norwegian Atlantic Current (NAC) before 
entering the Barents Sea Blindheim et al (2000) 
found that a high NAO index corresponds to a nar
rowing of the NAC towards the Norwegian Coast 
The narrowing will result in a reduction in heat loss, 
1 e higher temperatures in the inflowing water also 
in the Barents Sea (Furevik, 2001) In addition, we 
might speculate that a narrower current forced 
towards the Norwegian Coast may result in that 
larger portion going into the Barents Sea, although 
this has not been documented 

For a negative NAO winter index, there may on 
the other hand be opposing forces Associated with 
a negative NAO winter index is a secondary low-
pressure centre over the Barents Sea (e g Figure 5 
in Serreze et al, 1997, Figure 2 in Dickson et al, 
2000) While the weaker winds associated with a low 
NAO will decrease the inflow, there is the possibihty 
of the weak low enhancing it if located over the 
Barents Sea, thereby reducing the effect of the low 
NAO This could be one of the reasons why the cor
relation between NAO and Barents Sea temperature 
are best during positive NAO phases, as observed by 
Dickson et al (2000) and Ottersen et al (2003) 

Variability within the 1990s 

The high NAO in the late 1980s/early 1990s resulted 
in high temperatures in the entire Barents Sea The 
temperature decreased throughout the Barents Sea 
in 1993 (Figure 5) In the Norwegian Sea, too, the 
temperatures decreased after the first few years of 
the 1990s (eg Figure 5 in Blindheim et al (2000) 
and the cold anomaly in southwestern parts in 1992 
in Figure 6), indicating that the water masses 
entering the Barents Sea in 1993 were colder than 
the long-term mean In the Atlantic domain the 
cooling was most pronounced along the Norwegian-
Russian coast and in the eastern parts (Figures 5 6) 
This cooling was more likely an effect ot the local 
atmospheric fields than the NAO, as the NAO index 
was only slightly lower this year compared to 1992 
and 1994 (e g ICES, 2000) To seek explanations 
for the observed variations, the mean SLPs for the 

previous winter were examined The motivation 
for this was based on the following during winter 
the vertical stratification in the Atlantic domain is 
weak because of vertical convection, and the water 
column may be homogeneous down to 2-300 m 
Although local cooling and freezing are important 
in the northern and eastern parts, winter tempera
tures in the areas occupied by Atlantic water masses 
vary in parallel with the variations in the inflowing 
AW even at the surface (Midttun, 1990) The strati
fication of the upper layers starts in April May and 
during the summer the warming of the water column 
reaches down to 50-60 m due to turbulent mixing 
The AW IS therefore effectively isolated from the 
surface during summer, and the local conditions 
that determine the surface temperatures (Midttun, 
1990) have little influence on the AW This, in 
combination with a higher inflow in winter than 
summer, is probably the reason why the temperature 
level for the rest of the year has been found to be 
"set" by the hydrographic winter, only adjustments 
to this level taking place later (Ottersen et al, 2000) 
Izhevskii (1964) found the temperature level for the 
coming year to be "set" as early as in December 
The winter mean SLP shown in Figure 7B reveals 
that the major difference between 1990 and 1993 
was the presence of an elliptical low-pressure centre 
over the Barents Sea and northeastern Norwegian 
Sea The east-west extent of the low might have 
steered a larger portion of the infiowing waters into 
the Murmansk Current This can explain the tongue 
of cold waters extending from the Norwegian Sea 
into the Barents Sea along the Norwegian-Russian 
coast (Figure 6) The cyclonic centre probably also 
resulted in more northeasterly winds and lower air 
temperatures northwest of Novaya Zemlya This 
would in turn enhance heat loss to the atmosphere 
and increase the ice production In northern parts 
the ice could drift into the AW, causing a further 
cooling due to melting The temperature decrease 
in eastern and northern parts was therefore prob
ably related to local cooling rather than changing in 
relative strength between the two main branches 

In 1995 there were extremely high summer tem
perature anomalies in the eastern and northern parts 
of the Barents Sea (Figure 6) The hydrographic 
sections show that there was a rapid temperature 
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Figure 6 Horizontal fields of August-October mean temperature anomalies at 100 m depth in the 1990s 
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1996 

Figure 7 Mean SLP for December March (A) Typical situation with high NAO winter index 1990 (B) 1993, (C) 1996, and (D) 
1999 Year is decided by the time of the January 
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increase in the southern Barents Sea in late 1994 and 
early 1995 (Figure 5 and Anon , 2001) Advection 
of this relatively warm water to the eastern Barents 
Sea may explain some of the positive temperature 
anomaly According to Vinje (2001), there was also 
a minimum extent of winter sea ice this year, and the 
Kara Sea was partly ice-free for the first time since 
1864 He ascribed the minimum to the concerted 
action from atmospheric and oceanic reducing 
effects, 1 e reduced northerly winds and higher heat 
content in the ocean 

The dramatic drop in the NAO winter index in 
1996 (e g ICES, 2000) resulted in a strong decrease 
in ocean temperatures in the entire Barents Sea, 
except m some areas in the northern and eastern 
parts (Figure 6) The drop was simultaneous in 
the whole southern area (Figure 5) The mean SLP 
for this year (Figure 7C) reveals that the secondary 
low-pressure centre usually found m the Barents 
Sea during low NAO index, was located east in the 
Fram Strait The necessary conditions for a counter
acting effect on a low NAO as suggested earlier were 
not therefore present in 1996 

During the last 3 years of the 1990s there was 
a gradual build-up towards higher temperatures 
(Figures 5, 6) By the end of the decade the western 
parts were even warmer than at the beginning of 
the decade (Figure 5), while east of 40°E tempera
tures were still well below average (Figure 6) The 
clear shift in the temperature anomalies in 1999 
from warm to cold along 40°E indicates that the 
warming in the branch going north into the Hopen 
Trench was much higher than the warming in the 
Murmansk Current (Figure 6) The winter mean 
SLP for the preceding winter (i e 1999) shows much 
stronger pressure gradients compared to the high 
index year of 1990 (Figure 7A, D) The difference in 
SLP between the eastern and western parts of the 
Barents Sea was 14 hPa m 1999 compared to 10 hPa 
in 1990 Consequently, there might have been an 
atmospheric blocking causing the inflowing water to 
go northwards into the Hopen Trench rather than 
eastwards enhancing the Murmansk Current The 
temperature anomalies for the sections (Figure 5) 
reveal that very high temperatures were observed 
in FB m January 1999 By March the same year the 
high anomalies were observed in Vardo-N, but they 
never reached Kola The atmospheric blocking 
probably decreased the oceanic winter inflow and 
pushed the incoming warmer water northwards, 
thereby confining it to a smaller area It is also 
possible that the change m wind pattern caused a 
change in ice distribution which may have contri
buted to the lack of heating in the eastern parts, but 
this IS probably less hkely as the pressure field 
should not give less coohng in the western parts nor 
more cooling in the east The warming in the late 
1990s can therefore be attributed to a different dis
tribution of AW within the Barents Sea, as well as 
higher temperatures of the inflowing water due to 
the recovery of the winter NAO 

The high temperature anomalies observed during 
the early winters of 1999 and 2000 are worth noting 
(Figure 5) These are ascribed to mild autumns and 
late onset of winter cooling, as there were relatively 
high air temperatures during the late autumn/early 
winter months in these 2 years High sea tempera-
tuvQ anomalies during late autumn and early winter 
were also observed along the Norwegian coast in the 
same period (Anon , 2001), indicating a regional 
phenomenon which we at this point cannot hnk to 
any specific forcing 

Summary and conclusions 

The investigation may be summarized as follows 
1) The 1990s was the warmest decade since the 

1950s As both the 1930s and the 1950s were 
warmer than the last decade, the warming of 
the 1990s may very well be related to natural 
variability rather than anthropogenic effects 

2) The 1990s started out warm both m the Atlantic 
and most of the Arctic domain The low NAO 
winter index in 1996 resulted in a sudden and 
simultaneous drop in temperature in the entire 
Barents Sea, except in small areas in the northern 
parts During the final years of the decade the 
temperatures gradually increased m the western 
parts, but were still well below average east of 
40''E 

3) The temperature variability in the three standard 
sections Fugloya-Bear Island, Vardo-N, and 
Kola in the southern parts of the Barents Sea all 
give a fairly good representation of the climate 
fluctuations in the Atlantic domain 

4) During positive NAO winter index the joint 
action of (at least) three oceanic responses may 
give an increase in the Barents Sea temperatures 
These responses are (i) more southerly winds 
enhancing the inflow, (ii) more winter storms 
penetrating the Barents Sea, (ni) the narrowing 
of the NAC (Bhndheim et al, 2000) and the 
associated lower heat loss to the atmosphere, 
giving higher temperatures in the inflowing AW 

5) Through regional and local effects the NAO has 
a significant influence on the Barents Sea on 
decadal time scales, and during extreme NAO 
events Still, local atmospheric forcing not cap
tured by the NAO index seems to be dominating 
for the distribution of the water masses withm 
the area The local pressure field appears to 
change the relative strength of the two branches 
going northeast and east, respectively thereby 
having a significant effect on the local climate 
The local pressure distribution not captured by 
the NAO index also has some influence on the 
total inflow to the Barents Sea 
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environment in Newfoundland waters during the latter decades of the 1900s - ICES 
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Ocean temperatures on the Newfoundland Shelf during the past several decades have 
experienced near-decadal oscillations superimposed on a general downward trend. In 
particular, the decade of the 1990s has experienced some of the most significant varia
tions since measurements began during the mid-1940s Ocean temperatures, for 
example, have ranged from record low values during 1991 to record highs during 1999 
in many areas, particularly on the Grand Bank of Newfoundland. Coincident with the 
trends in ocean climate many commercial fish species have shown changes in abun
dance, particularly during the decade of the 1990s Recruitment in Newfoundland cod 
stocks, for example, has declined almost steadily since the 1960s, reaching historical 
low values by the early 1990s During the cold early 1990s, with fishing moratoria in 
place, recruitment continued to decline However, by 1995, ocean temperatures began 
to warm and the pelagic ecosystem responded, with the biomass of invertebrate zoop
lankton increasing by a factor of 2 from the early to late 1990s. This was followed by 
a sharp increase in the nekton biomass during the late 1990s, although this increase 
lagged that observed in the zooplankton We conclude that the observed decline in 
cod recruitment since the late 1960s was due to a declining spawmng-stock biomass 
caused in part by a deteriorating ocean environment Furthermore, the subsequent 
increase in the abundance of pelagic organisms observed during the latter half of the 
1990s IS consistent with the expected biological response to changes in the physical 
ocean environment. 

Keywords Atlantic cod, ocean environment, pelagic ecosystem, recruitment, survival, 
temperature 
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Introduction 

The latter half of the 20th century has been a time 
period of considerable variability in the marine 
ecosystem of the Newfoundland Shelf. In the years 
prior to the early 1970s the ocean environment was 
dominated by a general warming phase that reached 
its maximum by the mid-1960s. Beginning in the 
early 1970s, climate conditions in the Northwest 
Atlantic experienced near-decadal oscillations, with 
a general downward trend in ocean temperatures. In 
particular, the decade of the 1990s has experienced 
some of the most dramatic variations since meas
urements began during the mid-1940s. During the 
same time period many commercial fish species also 
showed dramatic changes in abundance and distri
bution, particularly during the decade of the 1990s. 
For example, populations of Atlantic cod (Gadus 

morhua) off Newfoundland decreased from all time 
highs in the 1960s to commercial collapse by the 
early 1990s. 

Many studies have suggested that variations in 
the physical ocean environment infiuence growth, 
recruitment, and distribution of many marine org
anisms in Newfoundland waters (deYoung and 
Rose, 1993; Myers et at., 1993; Rose et at., 1994, 
1995; Taggart et ai, 1994; Narayanan et al., 1994; 
Colbourne et al., 1997; Carscadden et al., 2001). 
More recently. Parsons and Lear (2001) provided 
an overview of recent climate variability in the 
North Atlantic and its impact on the productivity of 
the marine ecosystem. However, overall, physical 
and biological interactions in the marine environ
ment are usually non-linear and operate through 
complex mechanisms throughout the ecosystem over 
a broad range of time scales. These interactions are 
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further complicated by fishing mortality. Therefore, 
correlations between individual environmental indi
ces with measures of fish production often break 
down as different physical factors begin to influence 
various levels of the ecosystem and life stages of 
marine organisms (Mann and Drinkwater, 1994). 
However, long-term trends which coincide in the 
physical and biological environment may reflect 
significant change related to production in marine 
ecosystems and may provide some insight into 
physical-biological processes. 

Following the collapse of cod stocks off New
foundland (NAFO 2J-(-3KL) and on the Grand 
Banks (NAFO 3N0; Figure 1), fishing moratoria 
were put in place in 1992 and 1994, respectively. 
Fishing moratoria provide a unique opportunity 
to observe and study the response of marine eco
systems to variations in the physical environment 
in the absence of significant fishing mortality. In 
this article we first review the long-term trends in 
both the physical environment and cod abundance 
and survival during the 1960s to 1980s, noting that 
during this period it is difficult to disassociate envi
ronmental influences from the effects of fishing mor
tality. We then focus in more detail on the decade 
of the 1990s, examining variation in pelagic fish 
production in Newfoundland waters in relation to 
a warming physical environment. 

62 58 54 50 46 42 

LONGITUDE 

Figure 1 Regional map showing the positions of standard 
monitoring transects, Stn 27 and the statistical fish manage
ment areas established by the Northwest Atlantic Fisheries 
Organization (NAFO). 

Data 

The data utilized in this aticle were derived from 
three main sources: (1) spring and autumn bottom 
trawl surveys by the Canadian Department of Fish
eries and Oceans, (2) annual oceanographic moni
toring surveys along standard sections, and (3) 
large-scale surveys of the pelagic environment on 
the Newfoundland Shelf. Canada has been con
ducting stratified random ground fish trawl surveys 
on the Newfoundland Shelf in NAFO Divisions 
2J3KLNO since the early 1970s (Doubleday, 1981; 
Bishop, 1994). The random stratified fish samples 
obtained from these surveys form a basis on which 
to determine recruitment and population abundance 
for demersal fish stock assessments. Oceanographic 
data were collected during these surveys at all 
fishing locations. 

Oceanographic measurements along standard sec
tions on the Newfoundland and Labrador Shelves 
were initiated by the International Ice Patrol of the 
US Coast Guard soon after the Titanic disaster in 
1912 to monitor variations in the Labrador Current. 
Since the 1940s, oceanographic data have been 
collected on research surveys along standardized 
sections (Figure 1) under the auspices of the Inter
national Commission for Northwest Atlantic Fish
eries (ICNAF) by several countries and currently 
for the Northwest Atlantic Fisheries Organization 
(NAFO). Additionally, as part of an expanded 
Canadian Atlantic zonal oceanographic monitoring 
programme some of these transects are now sampled 
on a seasonal basis (Therriault et al., 1998). 

In recent years, 1994-1999, a comprehensive 
large-scale survey of the marine pelagic environment 
on the Newfoundland and Labrador Shelf has been 
conducted (Anderson and Dalley, 1997; Dalley and 
Anderson, 1997, 1998; Dalley el al., 1999, 2000). 
These surveys, initiated after the collapse of the cod 
stocks of Newfoundland, were designed to monitor 
the expected recovery of Atlantic cod by providing a 
measure of pre-recruit pelagic (0-group) cod as well 
as providing a full multispecies measure of plankton 
and nekton for the study area. The surveys were 
carried out during late summer of each year and also 
provided a comprehensive temperature and salinity 
survey of the shelf waters. 

Traditionally, two stocks of Atlantic cod have 
been managed off the east coasts of Newfoundland 
and Labrador. The northern cod stock (NAFO 2J + 
3KL) was the largest cod stock in the Northwest 
Atlantic, ranging from southern Labrador to the 
northern Grand Bank. It was recognized that the 
northern cod stock was in fact a stock complex 
made up of a number of population components. 
However, it was managed and assessed as a single 
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population using traditional analytical techniques 
The southern Grand Bank cod stock (NAFO 3NO) 
is confined to the ice-free relatively warm waters of 
the southern Grand Banks We considered these two 
cod stocks in relation to environmental variability 
because of the long time series of population esti
mates based on Virtual Population Analysis (VPA) 
and the different ecosystems that they occupy 

Recruitment (R) was defined as the abundance of 
cod at 3 years of age and spawning-stock biomass 
(SSB) was based on the total biomass of mature fish 
Data for recruitment and SSB were obtained from 
the most relevant assessment documents (Bishop 
et al, 1993, Stansbury et al, 1999) An index of cod 
pre-recruit survival was estimated as the abundance 
of cod at age 3 divided by the SSB that produced 
each year class (R/SSB) 

We recognize the retrospective problems asso
ciated with the VPA methodology, where the most 
recent year-class abundances are overestimated 
(Mohn, 1999) However, given the extreme dechnes 
in abundance of each stock in recent years, such esti
mation errors are relatively small in our analysis 
For the northern cod stock, the VPA models have 
not produced reliable estimates since 1993 There
fore we have only presented data up to the 1990 year 
class A research vessel trawl survey estimate is 
available for the offshore area since 1981, and it 
indicates that recruitment has remained at histori
cally low levels since 1990 and population biomass 
has remamed at extremely low levels since 1993 
(UWy et al, 1999) 

Collectively, these surveys provided a comprehen
sive oceanographic data set for the Newfoundland 
Shelf region with good temporal and spatial cover
age for most of the decades since the 1950s Oceano
graphic data from other available sources archived 
at the Marine Environmental Data Service (MEDS) 
in Ottawa were also used to define long-term means 
In this article we present environmental time series 
as differences from their long-term averages (anom-
ahes) referenced to a standardized base period from 
1961 1990 (normal) in accordance with the conven
tion of the World Meteorological Organization In 
addition, we present correlations between environ
mental indices and with indices of fish survival and 
recruitment (all of which show significant auto
correlation) only to highlight the associations 
between long-term trends in fish production and the 
environment 

Long-term trends 

The strength of the cyclonic atmospheric circulation 
over the North Atlantic during the winter months 

largely determines ocean climate variations through 
Its influence on ice extent and duration, ocean tem
peratures, and shelf stratification (Colbourne et al, 
1994, Drinkwater, 1996) A convenient meteorologi
cal index representing the strength of this circulation 
has been termed the North Atlantic Oscillation 
(NAO) index and is defined as the difference in 
the winter sea level air pressure between the quasi-
stationary winter high and low pressure cells over 
the Azores and Iceland, respectively (Rogers, 1984) 
When the NAO index is strongly negative, warm 
saline ocean conditions generally prevail in the 
Northwest Atlantic and colder fresher conditions 
predominate in the Northeast Atlantic, and, con
versely, when the NAO index is high positive 
Spatial variations in the positions and extent of 
the pressure cells sometimes result in significant 
interannual variations in the strength of the winter 
wind patterns in any one location Overall, the NAO 
index accounts for only one-third of the total vari
ance in the winter pressure anomaly field, but repre
sents the most dominant signal of environmental 
variability for the North Atlantic (Dickson and 
Meincke, 1999) 

The NAO index is generally characterized by 
large amplitude fluctuations with periods ranging 
from annual to approximately 20-year cycles Super
imposed on these oscillations was a long-term dec
line m the index from the early 1950s to the late 
1960s, a period of generally warm saline ocean con
ditions on the Newfoundland Shelf This was also 
a time period of increased landings of Atlantic cod 
resulting from an expansion of the fishing industry 
(Figure 2A) Since the early 1970s, the NAO shifted 
towards more positive values and began to oscillate 
at quasi-decadal time scales superimposed on a gen
erally increasing trend As a result, the ocean envir
onment in the Northwest Atlantic experienced more 
frequent periods of cold-fresh conditions following 
the 1960s Landings of northern cod peaked in 1968, 
shortly after the NAO minimum, and subsequently 
declined to a minimum in 1977, increased during the 
1980s and then collapsed to near zero by the middle 
1990s (Figure 2A) The declines in the 1970s and 
1990s have been attributed to high fishing mortality, 
first by foreign fishing prior to the extension of juris
diction in 1977, and secondly to foreign and dom
estic fishing m the 1980s and 1990s (Hutchmgs and 
Myers, 1994, Myers et al, 1996, Bundy, 2001) 
However, we note that the decline in cod landings 
also coincided with a changing ocean environment 
during this 20+ year period 

The responses of the ocean on the Newfoundland 
Shelf to variations in the NAO are clearly evident 
by comparing long-term trends (Figures 2, 3) The 
combined effects of variations m air-sea heat fluxes, 
storm forced mixing and intense winter convection 
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Figure 2. (A) North Atlantic Oscillation (NAO) index and historical cod landings (millions of tonnes) from the northern cod 
stock (2J3KL) and (B) average annual values of the cold intermediate layer (CIL) areas defined by water <0°C along the Seal 
Island, Bonavista and Flemish Cap transects (Figure 1) and bottom temperature anomalies on the inner Newfoundland Shelf at 
Stn 27. 
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Figure 3 Five-year running means of the depth (0-176 m) averaged annual temperature and the depth (0-50 m) averaged 
summer salinity anomalies on the inner Newfoundland Shelf at Stn 27. 
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on the shelf, coupled with summer stratification are 
the primary mechanisms responsible for the forma
tion of cold intermediate waters on the Newfound
land Shelf (Petrie et al, 1988) The cold intermediate 
layer (CIL), defined as water with temperatures 
<0°C overlying the continental shelf during the 
summer months is a robust index of ocean climate 
conditions resulting from these physical processes 
In summer, CIL water remains relatively isolated 
between the seasonally heated upper layer and the 
deeper shelf-slope water, but undergoes a gradual 
decay during autumn due to intense vertical mixing 
As a result, the area of summer CIL waters reflects 
environmental forcing that spans all four seasons 
The annual CIL index is therefore strongly asso
ciated with the long-term trends in the large-scale 
winter atmospheric circulation (NAO) (r = 0 6), air 
temperatures (r = 0 61), and winter and spring sea-
ice cover on the Newfoundland Shelf During the 
mid-1960s, when the NAO reached the lowest value 
of the 20th century, the volume of the CIL on the 
Newfoundland Shelf reached the lowest value ever 
observed in the time series (Figure 2B) During the 
early part of the 1990s the NAO increased to well 
above normal, and the volume of CIL water on the 
shelf reached near record high values However, 
these cold conditions were immediately followed by 
a warming trend beginning in 1992, and by 1996 
ocean temperatures had warmed to above normal 
values, which continued into 1999 when the area 
of CIL on the Shelf reached near record low values 
(Colbourne, 2001) 

Ocean temperature and salinity have been mea
sured routinely since 1946 at a standard hydrograp-
hic monitoring station (Stn 27, Figure 1) located m 
the inshore branch of the Labrador Current on the 
Newfoundland Continental Shelf (Colbourne and 
Fitzpatrick, 1994) This inshore site is representative 
of ocean conditions over the Newfoundland Shelf 
down to a water depth of 176 m (Petrie et al, 1991) 
Bottom temperatures at this site reached a maxi
mum during the mid-1960s then decreased to a 
record low during the early 1970s before increasing 
to above normal values from 1975 to 1982 After 
1982 they remained below normal until 1996, the 
longest time period of below normal temperatures in 
the 50-year record (Figure 2B) The depth averaged 
temperature and salinity at Stn 27 have varied from 
periods of warm-salty conditions prior to the 1970s 
to cold-fresh conditions during the early 1970s and 
early 1980s Conditions during the mid-to-late 1980s 
were generally cold and salty and during the first 
half of the 1990s they were generally cold and fre
sher than normal (Figure 3) Superimposed on these 
near-decadal oscillations was a downward trend in 
ocean temperatures from the record high in the late 
1960s to the record low in the early 1990s From 

the 1950s to the mid-1990s temperature and salinity 
varied in phase, although the phase difference 
changed over time The phase of the salinity cycle 
preceded that of the temperature cycle by approxi
mately 5 years in the late 1960s and decreased to 1 
to 2 years from the late 1970s to early 1990s During 
the 1990s, while both cycles were more or less in 
phase, the amplitudes were quite different During 
1985, both temperature and salinity began to inc
rease, however, the temperature never recovered to 
above normal values until the latter half of the 
1990s Salinity increased to above normal values 
during 1988 but then fell to below normal values 
during the early 1990s, which continued into the 
mid-1990s (Figure 3) The trends m temperature and 
salinity were strongly associated with the trend in 
the NAO for the period 1952-1998 with correlation 
coefficients of -0 42 and -0 30, respectively 

Recruitment for the northern (2J + 3KL) and 
Grand Bank (3NO) cod stocks experienced long-
term declines during the 1970s until the middle to 
late 1980s from the highs of the early to mid-1960s 
(Figure 4A) Superimposed on the long-term dec
lines were short-term variations, which were signifi
cantly autocorrelated up to 5-year time periods By 
the mid-1980s recruitment in the northern cod stock 
was in a steep decline and by 1990 recruitment 
similarly declined m the Grand Banks cod stock 
Throughout the 1990s recruitment has remained at 
historically low levels The SSB of both cod stocks 
also experienced long-term dechnes since the 1960s 
and 1970s reaching record low levels by the early 
1990s (Anderson and Colbourne, 2000) Survival, 
expressed as the number of recruits produced by 
the spawning population (biomass), has declined 
in both cod stocks to historically low values in 
the 1990s (Figure 4B) Survival of the Grand Banks 
cod peaked in the 1960s and was high again in the 
late 1970s before declining to low values from the 
mid-1980s to the present Survival of the northern 
cod peaked in the late 1970s, coincident with the 
Grand Banks cod, before declining to very low sur
vival rates by the late 1980s Survival estimates are 
correlated with the trend m both temperature and 
salinity at Stn 27 and the NAO index at lags of 0 
and 1 year for 3NO stock (r = 0 4) and 1 and 2 years 
for the northern cod stock, indicating a possible 
environmental effect on the survival of pre-recruit 
fish 

In both the northern and Grand Bank cod stocks 
recruitment was associated with the long-term 
trends in the NAO, with low recruitment generally 
associated with a cold environment (high positive 
NAO anomaly) (Figure 5) It also appears that the 
Grand Bank cod stock responded over the full range 
of NAO variability, while the northern cod stock 
may be more tolerant to short-term changes in the 
ocean environment, showing less response until the 
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Figure 4. (A) Recruitment in Grand Bank (3NO) cod and the northern cod (2J3KL) estimated from Sequential Population 
Analysis. Recruitment is defined as abundance estimated at age 3 years and (B) the year-class survival indices estimated as the 
number of recruits produced by the .spawning biomass for northern (2J3KL) cod and Grand Bank (3NO) cod. 
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Figure 5. Recruitment defined as abundance estimated at 
age 3 years in northern (2J3KL) and Grand Bank (3NO) cod 
plotted against the 5-year averaged NAO values. 

NAO reached its most positive values. Noting that 
ocean climate variabihty forced by atmospheric cir
culation (NAO) has the greatest influence on the 
upper layers of the ocean, effecting sea-ice dynam
ics, shelf stratification, and water temperatures, a 
plausible explanation may be related to differences 
in the habitat of the two stocks. The Grand Banks, 
being much shallower than regions to the north 
and occurring within the CIL, generally experiences 
more extreme ocean climate variations at shorter 
time scales than the deeper waters of the northeast 
shelf regions. However, it is not possible to partition 
environmental influences from the confounding eff
ects of fishing mortality, predator-prey interactions 
and other factors during the time period preceding 
the fishing moraloria of the 1990s. 



Biological response in a changing ocean en\ironment in Newfoundland Haters 175 

The 1990s 

Physical environment 

During the first half of the 1990s the NAO index 
was well above its long-term mean, reaching the 
third highest value of this century by 1995 During 
the winter of 1996 it underwent a sharp reversal, 
decreasing to the lowest value since 1979 (Figures 
2A, 6) and one of the 10th most negative values this 
century By the winter of 1997 and 1998 it increased 
from the low of 1996 to near normal values, how
ever, by 1999 and 2000 the NAO anomaly increased 
again to well above normal Thus the NAO anomaly 
during 1999 and 2000 was similar to that observed 
during the first half of the 1990s However, during 

the past 2 years the colder-than-normal winter con
ditions usually associated with a high NAO index 
did not extend into the Northwest Atlantic This 
exceptional response appeared to result from an 
eastward displacement of the negative pressure 
anomalies towards the east over the Barents Sea 
region Thus, while that region experienced wide
spread warming, the Northwest Atlantic was under 
the influence of a milder southerly wind field (ICES, 
2001) These variations in the NAO index during 
the decade of the 1990s fit the pattern of quasi-
decadal variability that has persisted since the 1960s 
(Figure 2A) 

In response to the oscillations in the NAO, 
the ocean environment on the eastern Canadian 
Continental Shelf during the decade of the 1990s 
experienced some of the most dramatic variations 
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Figure 6 Annual dnomalies in the NAO, Labrador air temperatures, Newfoundland Shelf sea-ice extent (adopted from 
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since measurements began during the mid-1940s 
(Figure 6). Annual air temperatures increased to 
above normal values in 1996 which increased to 
record highs in 1999 setting a 126-year record over 
Newfoundland and a 65-year record over Labrador 
(Drinkwater et al., 2000). Sea ice extent on the 
Newfoundland Shelf decreased rapidly from the 
heavy ice years of 1990-1994 to the lightest ice-year 
since 1969 by 1996 (Figure 6). These changes resul
ted in a significant reduction in the area of CIL 
waters on the Newfoundland Shelf from the third 
highest ever-recorded in 1991 to the third lowest 
in 1999, a 22-year record. Off eastern Newfound
land, the depth-averaged ocean temperature at Stn 
27 (Figure 1) ranged from a record low during 1991 
to the highest value in 32 years by 1996 (Figure 6). 
The annual upper layer summer salinity at Stn 27 
also increased from fresher than normal during 
1991-1995 to near-normal values from 1996-2000. 
On the Grand Bank of Newfoundland and on the 
Hamilton Bank of southern Labrador the spatially 
averaged bottom temperature also ranged from 
record low values in 1990 and 1991 to near record 
highs by 1999 (Figure 6). The profound changes in 
the ocean climate in the Northwest Atlantic during 
the mid-1990s followed the sharp reversal in the 
NAO during the winter of 1995-1996. Furthermore, 
the subsequent displacement of the normal atmo
spheric pressure patterns during 1999-2000 resulted 
in a continuation of the climate regime typical of 
negative NAO conditions to the end of the decade. 

The thermal habitat of many demersal fish species 
on the eastern Canadian Shelf, particularly on the 
Grand Banks of Newfoundland, also shifted from 
one extreme to the other during the past decade. 
During the cold years of the early 1990s most of the 
Grand Bank (except the deeper slope regions) and 
the southernmost areas were covered by <0°C water, 
with a large area of the northern half of the banks 
covered with< 1°C water in the autumn. Over the 
southern areas bottom temperatures ranged from 
0°C to above 3.5''C on the southwestern slopes of 
the bank (Colbourne, 2001). During these years tem
peratures for the most part were below normal over 
the entire region, with anomalies reaching at least 
0.5°C below normal, but also as low as 2°C below 
normal in some regions (Figure 7). By the late 1990s 
the area of <0°C water began to retract and was 
restricted to a small area near the coast. Tempera
tures ranged from <0°C off southern Newfoundland 
to 8°C on the southeast shoal of the Grand Bank 
(Colbourne, 2001). As a result, above normal condi
tions persisted over the entire Grand Bank with 
temperatures up to TC above average in northern 
areas and up to 4°C above normal on the southern 
Grand Banks (Figure 7). 

The shift in the thermal habitat from the Arctic
like conditions of the early 1990s to the more tem
perate conditions of the late 1990s is clearly evident 
in Figure 8. The percentage area of the Grand Bank 
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Figure 7. Contour maps ot bottom temperature anomalies 
(in °C) during the fall of 1993 and 1999 for the Grand Bank 
region The anomalies are referenced to all available data 
collected in the area from 1961-1990 Shaded values are 
negative 
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Figure 8 Time series of the percentage area of the bottom in 
NAFO Divisions 3LN0 covered by water with temperatures 
<0°C, 0-1 "C, X-l'C, 2-3°C, and >3°C during spring. 
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covered by <0°C water decreased significantly from 
near 60% m 1991 to about 10% by 1999. This decre
ase in the area of the seabed habitat covered by 
very cold water follows a time period from the 
early 1980s up to the early 1990s when the thermal 
habitat on the Grand Bank was in a cooling phase 
(Figure 8). A corresponding increase in the areal 
extent of water °C occurred during the late 1990s 
increasing to near 60% by 1999, similar to values 
prior to the mid-1980s. Durmg 2000 the area of sub
zero °C water remained below the values of the early 
1990s but increased over 1999 values to near 20%. 
The 1998 and 1999 values represent the largest area 
of relatively warm water on the Grand Bank since 
1983. 

Changes in the stratification at Stn 27 (defined as 
dp/dz over the top 50 m of the water column) during 
the 1990s indicate that the winter stratification 
was above normal from 1990 to 1995, while spring 
values were below normal from 1990 to 1992, but 
then increased to above normal values from 1993 to 
1998 (Figure 9). We emphasize, however, that these 
calculations are based on a limited data set, particu
larly during the winter months, at a single point on 
the inner Newfoundland Shelf. Nevertheless, they 
show relatively large changes in the stability of the 
water column during the past decade. 

Labrador during the years 1994 to 1999. The surveys 
sampled a wide spectrum of sizes of marine organ
isms from macrozooplankton to over 70 species of 
the nekton community ranging in size from 0-group 
Atlantic cod to 3-year-old capelin. 

In 1994, the estimated biomass of invertebrate 
zooplankton, primarily copepods, was at a relatively 
low level. However, in subsequent years the biomass 
increased linearly, reaching a peak in 1997 after 
which it declined moderately in 1998 and 1999 but 
still remaining relatively high (Figure lOA). In con
trast, the total nekton biomass remained relatively 
low from 1994 until 1997 before increasing by a 
factor 2-3 times in 1998 followed by a further inc
rease in 1999. Increases occurred in all components 
of the nekton biomass, including euphausiids, amp-
hipods, jellyfish, juvenile squid, and pelagic O-group 
fish. The increase in nekton biomass occurred first 
in the south over the Grand Banks in 1998 and then 
extended to the north in 1999 as ocean temperatures 
continued to increase and warmer water spread 
further northward. The lag between the increase in 
nekton, compared to the zooplankton, is notable 
(Figure lOA), suggesting that feeding conditions for 
high production in the nekton were insufficient prior 
to 1997 in spite the warming ocean environment. 

Biological environment 

During the early 1990s, with fishing moratoria in 
place, the recruitment and biomass of cod stocks of 
Newfoundland continued to decline to their lowest 
level ever-observed (Figure 4A). However, by 1995, 
as ocean temperatures began to warm the pelagic 
ecosystem responded, with the biomass of inverte
brate zooplankton and nekton increasing sharply 
during the late 1990s. This response was monitored 
by large-scale surveys of the pelagic environment 
(described above) conducted off Newfoundland and 
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Figure 9 Stn 27 stratification index, define as dp/dz over the 
top 50 m of the water column for the winter (Jan-Mar) and 
spring (Apr-Jun) during the decade of the 1990s. 

Figure 10 (A) Recent trends in biomass of invertebrate zoop
lankton and nekton in the pelagic ecosystem of the shelf 
waters of Newfoundland and Labrador during late summer 
from 1994-1999 and (B) the relative abundance of Atlantic 
cod and the spatially averaged spring bottom temperature (in 
°C) for Divisions 3LNO. 
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The abundance of individual species of 0-group 
pelagic fish remained low from 1994 to 1997 How
ever beginning in 1998 a dramatic increase in abun
dance occurred for several species on the Grand 
Banks including Atlantic cod, sandlance (Ammody-
tes sp ), redfish (Schastes sp ) and American plaice 
(Hippoglossoides platessoides) Atlantic cod remai
ned at relatively low levels of abundance on the 
Grand Banks until 1997, after which it increased by 
at least two orders of magnitude in 1998 and 1999 
(Figure lOB) During this time period the spatially 
averaged bottom temperature on the Grand Banks 
during the spring increased from near 0"C in 1994 to 
over 1°C in 1998 and to over 1 5°C by the spring of 
1999 (Figure lOB) The large increase in pelagic fish 
abundance, which first appeared over the Grand 
Banks in 1998, was detected further northward 
along the northeast coast of Newfoundland in 1999 
as warm ocean conditions progressed northward 
In contrast, the abundance of 0-group Arctic cod 
(Boreogadus saida) decreased from 1994 to 1999, 
consistent with the observed contraction of Arctic 
species and the expansion of the boreal and tem
perate species during the latter half of the 1990s 
(Anderson et al, 1999, Dalley et al, 2000) 

Other biological indicators show similar results 
For example, data from the annual multispecies 
bottom trawl surveys of the 2J'5KLNO region while 
showing only a slight increase in the biomass of 
cod from 1995 to 1997 showed a 70% increase from 
1998 to 1999 during the fall survey (DFO, 2000) 
The biomass in 1999, however, was still only a frac
tion of the biomass prior to the 1990s The relative 
year-class strength, derived from a number of inde
pendent surveys conducted by the Department of 
Fisheries and Oceans, including the pelagic 0-group 
surveys and the stratified-random bottom trawl sur
veys showed that the 1998 and 1999 year classes 
of cod to be the strongest since 1992 Additionally 
since the spring of 1998 there has been a significant 
increase in the number ot cod caught per tow of fish 
at age 3 years and less in survey sets on the Grand 
Banks (Colbourne and Murphy, 2000) These were 
mainly confined to water temperatures above 2°C 
and It is stressed that these catch rates were still 
an order of magnitude lower than pre-1990s rates 
Finally, the recently observed expansion in the spa
tial distribution and increase in abundance of yel-
lowtail fiounder (Limanda ferruginea) on the Grand 
Banks coincided with the improved thermal envir
onment during the latter half of the 1990s (Walsh 
et al, 2000, Colbourne and Bowermg, 2001) These 
observations may have been due to a temperature 
dependent increase in catchability, or the increase in 
water temperature may have made the Grand Banks 
a more suitable environment for improved survival 
and growth rates of these fish species 

Discussion and summary 

The shelf waters off Newfoundland and Labrador 
are a habitat to many overlapping Subarctic, boreal 
and temperate marine species Therefore variations 
in the thermal habitat are probably one of the most 
important physical variables influencing biological 
production in this region Ocean climate in the 
Northwest Atlantic, particularly on the Newfound
land Continental Shelf (NAFO 2J3KLNO), during 
the recent past has experienced sharp annual 
fluctuations quasi-decadal oscillations and longer-
term trends over several decades In particular, the 
decade of the 1990s has experienced some of the 
most dramatic variations since measurements began 
during the mid-1940s Coincident with these climate 
variations many commercial fish species have shown 
dramatic changes in abundance and distribution 
particularly during the decade of the 1990s Prior 
to the 1990s, it has been impossible to disassociate 
environmental effects from fishing mortality How
ever, the low survival, which occurred in both the 
northern and Grand Bank cod stocks through the 
1980s into the 1990s suggests a link between a cool
ing environment and survival During the 1990s, 
with fishing moratona in place, the production of 
juvenile cod remained low until 1998 Together, 
these observations support the conclusion that poor 
environmental conditions were responsible, in part, 
for the declines of cod in the 1980s as well as the 
delayed recovery of these populations in the 1990s 

By the mid to late 1990s, ocean temperatures 
began to warm and the pelagic ecosystem respon
ded, with the biomass of invertebrate zooplankton 
increasing by a factor of 2 from the relatively low 
levels of the early 1990s This was followed by a sig
nificant increase in the nekton biomass during 
the late 1990s, although this increase lagged that 
observed in the zooplankton by at least 2 years 
(Figure lOA) The reason for this lag is unknown at 
present The low zooplankton biomass observed 
during the early 1990s most likely negatively impac
ted fish growth and survival The increase in the 
abundance of pelagic 0-group fish did not occur 
until zooplankton biomass increased to high levels 
beginning in 1997, even though water temperatures 
were at and above normal before that time This 
suggests that conditions for feeding and growth of 
young fish were insufficient prior to 1998 

While ocean temperatures no doubt play a critical 
role in defining fish habitat and determining survival 
of eggs and larvae, the success of fish production 
or recruitment most likely depends on many other 
complex non-linear physical and biological pro
cesses Changes in shelf stratification arising from 
variations in salinity, for example, likely play an 
important part in lower trophic level production 
For maximum primary production to occur, several 
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requirements are necessary, including sufficient ver
tical mixing of nutrients through the water column 
prior to the onset of stratification The timing of 
these events is a critical factor and one that is greatly 
influenced by broad-scale physical forcing Varia
tions m the timing of peak primary production 
m relation to fish larvae production has been hypo
thesized to be an underlying mechanism by which 
climate variations influence recruitment m fish 
stocks, the so-called "match-mismatch" hypothesis 
(Cushing, 1975) Some of the possible physical 
mechanisms that may influence ecosystem produc
tivity m this respect have been reviewed by Mann 
and Drinkwater (1994) 

The dynamics causing variations m the timing and 
magnitude of shelf stratification is complex, involv
ing ocean advection, water temperature (which is 
influenced by the large-scale NAO forcing), and 
salinity (determined to a great extent by sea-ice 
dynamics) These processes cause temporal and spa
tial variations m local anomalies and, as a result, 
temperature and salinity relationships are often out 
of phase (Figure 3) Withm the recent prolonged 
period of below normal temperatures, seasonal 
salinities have varied from fresher to saltier than 
normal As a result, the relatively strong winter 
stratification may have impeded the normal vertical 
flux of nutrients to the euphotic zone on the New
foundland Shelf, while the above normal values 
during the spring from 1993 to 1998 may have pro
vided more favourable conditions for increased 
primary production A more detailed analysis of the 
timing of stratification m relation to the annual 
plankton bloom from more recent data is in pro
gress Nevertheless, it appears that the early 1990s 
was a period of low zooplankton production, and 
while an increase in biomass did occur during 1995 
to 1997 It IS possible that the timing of peak produc
tion did not coincide with the early larval stages 
of many species offish until at least 1998 There are 
insufficient data, however, throughout the 1990s to 
fully test this hypothesis Therefore the mechanisms 
effecting primary production, nutrient supply, and 
fish recruitment remain for the most part specu
lative, but should become clearer as more data 
become available 

In summary, during the last several decades of 
the 20th century environmental conditions on the 
Newfoundland Shelf continued to change, showing 
extreme variability and often exhibiting different 
responses during different time periods For exam
ple, temperature and salinity anomalies often show 
differences in phase and amplitude due to the com
bined influences of advection and the temporal and 
spatial variability in sea-ice formation and melting 
The NAO index, which is correlated with ocean con
ditions, has also experienced spatial variability in 
the most recent years and a subsequent breakdown 

m the expected ocean response in the Northwest 
Atlantic Superimposed on the non-linear dynamics 
of the physical environment are the dynamics of 
the fish stocks, which have been subjected to enor
mous levels of fishing mortality during different 
periods More observations over longer time periods 
may begin to resolve the interplay of environmental 
effects and fishing, on fish population dynamics 
and production Alternatively, unravelling the per
plexity between natural and anthropogenic factors 
will more likely proceed with better measures of 
the ecosystem and stock production Among these, 
measuring fish population production earlier m 
the life history, for example, is an essential step m 
this direction In addition, new initiatives presently 
carried out under an Atlantic Zonal Monitoring 
Program (AZMP) (Thernault et al, 1998) are desi
gned to monitor mterannual variations in plankton 
production Data from these efforts should provide 
information on the timing of peak production 
and physical processes that can be compared to 
year-class success rates of fish 

In conclusion, the decline in fish production, cod 
m particular, observed since the 1960s and 1970s m 
Newfoundland waters was due to a declining SSB, 
most likely caused by excessive fishing that occurred 
withm a deteriorating ocean environment The con
tinued decrease during most of the 1990s with fish
ing moratoria in place indicates an unfavourable 
ocean environment for survival or production of 
young fish resulting m low SSB It is noted, how
ever, that other biological factors may be affecting 
the recovery of many fish stocks, such as depen-
sation m the presence of continued mortality both 
natural and through limited fisheries (Shelton and 
Healey, 1999, Anderson and Rose, 2001) Finally, 
the subsequent increase m the productivity of the 
pelagic ecosystem observed during the late 1990s 
IS consistent with the expected biological response to 
a warming ocean environment However, the extent 
to which these early signs of increased production 
translate into significant year classes of cod, for 
example, remains to be seen 
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A mixture of neritic. copepod species meroplanktonic larvae and ichthyoplankton 
usually dominates the zooplankton on the Faroe Shelf during spring and summer 
The ecosystem however is very much afietted by the interannually variable influx 
of Calanus jmmarchuus During the 1990s the plankton production abundance 
and species composition fluctuated greatly the zooplankton biomass on the Shelf 
(which IS mainly C fmmanhicus biomass) by a factor ot 10 When the abundance 
of C fmmunhuus was high the abundance of neritic zooplankton was generally 
low and >«;( \irsu Interannually there is a strong inverse relationship between zoop
lankton biomass on the Shelf and new primary production During the 1990s new 
primary production from spring to mid-summer fluctuated by a factor of about 5 
inversely related to the zooplankton biomass The good relationship between primary 
production and fish reproduction and growth and is most likely the result of variable 
production of zooplankton of a suitable size for fish larvae during spring 

Keywords ecosystem, Faroe Shelf ichthyoplankton, phytoplankton, solar radiation, 
zooplankton 

Eilif Gaard Faroesc Fisheries Lahoralor\ Bo\ 30^1 FO-IIO Torshain Faroe Islands 
[til +298 SI 30 92 fa\ +298 3182 64 e-mail eiliJg@frsJo] 

Introduction 

The tides on the Faroe Shelf are primarily semi
diurnal with peak currents of about 1 m sec ' inside 
the 100 m bottom contour (Figure 1) The currents 
are even stronger in the shallow areas and, locally, 
can exceed 4-10 knots (Hansen, 1992, Simonsen 
1999) This leads to intense mixing, resulting in 
homogeneous water masses The well-mixed shelf 
water is separated from the offshore stratified 
waters by a persistent tidal front located at about 
the 100 n o m contour (Gaard cr al, 1998) In addi
tion, residual currents have a persistent anticyclonic 
circulation around the islands, with typical speeds of 
about 0 1 0 15 m s ' (Hansen, 1992, Hansen and 
Larsen, 1999, Simonsen, 1999, Gaard and Hansen, 
2000) 

The extreme turbulence of the Faroe Shelf Water, 
and the separation of the Shelf Water from the off
shore led to maintenance of a shelf planktonic com
munity that IS quite different from that offshore 
Both the phytoplankton production and species 
composition in these two regions are quite different 
Most years the phytoplankton spring bloom starts 
earlier on the Shelf than offshore (Gaard, 1996, 
2000) Since the nutrient pool is limited, the primary 
production decreases nutrient concentrations during 
spring and summer (Gaard, 1996, Gaard et al. 

1998) In high nutrient concentrations, diatoms 
dominate in the Shelf Water, however, when the 
nutrient concentrations decrease much smaller 
flagellates tend to take over (Gaard et al, 1998) 

The zooplankton species composition, produc
tion, and abundance on the Shelf are also usually 
quite different from the offshore environment The 
Shelf community is essentially a mixture of neritic 
copepod (mainly Acaitia spp and Temora longi-
cornis) and meroplanktonic larvae (Gaard, 1999, 
Debes 2000), and ichthyoplankton (Gaard and 
Steingrund, 2000, Gaard and Reinert, 2002) during 
spring and summer The ecosystem is also affected 
by advection of zooplankton from the surrounding 
offshore environment, e g the copepod Calamis 
fmmanhicus may be advected onto the Shelf in 
highly variable abundance (Gaard and Hansen, 
2000) The abundance of C finmanlmus is usually 
much lower on the Shelf than offshore 

The Faroe Shelf Water can be characterized as 
a relatively isolated, well-defined, small (approxi
mately 8,000-10,000 km ) and uniform ecosystem 
which IS suitable for ecological studies 

The aim of this article is to demonstrate the 
interannual variability of phytoplankton, zooplank
ton, and ichthyoplankton during the period 1990 
2000 Possible environmental causes and their 
effects on higher trophic levels in the Faroe Shelf 
ecosystem are discussed 
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Figure 1. Bottom topography and main features of the flow 
field. The dotted line indicates a typical position of the tidal 
front that separates the Shelf Water from the open ocean. The 
black squares with letters refer to observational sites visited 
for monitoring of time-series investigations. 

Materials and methods 

Oceanic observations and measurements of hydro
graphy, nutrients, and plankton were carried out in 
late June 1990-2000 at about 50 stations distributed 
around the Faroe Shelf and slope. In addition, time-
series of salinity were collected at two shelf stations 
(SI and S2) and at two offshore stations (Ol and 
02) in May 1990-2000 (Figure 1). 

At a coastal station (Station C in Figure 1), nutri
ents and chlorophyll a were collected twice a week at 
18-m depth. Nutrient samples were collected from 
May 1995 and chlorophyll a samples during spring 
and summer from 1999. In addition, chlorophyll a 
was frequently collected at station T during 1997. 
Solar radiation in the 300-2500 nm spectral range 
was measured from 1990 to 1999 at station L with 
an automatic measuring weather station (Anderaa). 
Salinity was obtained by CTDs. An EG&G CTD 
was used until May 1995 and a Seabird Electronics 
SBE 911 plus CTD afterwards. 

The nutrient samples from 1990 were stored in a 
refrigerator and analysed 7-11 days after sampHng. 
In 1991-1994 they were frozen immediately after 
sampling and analysed ashore. Since 1995 the sam
ples that were collected onboard the research vessel 
were analysed onboard, and the samples that were 
taken at the coastal station (C) were preserved 
with 12 drops of chloroform per 100 ml of sample. 
Nitrate + nitrite were measured with an autoana-
lyzer in accordance with the method of Grasshoff 
et al. (1983). 

Chlorophyll a was measured following the method 
of the Baltic Marine Biologists (1979) and the Jeffrey 
and Humprey equation (1975). 

Zooplankton was sampled by vertical hauls from 
50-m depth to the surface. A Hensen net was used in 
1989-1991 and a WP2 net in 1992-2000. Both nets 
had a mesh size of 200 nm and operated at a towing 
speed of 0.3-0.5 m sec'. The samples were preserved 
in 4% formaldehyde. Subsamples were identified 
and counted, and biomass obtained after drying at 
60-65°C until they reached constant weight. 

Results 

The average solar radiation for March, April, May, 
and June 1990-1999 showed increasing values 
during the seasons (Figure 2). During spring, the 
interannual variability was generally smaller than 
differences between the months. 

The salinity is always lower in the Faroe Shelf 
Water than in the surrounding ocean (Figure 3A). 
This salinity gradient is maintained by precipitation 
and run-off from the islands, retention of the water 
masses on the shelf and shallower bottom depths on 
the Shelf. The front between the oceanic and the 
Shelf Water can be identified based on the isoha-
lines. The average salinity difference in the upper 
50 m of the water column between the shelf stations 
(SI and S2) and offshore stations (01 and 02) in 
May 1990-2000 was 0.10. However, there was inter
annual variability in salinity with a difference of 
between 0.05 and 0.13. This variability is due to 
variable retention of the Shelf Water or variable 
precipitation. 

The amounts of nutrients on the Shelf are limited 
to those available to the spring bloom plus the net 
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Figure 2. Mean solar radiation (300-2500 nm spectral range) 
at station L in March, April, May, and June 1990 1999 
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Salinity, 50 m 

Nitrate, 40 m 

bloom had the lowest nitrate concentrations during 
summer, and vice versa (Figures 4 and 5). 

There was high interannual variability in (dec
rease of) the nitrate concentrations on the Faroe 
Shelf during the 1990s (Figure 6). During the early 
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Figure 4. Nitrate concentrations at station C from May 1995 
to December 2000 
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Figure 5 Chlorophyll a concentrations at station T during 
1997 and station C from April to August 1999 and 2000 

Figure 3 Salinity at 50 m depth (A) and nitrate (|iM) at 40 m 
depth (B) around the Faroe Shelf. 23 June to 1 July 2000. 

influx of nutrients from offshore during the produc
tive season. During summer, the nutrient concentra
tions may decrease to very low levels in the Shelf 
Water (Figure 3B). 

In most years, shelf nitrate concentrations begin 
to decrease in May - rapidly during the spring 
bloom and generally more than offshore. Nitrate 
concentrations reach a minimum in July and then 
slowly increase again. By November they again 
reach winter levels of around 12.0-12.5 ^M (Figure 
4). The timing of the spring bloom and decrease 
of the nitrate concentrations as well as the phy-
toplankton biomass can vary significantly between 
years. Generally the years with the earliest spring 

1990 1992 1994 1996 1998 2(XX) 

Figure 6 Mean nitrate concentrations on stations SI and S2 
in late June 1990-2000 
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1990s, the nitrate concentrations remained high 
throughout the year. However, during the early-
mid-1990s and again in 2000 the nitrate concentra
tions decreased greatly in the Shelf Water during 
summer. 

Between 1989 and 2000, the interannual abund
ance of oceanic species (mainly C. finmarchicus) and 
neritic species (mainly the copepods Acartia spp. 
and Tcmora longicornis and barnacle larvae) on 
the Faroe Shelf fluctuated greatly (Figure 7). During 
the first few years of the period, the ecosystem was 
dominated by C. finmarchicus. The mid-summer 
abundance of C. finmarchicus fluctuated from about 
400 copepods m ' in 1989 to about 25 in 1994 and 
up again to about 150 copepods m"' in the late 
1990s. At the same time the neritic zooplankton 
fluctuated inversely, from about 120 in late June 
1989 to 960 in 2000. Relatively, the system flu
ctuated from 80'/o of C. finmarchicus + Oithona 
and 20% neritic species in 1989 to 10% of C 
finmarchicus + Oithona and 90% neritic species in 
2000. 

1200 

1990 1995 2000 
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I Acartia ^g^ Other cop.| | Balanus 

Figure 7. Mean absolute (upper) and relative (lower) abun
dance of the dominant copepod species and barnacle larvae in 
the upper 50 m of the water column at stations SI and S2 in 
June 1989-2000. 

Since C. finmarchicus is a much bigger copepod 
than the neritic species, it dominates the zooplank
ton biomass. Therefore the changes in abundance of 
C. finmarchicus on the Shelf during the 1990s dom
inated the zooplankton biomass, which, during this 
period, fluctuated by a factor of 10 on the Shelf 
while remaining relatively constant in the oceanic 
environment outside the tidal front (Figure 8). 

Discussion 

Phytoplankton variability 

In most years, the primary production increases in 
May and decreases again in August or September. 
Phytoplankton production usually increases earlier 
in spring on the Shelf than offshore, and is beheved 
to be the result of a shallower mixed layer on the 
Shelf compared to outside the tidal front during 
early spring (prior to establishment of a summer 
thermocline offshore). According to Sverdrup's 
(1953) theory, the spring bloom can only start when 
the depth of the upper mixed layer is less than the 
critical depth. Inside the tidal front on the Faroe 
Shelf, the mixed layer is the total water column 
(mean depth 70-80 m) and in spring the critical 
depth may exceed the bottom depth. The spring 
bloom may therefore start on the Shelf before 
the development of a summer thermocline makes 
this possible in the surrounding offshore area. The 
spring bloom usually starts in the central and nor
thern shelf regions (Gaard, 1996, 2000) and then 
spreads over the entire Shelf. 

Nitrate concentrations during spring and summer 
on the Faroe Shelf varied dramatically during the 
1990s, because of variable new primary production 
(Dugdale and Goering, 1967), variable net influx 

Shelf • Offshore 

llll Lij 
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Figure 8. Mean zooplankton dry weight in the upper 50 m of 
the water column on the Faroe Shelf (inside the 100 m bottom 
contour) and offshore (outside the 150 m bottom contour) in 
June 1990-2000. The data derive from stations similar to those 
in Figure 3. 
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of nitrate from offshore or a combination of both 
An approximation of relative nitrate assimilation 
(potential new primary production) during the high-
productive period can be calculated as the sum 
of the nitrate decrease in the Shelf Water and 
net nitrate inflow. The latter can be expressed as 
the renewal rate of the Self Water multiplied by 
[NO, ]„nshorL minus [NO, J.̂ j, during the investigated 
period 

The amount of nitrate in shallow regions on 
the Faroe Shelf is limited and interannual variability 
in Its decrease during spring and summer is fairly 
easily monitored. The fiushing rate of the Shelf 
Water can be approximated from salinity on the 
Shelf and offshore water, precipitation, and depth 
of the Shelf Water column (Gaard and Hansen, 
2000) Assuming a mean precipitation of 1000 mm 
year ', the average fiushing time in spring during 
the 1990s IS estimated to be about 2 5 months, but 
is variable The fiushing time is only an approxi
mation, due to the averaging period used and the 
difficulty in obtaining representative precipitation 
measurements. 

The above calculations can be used as a proxy 
for a relative potential new primary production 
(Figure 9). The index is based on calculation from 
spring to a fixed date (26 June) each year Variable 
nitrate infiux (owing to variable renewal rates of the 
Shelf Water) is markedly lower than the nitrate loss 
This therefore suggests that the nutrient changes are 
due mainly to variable assimilation Potential new 
primary production thus appears to have varied by a 
factor of about 5 during the 1990-2000 decade 

The primary production index only provides 
relative values, from spring to midsummer. Using a 
Redfield ratio of C:N= 10616, and assuming that 
the mean bottom depth is 75 m, the index corre
sponds to a mean potential new primary production 
ranging from about 17 gC m - in 1990 to 95 gC m -
in 2000 During the period from about 10 May to 26 
June, the mean daily potential new production on 
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Figure 9 Calculated index of the potential new primary 
production on the Faroe Shelf 

the central Faroe Shelf varied between about 0 4 
mgC m - day ' (1990) and 2 gC m May ' (2000) 

The onset of primary production on the Shelf 
varied by more that a month during the years 1990-
2000 (Gaard et al., 1998, Figures 4 and 5) The 
timing of the spring bloom is thought to have imp
ortant ecological consequences for copepod repro
duction (e.g Diel and Tande, 1992, Kiorboe et al, 
1990; Kiorboe and Nielsen, 1994, Hirche, 1996, 
Niehoff cr «/., 1999, Niehoff and Hirche, 2000), and 
therefore also for feeding and survival of fish larvae 
(e.g Ellertsen et al., 1980; Cushing, 1990, Leggett 
and DeBlois, 1994; Gaard and Steingrund, 2000) 

The initiation and evolution of the spring bloom 
are determined by a combination of events that 
reflect a balance between the amount of solar radia
tion received by the phytoplankton population, the 
variability in concentrations of dissolved inorganic 
nutrients, and phytoplankton losses associated with 
respiration, grazing, and sedimentation (Smetacek 
and Passow, 1990, Piatt et al, 1991) and, in this 
case, possible flushing out of the area 

Unfortunately, no data-series are available for 
light penetration on the Faroe Shelf during spring 
However, data-series from meteorological stations 
ashore (Figure 2) indicate that the variability in tim
ing of the spring bloom onset and the calculated new 
primary production are not related to variability in 
intensity in solar radiation 

The depth (or stratification) of the upper, mixed 
layer is often an important factor in determining the 
photosynthetic rate, and hence the development of 
the spring bloom (e.g. Sakshaug and Slagstad 1991). 
However, on the Faroe Shelf, variability in physical 
forces (e g wind, tidal currents, and stratification) 
does not correlate with the variability of timing 
of the spring bloom development or the primary 
production (Gaard et al, 1998) This is not surpris
ing, since the strong tidal currents do not permit any 
marked stratification on the Shelf Consequently 
the depth of the (productive) water column on the 
Faroe Shelf is fairly constant, and not influenced by 
forcing Therefore effects from variable phytoplank
ton loss seem to be a more likely reason for the obs
erved variability in phytoplankton growth. Losses 
may be due to flushing out of the ecosystem and 
grazing 

Although the flushing rates of seawater on the 
Faroe Shelf may vary, they seem to be too low to be 
the main factor affecting the observed variability in 
spring bloom development and primary production 

Sakshaug et al (1991) showed in a mathematical 
model that variable loss rates of phytoplankton may 
affect the timing of spring bloom development, and 
Yin et al (1997) reported an impact by the large 
oceanic copepod, Neocalanus phmuhnis, during 
early spring from the Strait of Georgia, British 
Columbia. The presence of a high biomass of this 
copepod prior to the spring bloom may be able to 
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repress, and thus delay, spring bloom development 
in that area. Bathmann et al. (1990) also suggested 
that copepod grazing may influence spring bloom 
development in the Norwegian Sea. On the other 
hand, other researchers have stated the opposite and 
concluded that the grazer community cannot control 
or postpone a spring bloom (e.g. Smith et al., 1985; 
Hirche et al, 1991; Nielsen and Hansen, 1995). 

There is a strong inverse relationship between 
the zooplankton biomass and the nitrate loss, i.e. 
new primary production (Figure 10). In years with 
low zooplankton biomass, the primary production 
developed early and levels were high, while in years 
with high zooplankton biomass, the spring bloom 
occurred later and the production was reduced. The 
variability in zooplankton biomass is dominated 
by C. finmarchicus. During early spring, substantial 
(but interannually highly variable) amounts of ove
rwintered C. finmarchicus are advected onto the 
Shelf (Gaard and Hansen, 2000). A key question is 
whether grazing by C. finmarchicus could have 
delayed the spring bloom and decreased the total 
new primary production during spring and early 
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Figure 10 Variability in zooplankton biomass m late June and 
nitrate concentrations on 26 June (upper panel) and the rela
tionship between zooplankton biomass and nitrate loss from 
winter levels to 26 June (lower panel) from 1990 to 2000. 

summer. Unfortunately, simultaneous measurem
ents of copepod ingestion rates and primary produc
tion in situ during pre-bloom and bloom periods 
are not available, and without such data a final 
conclusion is not possible. However, the inverse 
relationship between zooplankton biomass (largely 
C. finmarchicus biomass) and primary production 
supports this. 

Zooplankton variability 

During the period 1989-2000, considerable variabi
lity was observed in zooplankton abundance and 
species composition. The ecosystem fluctuated inter-
annually between high influence of the oceanic envi
ronment and neritic dominance with lower oceanic 
influence. 

During 1989-1990, the ecosystem was dominated 
by C. finmarchicus, while neritic zooplankton species 
were of minor importance. Differences between the 
Shelf area and the surrounding offshore area were 
generally small. However, during the early 1990s the 
species composition on the Faroe Shelf changed and 
the area gradually became more and more neritic 
(Figure 7). C. finmarchicus, which was still the domi
nant copepod outside the tidal front (Gaard, 1999), 
gradually became less abundant inside the tidal 
front, while other copepod species, mainly Acartia 
longiremis and Temora longicornis, increased in 
numbers. C. finmarchicus was scarce on the shelf, 
especially during the period 1993-1995 and in 2000. 
Although predation on C. finmarchicus obviously 
must have affected its abundance in the ecosystem, 
variable advection of individuals from offshore is 
presumed to be a main reason for the changes in 
abundance. The main inflow area seems to be on the 
western shelf slope (Gaard and Hansen, 2000). 

Egg production of copepods is highly affected by 
food availability (e.g. Kiorboe et al., 1990; Kiorboe 
and Nielsen, 1994; Hirche 1996 and references 
therein; Niehoff et al., 1999). This effect is also 
seen on the Faroe Shelf, where development of the 
copepods reflects the seasonal production of phy-
toplankton (Gaard, 1999, 2000). However, there 
is a considerable pre-bloom reproduction of over
wintered C. finmarchicus, mainly on the western 
and northwestern shelf slope region that is advected 
from the offshore (Gaard, 2000; Gaard and Stein-
grund, 2000). Thus copepod reproduction and deve
lopment seems to start with C. finmarchicus in early 
spring and then, as the phytoplankton biomass 
increases during spring, the neritic species increase 
their reproduction. 

Effect on higher trophic levels 

During the 1990s, fish reproduction, growth, and 
catches on the Faroe Shelf have undergone quite 
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extensive and dramatic changes The annual land
ings of cod and haddock, which in the long term 
fluctuate between 20 000 and 40 000 and between 
15 000 and 25 000 tonnes, respectively, decreased 
in the early 1990s to historically low levels of only 
-6000 and -4000 tonnes, respectively, in 1993 
Landings of both species increased rapidly to maxi
mum levels in 1996 and 1998, respectively, and then 
fell to average levels by the end of the 1990s (ICES, 
2000) Although high fishing mortality undoubtedly 
influenced these trends, their main cause seems to 
have been variable recruitment and growth rates 
induced by environmental changes (Gaard et al, 
2002, Steingrund et al, 2003) During the late 1980s 
and the beginning of the 1990s there was a general 
recruitment collapse of many fish species and their 
food in the ecosystem At the same time as the rec
ruitment was low, fish growth was low, and seabirds 
also declined (Gaard et al, 2002) The production 
of their main food sources also seems to have been 
low By the mid-1990s the recruitment and growth 
rates had increased again Variability coincided well 
with variability in the calculated new primary pro
duction (Gaard et al, 2002, Steingrund et al, 2003), 
which during the 1990s was reflected in trophic 
levels throughout the ecosystem, including fish and 
seabirds The entire ecosystem changed between 
low-production and high-production periods in all 
trophic levels 

The negative relationship between zooplankton 
biomass (largely C finmarchicus variability) and fish 
recruitment and growth may seem contradictory 
However, first-feeding fish larvae depend on high 
concentrations of small-sized zooplankton Spawn
ing of the main fish species on the Shelf (cod, had
dock, sandeel, and Norway pout) takes place in 
early spring and the successful survival and feeding 
conditions of the larvae depend largely on high 
copepod reproduction in spring During the first 
years of the period for which plankton data are 
available (mainly 1989 1991), production was at a 
very low level and zooplankton on the Shelf was 
mainly composed of oceanic plankton The zoop
lankton was dominated by C finmarchicus and its 
reproduction during early spring seems to have been 
low Thus, although the zooplankton biomass on 
the shelf was quite high during that period, to a 
large extent it consisted of large-sized C finm
archicus during spring Such a food environment 
does not favour feeding conditions for small fish 
larvae Gradually, however, during the early 1990s, 
primary production markedly improved at the same 
time as the ecosystem gradually became more and 
more dominated by small-sized neritic zooplankton 
It is hypothesized that an increased production of 
small-sized zooplankton organisms (both C finm
archicus and neritic species), mainly during spring, 
has caused a corresponding increase in food avail
ability for fish larvae in general on the Faroe Shelf 
during the early 1990s and that this has been a 

major reason for the fish recruitment and growth 
recovery Environmental conditions may not only 
affect survival of cod and haddock larvae but also 
of their prey species (e g sandeel) A negative rela
tionship between zooplankton abundance and cod 
and haddock recruitment has also been observed on 
the Scotian Shelf (Drinkwater et al, 2000) 

In summary, primary production has fluctuated 
very much during the 1990s, and the fluctuations are 
reflected through all trophic levels, including fish 
and seabird growth and reproduction The produc
tion was negatively correlated with abundance of C 
fiinmarchicus and it is hypothesized that a potential 
grazing effect may delay and reduce the phytoplank-
ton production During years with high advection of 
overwintered C finmarchicus onto the Shelf the 
abundance of small-sized zooplankton was low The 
general decrease in fish production during the period 
from the 1980s to the beginning of the 1990s may 
have been due to low abundance on the Shelf of 
suitable sized prey for fish larvae during spring 
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Key to understanding the dynamics of the North Sea ecosystem is resolving the 
timing, intensity, and duration of spring and fall phytoplankton blooms. In order to 
do so, we apply a potential energy model of thermal stratification based on the energy 
equation (for turbulence) coupled to a biochemical model Sharpies and Tett (1994). 
Using this approach we examine the timing and intensity of the spring and fall 
phytoplankton blooms for the years 1981, 1982, and 1986 as well as 1997 to 2000. 
These estimates are then compared with temporal estimates of and biomass from 
CZCS (1981, 1982, and 1986) and SeaWiFS (1997 to 2000) A relatively high degree of 
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bloom, with the model prediction earlier by 6 1 days (s.d. ± 8.3). Predictions of the 
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species-speeific variations in nutrient uptake and growth rate, error in biomass esti
mates of phytoplankton seed populations, and lack of temperature effects on phy
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(thus missing subsurface biomass), cloud cover, and the patchy distribution of 
blooms. It IS suggested that high resolution 3-D modelling may better address the 
dynamics of phytoplankton blooms in the North Sea, while 2-D models may be more 
appropriate for the development of indices for examining the effects of climate change 
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Introduction 

The spring phytoplankton bloom in high latitude 
marine ecosystems fuels subsequent production at 
higher trophic levels and is presumed to be critical 
for the recruitment success of associated fish stocks. 
However, the transport of phytoplankton biomass 
to higher trophic levels can vary dramatically with 

the duration of the bloom (e.g. Kiorboe, 1991) and 
the dominant algal species (e.g. Thompson and 
Harrison, 1992; St. John et al., 2001). For example, 
a period of rapid, prolonged high stratification ini
tially exposes phytoplankton cells to an optimal 
light and nutrient environment resulting in the rapid 
production of biomass, the so-called spring bloom. 
This situation, due to subsequent nutrient depletion 



Resolving variations in the timing and intensity of the spring bloom 191 

caused by the bloom, is followed by a reduction of 
primary production and a shift m phytoplankton 
dominance from diatoms to a recycling community 
comprised of the microbial loop In this scenario, 
diatom cells, dominant in the spring bloom, rapidly 
sediment out of the water column (e g Waite et al, 
1992) enhancing benthic production in shallow 
coastal seas (eg Josefson and Conley, 1997) How
ever, this sedimentation removes nutrients and 
biomass from the water column, as herbivorous 
zooplankton are unable to utilize the production due 
to a mismatch in population growth rates (Kiorboe, 
1991) In an alternative scenario, stratification deve
lops more slowly with periods of ephemeral mixing, 
resulting in a slow build-up of phytoplankton bio
mass and a replenishment ot nutrients from deep 
water This system allows for a higher degree of 
coupling between the primary and secondary trophic 
levels, resulting in a more efficient transfer of bio
mass between levels Furthermore, because of the 
replenishment of nutrients from the deep layers due 
to mixing, a higher level of production of primary 
producers occurs Finally, as phytoplankton bio
mass IS consumed and retained due to tighter coup
ling with higher trophic levels m the euphotic zone, 
an increased level of dissolved organic nutrients is 
made available to fuel the microbial loop 

Thus variations in water column stratification 
driven by climatic forcing provide a mechanism 
via the modification of the light and nutrient regi
mes to modify the potential production of not only 
phytoplankton cells but also higher trophic levels 

The simulation of thermal stratification, the dom
inant mode in the central North Sea (e g Schrum 
and Backhaus, 1999) using 2 and 3-D modelling 
approaches (e g Schrum et al, 2002, Nielsen and St 
John, 2001) IS well established with simulations and 
field measurements in close agreement 

However, it is difficult to validate the develop
ment and timing of simulated spring and fall phy
toplankton blooms due to the lack of observational 
data Field programmes, m general, will not be 
active in the area of interest during the bloom 
events One source of data that can provide cover
age of the study area during spring and fall blooms 
for a number of years is remotely sensed ocean 
colour The application of remote sensors such as 
the Coastal Zone Colour Scanner (CZCS) and the 
Sea-viewmg Wide Field-of-view Sensor (SeaWiFS) 
allow the synoptic estimation of chlorophyll and 
phytoplankton production (e g Kuring et al, 1990), 
thus enabhng the validation of phytoplankton 
bloom dynamics simulations A time-series of chlo
rophyll estimates for the study area can be con
structed from the CZCS for the interval November 
1978 to June 1986 and from SeaWiFS from Sep
tember 1997 until 2001 Unfortunately, estimates 
from CZCS and SeaWiFS could not be merged into 
a single time-series due to a difference in sensors 

with different wavelengths and spectral resolutions 
While, as will be discussed, ocean colour-based chlo
rophyll estimates for the North Sea region can be 
subject to considerable error, insight into the timing, 
time evolution, and relative intensities of spring and 
fall blooms can be obtained from the time-series 

Hence, in light of the importance of variations in 
the dynamics of the phytoplankton blooms, and 
their variabihty in transfer efficiency to higher tro
phic levels for the North Sea ecosystem, the goal of 
this article is to vahdate simulation techniques This 
will enable the development of time-series to address 
the implications of fluctuations in climatic forcing 
on ecosystem dynamics 

Materials and methods 

Simulations 

The coupled 2-D biophysical model is based on 
a model for thermal stratification presented by 
Nielsen and St John (2001) This model is a poten
tial energy model, based on the energy equation for 
turbulence (Bo Pedersen, 1986) The energy equa
tion relates the temporal and spatial changes of 
turbulent kinetic energy (TKE), the production of 
TKE, and the dissipation of TKE to the change in 
potential energy as water masses of different densi
ties are mixed in the field of gravity (Turner, 1973, 
Bo Pedersen, 1986) This approach treats transport 
across density gradients as entrainment, i e a tur
bulent exchange of eddies which leads to a net 
transport of, for example, volume, heat, salt, and 
nutrients A constant ratio between the input of 
mixing energy and the gain in potential energy is 
assumed, known as the flux Richardson number 

E 

P 

In the case of input of heat, Q, to the sea surface the 
gain in potential energy, E^ „ can be calculated as 

where y is the upper layer depth and a is the coeffi
cient of thermal expansion Cp, the specific heat of 
seawater, can be assumed to be constant m the 
present case In the case of entrainment from below, 
the change in potential can be found as 

Epo, =>^ g y A p VE 

in which D/- is the dimensionless density difference 
between the water masses, p is the density of sea-
water, and Vp IS the entrainment velocity The pro
duction of turbulent kinetic energy in shear flows is 
calculated as the vertically integrated product of the 
shear stress and the vertical velocity gradient For 
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Wind and tidally driven flows, respectively, P,|<e, can 
be expressed as 

P.ke=*'/^ p ( P a / p f W\and 

Ptke='>{ P < 

In these equations, f/2, is the friction factor, p, is 
the density of air, W is the windspeed, and u, is the 
tidal velocity The product of the flux Richardson 
number and the friction factor are as presented in 
Nielsen and St John (2001) 

Rjf YJ =2 3 10 ^ for wind mixing and 

f / 
Rif lA =1 5 10 "̂  for tidal mixing 

The heat input to the surface is calculated as (James, 
1977, Simpson and Bowers, 1984) 

Q = Q , + k ( T , - T j 

in which Q, is incoming atmospheric radiation 
(taken as a sine function, Simpson and Bowers, 
1981), Tj is the dew point temperature, and T, is the 
sea surface temperature k is a positive function of 
the windspeed and the sea surface temperature as 
utilized by Simpson and Bowers (1984) The bound
ary data for running the model are observations of 
meteorological parameters (windspeed and dew 
point temperature) obtained by the Norwegian 
Meteorological Institute at the Ekofisk oil platform 
located near the study area (Fig lA) with an 
example of the boundary given in Figure IB 

The biochemical model is as presented by 
Sharpies and Tett (1994) and is based on one nutri
ent, dissolved inorganic nitrogen (DIN), being 
the limiting nutrient in the North Sea, and one 
phytoplankton with the characteristics of diatoms 
The equation for the phytoplankton biomass X 
reads 

in which mX is the growth rate (maximum of 
1 2 d ') and g is the grazing impact rate equal to 
0 12 d ' The phytoplankton growth rate is deter
mined by light or nutrient limitation, see Sharpies 
and Tett (1994) The equations for algal nitrogen A'̂  
and DIN are 

3 N V XT 

3S 
at 

= -MX-egN 

in which the uptake rate of DIN, u, is determined by 
Michaelis-Menten kinetics e, the recycled portion of 
grazed nutrients, amounts to 0 5 Input of nutrient 

at the bottom boundary is assumed linearly propor
tional to the difference between DIN concentration 
at the bottom and maximum near bed concentration 
of DIN equal to 6 0 mmol m ' The biological model 
is driven by the availability of light and nutrient 
as calculated from the stratification model and is 
initialized each year in January/February using 
observations of temperature and nutrient obtained 
from the ICES Hydrographic Database The choice 
of parameters for the biochemical model follows 
Sharpies and Tett (1994), except for the maximum 
near bed concentration of DIN as available from 
ICES The coupled stratification and biochemical 
model IS run for the years 1981 to 1986 and 1997 to 
2000 to cover periods with remote sensing data 

Remote sensing 

Daily mean time-series for surface chlorophyll 
concentrations in the area 0^°E and 56-57°N were 
constructed from CZCS and SeaWiFS archived data 
sets The CZCS daily chlorophyll Level 3 product 
(Williams ct al, 1986 and http //daac gsfc nasa gov/ 
DATASET_DOCS/CZCS_L3_dataset html), obtai
ned from the NASA/Goddard Distributed Active 
Archive Center (DAAC) was used to construct a 
daily time-series for the interval November, 1981 to 
June, 1986 The Level 3 data are binned to a fixed, 
linear latitude (equal angle) grid with an approxi
mate 18 5 km resolution at the equator The daily, 
binned Level 3 chlorophyll values were averaged 
over the study area to produce a single time-series 
Aarup et al (1989, 1990) have demonstrated the 
utility of CZCS data for the North Sea region How
ever, It should be noted that in Case 2 waters (shelf 
seas and coastal waters) coloured dissolved organic 
materials (yellow substances) can seriously corrupt 
chlorophyll estimates By selecting a study area 
in the central North Sea, we have attempted to mini
mize these errors by placing the region as far as 
possible from the high concentrations of yellow sub
stances known to be found in zones of freshwater 
river influence (Hojerslev el al, 1996, Aarup et al, 
1996a, b) Estimates of chlorophyll in coastal waters 
will also have errors due to the presence of sus
pended particulate matter Using a study area in the 
central North Sea is expected to minimize these 
errors as well In general, the errors in chlorophyll 
estimation are approximately 35% in Case 1 (open 
ocean) waters and within a factor of 2 (200%) in 
Case 2 waters (Evans and Gordon, 1994) 

SeaWiFS daily Level 3 chlorophyll a datasets 
(Acker et al, 1998, http//daac gsfc nasa gov/ 
DATASET_DOCS/SeaWiFS_L3_Guide html) 
were obtained through the SeaWiFS Project at the 
NASA/Goddard DAAC The Level 3 daily data 
are binned to a 9 x 9 km resolution global grid The 
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Figure 1. A. Study area in the North Sea showing the location of the Ekofisk source of environmental forcing data. 
B. An example of forcing data for the 2-D model from 1997. Top: radiation. Middle: windspeed cubed. Bottom: dew point 
temperature. All values are daily mean of hourly measurements. 



194 M A Si John et al 

values in the study area were averaged to produce a 
single, daily time-series from September, 1997 to 
June 2001 Chlorophyll estimates from SeaWiFS are 
subject to the same sorts of errors as described for 
CZCS, but the SeaWiFS errors should be lower due 
to a better signal to noise ratio, better atmospheric 
correction, high spectral resolution in the visible 
range (6 bands instead of 4) and narrower spectral 
band widths on SeaWiFS than CZCS 

As part of the Level 3 data sets for CZCS and 
SeaWiFS, binning statistics for the daily mean 
values are supplied These statistics include the 
number of 4 5 km resolution Global Area Coverage 
(GAC) pixels that went into producing the means on 
each 18 5 km and 9 km cell for CZCS and SeaWiFS. 
respectively Only days in which the total number of 
cloud-free sampled GAC pixels over the whole study 
area was at least 20 were included in the time-series 

In order to compare the timing of bloom events in 
the modelled and observed data, cross-correlations 
were computed between the two series The usual 
methods of computing the cross-correlation versus 
time-lag could not be used because of gaps m the 
observed time-series Instead, the modelled time-
series was used as a reference series that was shifted 
by -30 to +30 day lags and cross-correlations were 
computed for each lag using only days for which 
observed values exist The model lag relative to the 
observed series was taken to be that lag at which 
the cross-correlation between the two series was the 
maximum positive value The spring and fall periods 
were analysed separately, since it was anticipated 
that the development of the blooms would differ 
between the two seasons 
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Results 

Examples of time-senes obtained from the 2-D 
model simulations are presented in Fig 2A (CZCS) 
and Fig 2B and C (SeaWiFS) Both the model and 
remote sensing demonstrate the classic occurrence of 
the spring and fall blooms in the central North Sea 
The model and remote sensed estimates of the 
timing of the spring bloom are similar with the 
model predicting the timing of the blooms to be 6 1 
(±8 3) days earlier than observed (see Table 1) In 
general, mean estimates of chlorophyll a (minimum 
20 pixels) from the CZCS and SeaWiFS series pos
sess much lower amplitude peaks than the modelled 
series (Table 1) This is, in part, due to the patchi-
ness of phytoplankton distributions in the study 
area As can be seen from Figure 3 (spring bloom 
SeaWiFS, 1999) the horizontal structure of the 
bloom IS fairly patchy Pixels are either in a high-
productivity patch with concentrations greater than 
lOmgm \ or they are not in a bloom and possess 
values near zero Hence, mean values are heavily 
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Figure 2 Modelled daily upper layer chlorophyll a concen 
tration m ' (line) versus daily mean composite chlorophyll 
a (filled circles) and the peak value found in the grid 
(empty circles) observed in the modelled area (A) modelled 
vs CZCS estimates of chlorophyll a for 1982 (B) modelled vs 
SeaWiFS estimates of chlorophyll a tor 1999 (C) modelled 
vs SeaWiFS estimates of chlorophyll a for 2000 
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Table 1 Comparisons of modelled vs remote-sensed estimates of timmg (commencement and duration (DUR)) and intensity 
(Chi a mg m ') of the spring and fall blooms Shaded values are comparisons of CZCS vs modelled estimates while non shaded 
comparisons are those of obtained from comparison with SeaWiFS 

Year 

1981 
1982 
1986 
1998 
1999 
2ÜÜÜ 

DayModel 
Spring bloom 

14/4 (102) 
15/4 (105) 
29/4(119) 
17/4 (107) 
13/4 (103) 
10/4 (101) 

DayRS 
Spring bloom 

19/4 (109) 
2/5 (122) 

14/5 (134) 
3/5 (123) 

30/4 (120) 
24/4(115) 

Dur Model 
Spring (days) 

61 
85 
79 
82 
88 
66 

DurRS 
Spring (days) 

1 I • 
34 
81 
40 

Max cross corr Model Lag 
Spring 

0 670 
0 683 
0 431 
0 722 
0 628 
0 594 

(days) spring 

- 7 
+7 
- 8 

-17 
-1 

-11 

Model peak 

19 028 
18 652 
20 296 
18 853 
18 203 
18 797 

RS peak 

4 299 
7 143 
9 374 
3 357 
2 749 
2 741 

Ratio 

4 43 
2 61 
2 17 
5 62 
6 62 
6 86 

Y e a r 

1982 
1997 
1998 
1999 
2000 

DayModel 
Fall bloom 

9/9 (252) 
19/9 (262) 
29/8(241) 

16/10 (289) 
28/9 (272) 

DayRS 
Fall bloom 

24/9 (267? 
S/10(281) 

77/10 (^00) 
7/10 (280) 
28/9 (272) 

Dur Model 
Fall(days) 

• 
70 
44 
55 
68 

D u r R S Max 
Fall(days) cross corr Fall 

a 
— 
14 
18 
60 

— 
0 636 
0 376 
0 482 
0 723 

Model lag Model peak 
(days) Fall 

Ml 
+ 10 
-13 
-30 

+ 1 

6215 
6 142 
3 626 
4 665 
4 273 

RS peak 

SJéfi 
1 786 
1 662 
1 793 
1 592 

Ratio 

124 
3 4 4 
2 18 
2 60 
2 68 

impacted by the patchiness of bloom The impor
tance of spring bloom patchiness is clearly demon
strated when examining the maximum values (open 
symbols Fig 2A-C) In all years examined, the 
maximum values estimated by remote sensing and 
the model are in close agreement for the spring 
bloom, a feature not clearly seen in the mean values 
Comparisons between modelled and remote sensed 
estimates of the timing and intensity of the fall 
bloom are in general not in as close agreement 
as those of the spring bloom Here, the model was 
observed to predict the occurrence of the bloom 
9 4 (±15 4) before observation in satellite images 
Again fall blooms were patchy in distribution (e g 
Figure 4) with the mean abundance being lower 
than that predicted by the model in all but 1982, 
when estimates in biomass were relatively similar 

Discussion 

Both the CZCS and SeaWiFS time-series used in 
this study suffer from under-sampling problems It 
IS well known (eg Fasham, 1978a, b, Piatt, 1978, 
Denman and Gargett, 1995) that phytoplankton 
distributions are patchy during bloom events, taking 
a mean value for chlorophyll from satellite imagery 
during such periods is therefore problematic The 
histogram of concentrations is bi-modal, the values 
are either near a maximum value of (~25 mg m )̂, if 
the samples are from patches that are biologically 
productive, or are near zero, if the samples are from 
locations that are not in a local bloom This prob
lem compounded by the fact that the study area is 
fully or partially cloud-covered much of the time, is 
particularly severe during the fall bloom period If 
the cloud-free pixels do not match any of the local. 

high-concentration patches, the bloom could be 
missed completely It should also be noted that the 
remotely sensed chlorophyll values are near surface, 
integrated over depths of 1 to 5 m in the North Sea 
These depths are significantly less than typical upper 
layer thicknesses (15 50 m) produced by the model 
during bloom events 

The 2-D modelling approach chosen here, because 
of Its highly resolved vertical resolution, allows a 
realistic estimation of the vertical flux of nutrients 
However, the model requires additional terms ana
logous to estimation of spatially variable turbulent 
fluxes if It IS to produce a spatially averaged esti
mate of such a regime This approach would give 
an estimation similar to that produced by a large 
number of local "patch" models This approach is 
much more appropriate than the results from a 
single model producing values that are assumed 
to be representative of the whole region (as is done 
m this study) A preferable approach when existing 
boundary data are available is to conduct high 
resolution three-dimensional ecosystem modelling of 
the region that would resolve the larger patches 
(those detectable from remote sensing) and perform 
time-space statistical analysis on the modelled and 
remotely-sensed fields 

The coupled 2-D phytoplankton production 
model employed m this study has previously been 
validated with regard to its ability to resolve the 
physical water column characteristics in the central 
North Sea (Nielsen and St John, 2001) Coupling 
this with a well-accepted phytoplankton Nutnent-
Phytoplankton model (Sharpies and Tett, 1994) 
allows examination of the timing and intensity of, 
in particular, the spring bloom The coupled model 
employed utilizes the physiological characteristics of 
diatom cells as the phytoplanker modelled, making 
It appropriate for characterizing the spring bloom 
dominated by this algal group Later in the year, 
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Figure 3. High resolution SeaWiFS chlorophyll a image showing typical spring bloom conditions and the modelled region 
(rectangle) from 27 April 1999 at 1214 UTC. Image provided by the SeaWiFS Project, NASA/Goddard Space Flight Center and 
ORBIMAGE. 

Other algal groups dominate production having dif
ferent physiological and behavioural characteristics 
making validation via remote sensing difficult. For 
example, during the highly stratified summer period, 
a high degree of phytoplankton production, ca. 40"/i 
as a conservative estimate (Richardson et ai, 2000), 
occurs in an area invisible to remote sensors. It 
is thus likely that the remotely sensed chlorophyll 
values will underestimate the upper-layer mean 
values at this time. 

In summary, the model validation performed here 
using for validation data CZCS and SeaWiFS imag
ery has verified the applicability of this coupled 2-D 
model for examining in particular the temporal dyn
amics and intensity of the spring phytoplankton 
bloom in the Central North Sea. Hence, our results 
justify the utilization of this modelling approach 

for the development of time-series of spring bloom 
dynamics. Future activities with this modelling tool 
will include comparison of simulated annual spring 
bloom dynamics with variations of higher trophic 
levels. 
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Figure 4. High resolution SeaWiFS chlorophyll a image showing typical fall bloom conditions and the modelled region 
(rectangle) from 11 October 1999 at 1225 UTC Image provided by the SeaWiFS Project, NASA/Goddard Space Flight Center 
and ORBIMAGE. 
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Has the eutrophic state of German Wadden Sea waters changed 
over the past 10 years due to nutrient reduction? 
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For a period of more than 10 years, two basic eutrophication indicators, dissolved 
inorganic macronutrients and chlorophyll a, have been measured along with physical 
parameters at a permanent coastal station m the northern German Wadden Sea near 
Busum. despite distinctly reduced phosphorus inputs, the data have not revealed any 
long-term trend in nutrient winter concentrations or algal biomass compared to other 
available time-series in the area of investigation, i e River Elbe nutrient loads and 
nutrient concentrations in the German Bight near Helgoland Instead, there are 
indices of slightly higher winter phosphate concentrations in recent years as well as a 
decrease in maximum annual N:P ratios due to elevated residual phosphate concentra
tions in spring This is in contrast to the situation in the adjacent German Bight, where 
a declining trend in dissolved inorganic phosphate concentrations is observed It is 
suggested that persistent high phosphate concentrations in the northern German 
Wadden Sea result from local sources of phosphate such as remobihzation from the 
sediments, as well as reminerahzation of imported organic matter The comparison with 
a comprehensive assessment of seasonal light and nutrient availability in the water 
column indicates that on an annual basis, phytoplankton biomass development in the 
northern German Wadden Sea is still insensitive to current nutrient reduction measures 
because of the predominant role of light limitation in this turbid environment 
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Introduction 

The northern German Wadden Sea forms a broad 
and shallow interface between the waters of the 
German Bight and its surrounding mainlands. The 
area is subjected to a direct nutrient enrichment 
deriving mainly from the River Elbe and, to a lesser 
extent, from the River Weser. Annual nutrient dis
charge of the Elbe is in the range 136 200 t N (total 
nitrogen) and 5200 t P (total phosphorus), whereas 
the Weser accounts for 64 600 t N and 2400 t P, 
respectively (average for 1994-1998) (Lenhart and 
Patsch, 2001). In addition, the adjacent coastal 
waters of the German Bight receive a consider
able amount of nitrogen and phosphorus from 
indirect inputs from more remote sites. For example, 

advective transport of contmental coastal water 
imports nutrients from the River Rhine which may 
be transported into the Wadden Sea through tidal 
mixing. During the growth season a large fraction of 
nutrients enters the Wadden Sea in the form of org
anic particles. These inputs are difficult to quantify 
on an annual basis because of their inaccessibility 
during field assessments. Rough estimates of the 
particulate import based on seasonal field data and 
numerical simulations are in the range 240 g C m ^ 
yr"' for the Western Dutch Wadden Sea (De Jonge 
and Postma, 1974) and 100 g C m"̂  yr ' in the North 
Frisian area (Dick et al, 1999). In addition to these 
water-bound inputs, about 7600 t N is estimated 
to enter the Wadden Sea by direct atmospheric 
deposition (De Jong et al, 1993). 
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Calculated on the basis of data from 1994, 
approximately 70% of the nitrogen and 55% of the 
phosphorus pool in the northern German Wadden 
Sea during winter result from anthropogenic sources 
(Hesse et al, 1995) The high anthropogenic nutrient 
supply to the Wadden Sea is assumed to be respon
sible for direct and indirect eutrophication effects, 
such as the proliferation of benthic macroalgal mats 
(Siebert and Reise, 1997), increases in phytoplank
ton production (Cadee, 1986, Asmus et al, 1998) 
and phytoplankton biomass (Schaub and Gieskes, 
1991, Riegman, 1995, De Jonge et al, 1996, Philip-
part et al, 2000), and shifts in benthic communities 
(van Beusekom et al, 2001) Because of nuisance 
effects of anthropogenic nutrient enrichment in the 
coastal zone, the continental countries bordering the 
North Sea agreed to reduce the anthropogenic nutri
ent loads in rivers by 50% in the period 1985-1995 
The level was agreed upon at the "Second Interna
tional North Sea Conference" in 1987 With respect 
to the Elbe, a 55% reduction of phosphorus loads 
has been achieved, but only about a 17% reduction 
in nitrogen loads in the period 1985-1996 (De Jong 
et al, 1999) 

Several long-term monitoring studies have been 
carried out in the River Elbe (eg Gaumert, 1991, 
ARGE Elbe, 2001), the East-Frisian Wadden 
Sea (e g Hanslik et al, 1998, De Jong et al, 1999, 
Rahmel et al, 1999), and the open German Bight 
(eg Hagmeier, 1978, Radach and Berg, 1986, 
Weichart, 1986, Gillbricht, 1988, 1994, Radach and 
Bohle-Carbonell, 1990, Korner and Weichart, 1991, 
Hickel et al, 1992, 1993, 1994, Hickel, 1998, Gaul, 
2000) These studies give some insight into changes 
in the trophic state of the systems during recent 
decades In order to investigate the long-term vari
ability of plankton and nutrients in the more estua-
rine part of the northern German Wadden Sea, the 
Research and Technology Centre Westcoast (FTZ) 
of Kiel University started a monitoring programme 
in 1991 This initiative coincided with the period 
when intensive political programmes for nutrient 
reduction in the main freshwater sources of the area 
were implemented as a consequence of the massive 
Chrysochromulina bloom in summer 1988 

To evaluate the effects of nutrient reduction 
efforts in the northern German Wadden Sea, we 
examined the evolution of two basic eutrophication-
related indicators, dissolved inorganic nutrients 
(nitrogen, phosphorus) and chlorophyll a (as a 
proxy for phytoplankton biomass) at the permanent 
station of Busum Mole during the past decade 
(1991 2000) The dynamics of these indicators are 
then considered with respect to cause-effect rela
tionships and interpreted taking into consideration 
some other information available for the area, espe
cially information concerning the role of light 
limitation for phytoplankton growth and internal 
nutrient sources 

Figure 1 Map of the German Bight showing the area of inves
tigation with the position of the permanent station Busum 
Mole (large dot) 

Material and methods 

In the period 1991-2000, surface samples were taken 
weekly at the eastern mole of Busum port (Figure 1) 
during the growth season (April-September) or fort
nightly in winter (October-March) Sampling was 
implemented at high tide in order to reduce tidal 
influences Water depth at this station is ca 10 m at 
high tide Subsamples for inorganic dissolved nutri
ent determination (DIN = nitrate + nitrite + ammo
nia, DIP = phosphate) were filtered through glass 
microfibre filters (GF/C, Whatman) and imme
diately analysed in accordance with Grasshoff et al 
(1983) For chlorophyll a analysis, 200-2200 ml of 
the sample was filtered through Whatman GF/C fil
ters, which were stored deep frozen (-20°C) before 
undergoing spectrophotometnc analysis according 
to Lorenzen (1967) Records of temperature and 
salinity were made with a WTW probe (LF 191, 
Wissenschaftlich-Techmsche Werkstatten) calibr
ated for salinity Vertical profiles revealed that the 
water column is permanently well mixed owing 
to high tidal current speeds of up to 1 5 m s ' (K 
Rickleffs, pers comm ) It is therefore assumed that 
the samples are representative of the entire water 
column 

The spatial distribution of nutrients as well as 
primary production data were evaluated within the 
framework of two integrated projects, TRANS-
WATT (Transport, Transfer and Transformation 
of Biomass Elements in Wadden Sea Waters) and 
KUSTOS (Near Coastal Fluxes of Energy and Mat
ter in the German Bight) For further information, 
see Sundermann et al (1998) 

Several additional time-series were made available 
from other institutions for this analysis From the 
long-term monitoring station in the Elbe at Hamburg 
(Seemannshoft) we obtained observations of total 
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phosphorus and dissolved phosphate, total nitrogen 
and dissolved inorganic nitrogen compounds from 
1985 until 2000 (ARGE Elbe, Arbeisgemeinschaft fur 
die Reinhaltung der Elbe, Hamburg). Furthermore, 
the AWI/BAH (Alfred-egener-Institut fur Polar- und 
Meeresforschung/Biologische Anstalt Helgoland, 
Bremerhaven) provided nutrient data from the per
manent station at Helgoland Roads for the period 
1962-1996. Data of winter nutrient trends in the open 
German Bight were provided by the BSH (Federal 
Maritime and Hydrographic Agency, Hamburg). 
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i _ 
O 
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O 

Q. 

Results 
• total P DIP 

1. Nutrient concentrations 

A quasi-synoptic picture of inorganic nitrogen dis
tribution in winter (February 1994) illustrates the 
influence of the Elbe discharge on the nutrient distri
bution in the inner German Bight and the German 
Wadden Sea (Figure 2). Steep gradients occurred, 
with maximum concentrations of more than 300 nM 
DIN in the River Elbe and more than 50nM DIN 
offshore. 

River Elbe 

The long-term development of concentrations of 
phosphorus and nitrogen compounds (total-P, DIP 
total-N, DIN) at the Elbe monitoring station See-
mannshöft (Hamburg) clearly reveals a decrease 
since intense point-source reduction measures were 
put in place at the end of the 1980s (Figure 3). Both 

• total N DIN 

Figure 3A, B. Development of total phosphorus (total P), 
phosphate (DIP), and total nitrogen (total N), dissolved inor
ganic nitrogen (DIN) levels at the Elbe monitoring station 
Seemannshöft, Hamburg (data: ARGE Elbe). 

Figure 2. Surface winter concentrations of dissolved inorganic 
nitrogen (DIN) in the German Wadden Sea and the German 
Bight in 1994 (dashed line = seaward border of the area of 
investigation; data: TRANSWATT/KUSTOS). 

total-P and DIP data show that levels have been 
successfully reduced by approximately 60-70%. A 
reduction of about 50% can be observed for nitrogen 
(ARGE Elbe, 2001). 

German Bight 

The salinity-normalized mean winter phosphate 
concentrations in the German Bight (Figure 4) 
decreased over the past decade to levels (< 0.6 \im 
P at 34 PSU) close to those observed by Kalle in 
1935/36 (Kalle, 1937; Weichart, 1986; Körner and 
Weichart, 1991; Gaul, 2000). However, no similar 
decrease was observed for inorganic nitrogen. A 
comparison with historical reference values for 
nitrogen is hindered by the lack of reliable analytical 
methods in the 1930s as well as a lack of adequate 
monitoring activities before the 1970s. 
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Figure 4A B Mean surface winter concentrations of dissolved 
inorganic phosphate and dissolved inorganic nitrogen com
pounds (sum of nitrate + nitrite) at salinity "̂ 4 in the German 
Bight (data BSH) 

Wadden Sea 

The data set at the monitoring station of Busum 
Mole does not allow for the establishment of a 

nutrient/sahnity correlation for each of the different 
winter seasons, because sampling was restricted to a 
single point with a restricted sampling frequency. 

However, in order to evaluate whether there is a 
similar trend in the northern Wadden Sea as that 
observed in the open German Bight and the Elbe 
water, the Wadden Sea data of winter nutrient con
centrations (December-February) at Busum Mole 
were split into two 5-year periods and plotted 
against salinity (Figure 5) Neither data set revealed 
any significant relationship between nutrient con
centrations and salinity, and no temporal decline 
over a broad range of salinities was evident Rather, 
the available winter phosphate concentrations had 
a significant tendency to be higher during the 1996 
-2001 period than the preceding 5-year period from 
1991 to 1995 (t-test p = 0 008) No statistically 
significant differences were found for DIN 

2. Nutrient ratios and chlorophyll a 
concentrations 

In addition to absolute levels of nutrient concentra
tions, the molar N P ratio can be used as an index 
for changed nutrient conditions Chlorophyll a, as 
another basic eutrophication indicator, is analysed 
for the Busum Mole time-series exclusively 

Wadden Sea 

Annual cycles of the molar DIN DIP ratio at Busum 
Mole exhibit a clear seasonal pattern with pro
nounced maxima (> 200 1) in the aftermath of the 
phytoplankton spring bloom (March-May) and 
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Figure 5 A. B Winter concentrations of dissolved inorganic phosphorus and nitrogen at different salinities at the Busum Mole 
staUon (northern German Wadden Sea) 
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minima (< 16 1) in summer (Figure 6A) During the 
annual cycle, phosphorus compounds are exhausted 
at first, followed by an annual minimum in nitrogen 
concentrations in summer which causes a reversal 
from high to low DIN DIP ratios below 16 1 The 
temporal development at the permanent station 
of Busum Mole reveals that there are recurrent 
low DIN DIP maxima ( < 1 0 0 1 ) in recent years 
(1998^2000) 

The reason for the observed lower annual 
DIN DIP maxima in the Wadden Sea near Busum 
IS an increase in the annual minima of phosphate 
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concentrations during the last 3 years of the time-
series (1998-2000), while the respective DIN concen
trations remained more or less stable (Figure 7) 
These years were usually preceded by mild absolute 
winter temperatures 

Ri\er Elbe 

In contrast to the Wadden Sea, the maximal ratios 
in the Elbe, which occur at the same time of year, 
show an inverse trend (Figure 6B) In the second 
half of the 1980s, annual DIN DIP maxima in the 
Elbe were below 400 1 Since 1992 the DIN DIP 
ratio has regularly exceeded 400 1, with a maximum 
in 1999 (>1000 1) This development is assumed 
to be a result of the more pronounced phosphate 
reduction in the river compared to that of inorganic 
nitrogen 

German Bight 

With respect to the long-term development of 
DIN DIP ratios in the German Bight near 
Helgoland the annual maxima show a similar trend 
as in the River Elbe with extreme ratios of more 
than 6000 1 occurring in the past decade (e g 1994) 
(Figure 6C) These high values are caused by the 
pronounced phosphate exhaustion during the 
spring bloom and presumably also by the reduced 
phosphorus inputs from the Elbe 

2 Chlorophyl l a concentra t ion at Busum 
Mole 

A comparison with another indicator of eutroph-
ication, chlorophyll a, revealed that no statistical 
relationship of chlorophyll a concentrations with 

Figure 6A-C Annual cycles of molar DIN DIP ratios in the 
northern German Wadden Sea (Busum Mole), River Elbe 
(Seemannshöft, Hamburg), and German Bight (Helgoland 
Roads) Periods of phytoplankton spring bloom (March 
May) indicated in black in A and B, different scales and 
periods (data ARGE Elbe, BAH/AWI) 

• DIN HDIP 

Figure 7 Concentrations of dissolved inorganic nitrogen and 
phosphorus at the Busum Mole station during the annual N P 
maximum after the phytoplankton spring bloom 
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Figure 8 Bimonthly averaged chlorophyll a concentrations at 
Busum Mole from 1991 to 2000 (bold line indicates a running 
mean of one year) 

the nutrient conditions was found at the Wadden 
Sea station (Figure 8) There is a pronounced 
mterannual variability both in the running means 
for each year and in the annual maxima of the 
bimonthly averaged chlorophyll a values lacking 
any significant trend Despite the increase in re
sidual phosphate concentrations after the spring 
bloom, a corresponding increase m chlorophyll a 
concentrations is lacking 

Discussion 

The long-term observations made at the Busum 
Mole station have not shown any decrease in winter 
nutrient concentrations over the past 10 years 
(1991-2000) (Figure 5), whereas the input from the 
River Elbe has been reduced considerably m the 
same period (Figure 3) This was unexpected for the 
area of investigation, which is clearly under the 
sphere of infiuence of the River Elbe and contrary to 
the trend observed in the East-Frisian Wadden Sea 
near Norderney, where a decrease in dissolved inor
ganic phosphorus and nitrogen concentrations was 
found (Rahmel et al, 1999) This, together with the 
observation of elevated minimum (or residual) phos
phate concentrations in the final 3 years of the 
decade (1998 2000), suggests an additional source 
for nutrients in the region (see section "Phosphorus 
release from the sediments" below), which counter
acts the effects of successful reduction efforts in 
riverine nutrient inputs Sedimentary release may be 
among the possible causes overriding the reduction 
in riverine phosphorus discharge 

Furthermore, phytoplankton development (mea
sured as chlorophyll a concentration) does not 
exhibit any trend during the investigated period 
from 1991 to 2000 (Figure 8) The lack of a signifi
cant nutrient/phytoplankton relation in the Wadden 
Sea poses the question whether light limitation is 

more effective on phytoplankton primary produc
tion in the area of investigation than limitation by 
inorganic nutrients (see section "Light limitation of 
phytoplankton primary production" below) 

1 Phosphorus release from the sediments 

A common feature of the northern German Wadden 
Sea is an annual late summer maximum (August/ 
September) of dissolved ortho-phosphate derived 
from P released from the sediments (e g Hesse et 
al, 1992, Dick et al, 1999) (Figure 9A) Contrary 
to this, the annual cycle of dissolved inorganic nitro
gen (Figure 9B) rather follows the normal pattern 
for temperate zones with high winter concentrations 
and minima in summer The excess phosphate remo-
bilized from the Wadden Sea sediments stems 
from the decomposition of both autochthonous 
and allochthonous organic material (Postma, 1961, 
Hesse et al, 1992, Dick et al, 1999) Annual par
ticulate organic matter imported from the adjacent 
German Bight into the northern Wadden Sea is 
estimated to be in the range 120 0001 POC yr ' 
(Dick et al, 1999) Part of the remineralized P is 
temporarily stored as insoluble iron-bound DIP in 
the sediments Release is induced by a shift in the 
redox potential due to an increase in organic load 
and temperature during the growth season The 
amount of excess DIP mixed out into the adjacent 
German Bight is in the range 1700 t DIP yr ' (Dick 
etal, 1999) 

D 1 
0 T — I — I — I — I — I — I — I — I — I — I — r 

1 9 17 25 33 41 49 
Week 

- I — I — I — r — T — r I ' 1 — I — I — I — r 

1 9 17 25 33 41 49 

Week 

Figure 9A B Annual cycle (1996) of dissolved phosphate 
(DIP) and inorganic nitrogen (DIN) at the Busum Mole 
station 
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DIN (jjmol r^) 

1995 1996 
Figure 10. Ratio of the daily average light availability (E^J and the measured light saturation onset parameter (Et) with ambient 
nutrient conditions. The shaded area defines the region for which E,,/Ek> 1 (light saturation) and nutrient concentrations are 
below half-saturation constants for phytoplankton nutrient uptake as published in the literature (modified after Tillmann et al. 
(2000) with permission from the Journal of Plankton Research). 

It is suggested that sedimentary phosphate 
remobilization may affect winter phosphate levels 
and also occurs in spring. Remineralization of 
the organic load in the Wadden Sea sediments may 
not be totally completed during winter. The amount 
of phosphate release from this process may be 
triggered by winter temperatures. In addition, the 
degree of sediment remobilization is related to 
stochastic wind-induced sedimentary shear stress 
during winter time. As already mentioned, the 
last 3 years were characterized by mild absolute 
winter temperatures which may have contributed 
to a higher phosphate remobilization from the 
sediment. 

2. Light limitation of phytoplankton primary 
production 

For two annual cycles (1995, 1996) the importance 
of light limitation versus inorganic nutrient control 
of phytoplankton growth in the Wadden Sea was 
assessed by Tillmann et al. (2000). In Figure 10, 
periods of ambient light limiting conditions in the 
mixed water column are compared with periods 
when nutrient concentrations dropped below pub
lished half-saturation constants for nutrient uptake. 
It turned out that light limitation prevailed at most 
sampling days and that nutrient limitation under 
light saturated conditions (shaded area in Figure 10) 
was likely to occur only for DIP and Si (silicate) on 
2 days in April 1996 (Tillmann et al., 2000). Compa
rable observations have been made by Cloern (1999) 
and Lohrenz et al. (1999) in several estuaries in the 
USA. 

observed in the German Bight, a similar develop
ment could not be revealed for the northern German 
Wadden Sea near Büsum. As shown for winter 
nutrient concentrations, effects of reduction mea
sures are not measurable at this site during the 
period 1991-2000. Phosphorus release from the sedi
ments is assumed to counteract the reduction efforts 
in this part of the Wadden Sea. Mild winter tem
peratures in recent years may have caused the 
observed increase in phosphate concentrations in 
the period 1996-2001. Nutrients are still available 
in excess with respect to the requirements of 
phytoplankton growth in the area. 

Phytoplankton development is rather controlled 
by limited light availability. Hence, the long-term 
development of phytoplankton biomass at Büsum 
Mole, as shown by means of the chlorophyll a con
centration (Figure 8), does not show any change 
during the period 1991-2000. Similar observations 
have been made previously in the Dutch part of the 
western Wadden Sea (Marsdiep). Here, phytoplank
ton primary production remained high, although 
phosphate concentrations declined (Cadée and 
Hegeman, 1993). 

It is concluded that efforts made towards nutrient 
reduction have not yet had a measurable impact 
on the trophic state in the primary steps of the food 
web in this part of the northern German Wadden 
Sea. However, nothing can be concluded with 
respect to changes in the absolute amounts of par
ticulate organic matter entering the area from the 
adjacent German Bight, but it seems likely that 
these amounts are still high enough to exceed the 
sedimentary buffer capacity in the region. 

Conclusions 

In contrast to the long-term decrease of inorganic 
nutrient inputs from the River Elbe and the decrease 
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Variability of copepods as seen in a coupled physical-biological 
model of the Baltic Sea 
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physical-biological model of the Baltic Sea - ICES Marine Science Symposia, 219: 
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A key factor for the survival of fish larvae is the availability of prey (nauplii and 
copepodites) at the right time, place, and quality. This depends on several physical 
and biological processes and factors which can be studied theoretically by means of 
coupled physical-biological models with a stage-resolving zooplankton component 
This study is based on an advanced ecosystem model of the Baltic Sea (ERGOM) with 
an increased resolution of the zooplankton stage variable The model zooplankton 
consists of five stages' eggs, nauplii, two aggregated groups of copepodites, and 
adults. Food availability and temperature control the transfer processes, such as 
reproduction, hatching, and moulting A simulation of the annual cycle is used to 
explore theoretically the temporal and spatial development of the various stages in 
relation to the physical forcing and the food web interactions The dynamic equations 
for the "model copepod" were guided by Pseudocalanus. however, the model amounts 
to a stage-resolving description of aggregated zooplankton state variables The effects 
and implications of increased process resolution are highlighted by comparisons of 
stage-resolving model runs and simulations with a single bulk-zooplankton variable. 
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Introduction 

Progress in theoretical understanding and quanti
tative description of marine ecosystems, and their 
responses to changes in physical forcing or nutrient 
input, can be achieved by coupling ocean circulation 
models and chemical-biological models. Model 
equations of General Ocean Circulation Models 
follow directly from fundamental principles, such 
as conservation of momentum, energy, and mass. 
Although the biological processes have to obey the 
basic physical laws, it is a theoretical challenge to 
find appropriate mathematical formulations which 
govern food web dynamics. 

Many marine ecosystem models truncate the food 
chain at the level of zooplankton, either including 
grazing implicitly in phytoplankton mortality, e.g. 
Fransz and Verhagen (1985), Stigebrandt and Wulff 
(1987), and Humborg et al. (2000), or by a bulk-
zooplankton state variable which provides grazing 
pressure on the phytoplankton, e.g. Wroblewski 
(1977), Aksnes and Lie (1990), Aksnes et al. (1995), 

Fasham et al. (1990), Broekhuizen et al (1995), 
Fennel and Neumann (1996), and Neumann (2000). 
The feedback to the lower trophic levels is estab
lished directly by respiration and exudation rates 
or through the detritus pathway, where material is 
transferred to detritus by excretion and mortality, 
and recycled to the nutrient pool. These models have 
been applied in studying fluxes of matter among the 
state variables, in understanding and quantifying 
carbon fluxes in the ocean, in studying eutrophica-
tion in coastal seas, and m examining the mesoscale 
distribution of nutrients and plankton in response to 
the circulation patterns. 

Model studies of fish recruitment require stage-
resolving descriptions of zooplankton in order to 
address size-selective feeding of larvae, juvenile, 
and adult fish. They should involve growth, devel
opment, and reproduction of copepods, food web 
interactions, and physical control through advection 
and small-scale turbulence. 

A model of zooplankton biomass including seve
ral species and stages was developed by Vinogradov 
et al. (1972). Stage-resolving population models 
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were used by Wroblewski (1982), Gupta et al 
(1994), and Lynch et al (1998) Individual-based 
modelling of population dynamics has been consid
ered, for example by Batchelder and Miller (1989) 
and Miller and Tande (1993) Such an individual-
based population model was linked to circulation by 
using archives of modelled advection (Miller et al, 
1998) These population models used experimental 
data of stage duration as prescribed parameters, 
which depend on temperature and are known as 
Belehradek formulas (e g Corkett and McLaren, 
1978) 

An integration of mean individual properties and 
population dynamics was proposed by Carlotti and 
Sciandra (1989), where the equations for the num
bers of individuals have been linked to the evolution 
of the mean individual mass,m, that in turn obeys 
an equation of the type 

- |H( t ) = (g(t)-l(t))m'' (1) 
at 

Here g and 1 prescnbe growth and losses, and p is an 
allometric exponent, which generally is less than 
unity The transfer and mortality rates needed in 
the population model are not prescribed by data, 
but controlled by the development of the "mean 
individual" Moulting occurs only if the critical 
moulting mass, X, is approached (see Carlotti and 
Sciandra (1989) and Carlotti and Nival (1992) for 
a detailed description) Attempts to couple this type 
of model to 1-D (one-dimensional) water column 
models including phytoplankton dynamics were pre
sented by Carlotti and Radach (1996) in Eulerian 
fashion and by Carlotti and Wolff (1998) in a 
Lagrangian ensemble theory Models incorporating 
phytoplankton production and population dynamics 
as described by a von Foerster equation (see 
Murray, 1993) for the population density in con
junction with growth of the mean individual mass, 
as in Equation (1), have been embedded in flow 
fields in Lagrangian fashion by Heath et al (1997) 
and as a spatially distributed array of boxes m 
an Eulerian approach by Bryant et al (1997) A 
variety of existing zooplankton models was recently 
reviewed by Carlotti et al (2000) 

In the present article we aim to integrate a stage-
resolving zooplankton model (Fennel, 2001) into a 
3-D Baltic Sea ecosystem model (Neumann, 2000) 
The model system consists of a circulation model 
and an embedded chemical-biological model which 
describes the dynamics of nutrients, phytoplankton, 
stage-resolved zooplankton, and detritus The exp
licit description of the food web allows, in principle, 
simulation of the survival conditions of larvae, i e 
timing and location of nauplii abundance, and has 
the potential also to simulate, among other issues, 
the effects of food quality 

The model 

This study is based on an advanced 3-D ecosystem 
model of the Baltic Sea, which is described in 
some detail in Neumann (2000) and Neumann et al 
(2002) The biological component of the model 
consists of nine state variables The phytoplankton 
functional groups are diatoms, flagellates, and cyan-
obactena, the nutrients are ammonium, nitrate, and 
phosphate Moreover, detritus and oxygen (hydro
gen sulphate as negative oxygen) are included 
The model zooplankton, which was originally intro
duced as a bulk biomass state variable, is described 
in the present study by a stage-resolving model 
(Fennel, 2001) 

Stage-resolving model of copepod 
dynamics 

We start with a brief outline of the copepod model 
of copepods For integration of such a model into a 
General Circulation Model it is desirable to keep the 
number of state variables and hence the number of 
evolution equations small The model copepod deve
lops through five stages eggs, nauplii, copepodites 
1 and 2, and adults The nauplu stages are merged 
into one state variable "model nauplu" and the 
copepodites stages are aggregated into the state vari
ables "model copepodites 1 and 2", and partly into 
"model adults" The corresponding stage-dependent 
biomass variables per unit volume are Z ,̂ Z„ Z î, Z ,̂, 
and Zj The corresponding numbers of individuals 
per unit volume are N„ N„, N^, N^i, and N^ 

We assume that the numbers of individuals per 
unit volume is high enough that the state variables 
behave like continuous functions and, hence, the 
dynamics can be expressed by differential equations 

Population density and state variables 

The state variables Z, and N, (i = e, n, c,, Cj, a), are 
related to the population density, a(m, t), of indi
viduals of mass m Thus a(m, t)dm is the number 
of individuals in the interval (m, m + dm) at time 
t The total zooplankton biomass and the total 
number of individuals are related to a(m, t) as 

Ztot = j or(m)mdm and N,oi = ƒ a(m)dm, 
nie me 

where me is the egg mass and X^ is the maximum 
mass of mature adults 

The dynamics of a(m), i e its changes over time, 
are controlled by losses due to mortality and gains 
through production of new eggs 



210 W. Fennel and T Neumann 

dt 
a = —)ja + Tjea5(m — m^) (2) f ( m „ X , ) = - (8) 

where T.,̂  is an egg rate, prescribing the transfer of 
mass from adults to eggs, and S ( m - m J is the Dirac 
delta-function. For stage, i, the individual mass (m) 
is confined to the interval X,_| < m < X„ where 
X,_| and X, are the moulting mass of the previous 
and the current stages, respectively. The biomass 
(Z,) and number of individuals (N,) are: 

X, X, 

Z, = ƒ a(m)mdm and N, = J CT(m)dm (3) 
X, 1 X,.i 

Owing to the growth of the individuals the distribu
tion density a(m, t) will propagate along the m-axis 
with the "propagation speed" ( ^ m ) , which is con
trolled by growth (grazing minus losses) according 
to 

— m,(t) = (g,(t)-l,(t))m, 
dt 

(4) 

where m, refers to the mass within a certain stage, 
i.e., X,_, < m < X , . Contrary to (1), we use stage-
dependent rates for grazing, g,(t), and losses, l,(t), to 
avoid an allometric exponent different from unity. 

For the population density (a,) of stage i, it 
follows similar to (2) that: 

dt 
-̂ ,CT, -l-T„.|),,5(m-X,.,)-T,,„+,)6(m-X,) (5) 

where T„_|),ö(m-X,^,) and T,„+||5(m-X,) prescribe 
the rates at which individuals of stage i - 1 are trans
ferred to stage i, and individuals of stage i moult 
into stage i+ 1, respectively. 

The dynamical equations for Z, and N, follow 
from (3), (4), and (5) as 

d „ r' ,da, , dm , , 

= (g, - 1 , -H,)Z, +T„.i,,,X,., -T,,„+„X, 

and 

— N, = ƒ -Ji<im = -n ,N, +-!;,_„,, -T,,„^_|). 
dt X,., dt 

(6) 

(7) 

In order to prescribe the transfer among the stages, 
filter functions are introduced that decrease the 
growth and activate the transfer if a substantial part 
of the population in a certain stage has approached 
the moulting mass. This can be accomplished by 
comparing the mean individual mass m = Z, /N, with 
the maximum mass (X,) represented by the moulting 
mass. We choose a Fermi function, which provides a 
representation of the step-function with a smooth 
transition, 

l + exp(- - (m, 
A, 

-X,)) 

In a statistical sense, the function (8) provides the 
connection of the individual level to the bulk biom
ass of the stage. The function drops from unit 
to zero if the mean individual mass (m = Z, /N) of a 
stage approaches the moulting mass X,. The grazing 
rate (g,) will be multiplied by this function. 

At the same time, a transfer rate to the next stage 
must be activated. Noting the property of the Fermi 
functions, f(x, y) = 1 - f(y, x), the transfer rates 
(T|,+,) can be defined as: 

= g, f(< m >„ m,). (9) 

where g, is the grazing rate and f (< m >„ m,) is a 
highpass filter function, which ensures that the 
transfer to the next stage does not start before the 
mean individual mass, m, exceeds a value < m >,. 
We chose < m >, to be smaller than the moulting 
mass of the corresponding stages. Moreover, 
because the transitions in real systems are not as 
sharp as indicated by the 5 functions in (5), we 
modify the transfer terms in (6) as T, ,+|X,= T, ,+,Z„ 
where, because of the highpass filter property of 
Tji+i, these terms are activated only for values of Z, 
close to X, (see Fennel (2001) for more details). 

Then the equations for the stage-dependent 
biomass can be written as 

. ^ e '•ae^a ^en^e l^e^e» 

dt 

Zc, =T^,Z„ -f-(g,, - 1 „ - n „ ) Z , , -T,„^Ze,, (10) 

AJ. ^1 '^qci^c? " VEci *C2 P-t2/•^ti '•cid^CT» 

Za = T e , a Z , , -f-(ga - l a - ^ a ) Z a - T „ Z a . 

dt 

A 

dt 

d̂  

dt 

The dynamics of the state variables are controlled 
by transfer rates (T,,+|), growth rates (g,), loss rates 
(1,), and mortality rates (|i,), where i = (e, n, c,, c,, a). 
The process rates are specified below. The cor
responding equations for the number of individuals 
are. 

dt 

^ N „ = i e „ - n „ N „ - T „ , , , 

dt 
^z\ ^ n t i M-ci'^C] ^C|C2 ' (11) 
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, . ^^Li ^C|C2 Hc2^^c-) \ 2 a ' 

dt 

The mortality rates (|x,) are the same as in Equation 
(10) The transfer rates (i, +,) are closely related to 
T +,, l e T ,+i = T,,+|Z,/X, 

Use of the filter functions (8) and (9) implies that 
both biomass variables and number of individuals 
are needed to compute the mean mass of the indi
viduals for each stage The interfaces for the inte
gration of the two sets of biological equations, (10) 
and (11), into the circulation model are advection-
diffusion equations, one for each state variable An 
attractive feature of including the biomass state 
variables is the explicit conservation of mass in the 
model Population models are not constrained in 
such an easy way because there is no law for the 
conservation of the number of individuals 

Process descriptions and parameter 
choices 

In order to specify our model copepod, we follow 
Fennel (2001) and focus on Pseudocalanus, which 
is an important copepod in the Baltic The mass 
parameters listed in Table 1 were derived from 
Baltic Sea data (Hernroth, 1985) However, coupled 
models require that other species, such as Acartia, 
with different life cycles be taken into account by 
means of aggregated, stage-resolving state variables 
Since most of the process descriptions are outlined 
in Neumann (2000) and Fennel (2001), we confine 
the discussion to the extension developed in the 
present model 

The grazing rates, which describe the amount of 
ingested food per day in relation to the biomass, are 
formulated in terms of modified Ivlev expressions 

g.(P) = P,(1 -exp(-i:P3„„,))f(S,X,) (12) 

Table 1 Mass parameters 

Egg mass 

Stage 

Nauplii 
Copepodites 1 
Copepodites 2 
Adults 

m,= 0 1 ngC 

Moulting 
mass 

X„ = 0 3 n g C 
X , = 0 8 n g C 
Xc, = 2 n g C 

Maturation 
mass 

X.= 1j:gC 

Mean mass 

< m > „ = 0 2 2 n g C 
< m >,| = 0 6 Hg C 
< m >c2= 1 6 Hg C 
< m >^=2 6 H g C 

Table 2 Grazing rates (P) at different temperatures Ivlev 
constants (I )̂ and mortality rates (n) 

Stage 

Eggs 
Nauplii 
Copepodites 1 
Copepodites 2 
Adults 

P, (OX) 
d ' 

0 5 
0 35 
0 25 
0 12 

P, (10°C) P, (15°C) 
d ' 

_ 
0 93 
0 66 
0 47 
0 22 

d ' 

_ 
1 3 
0 9 
0 64 
0 31 

P I O ' 
mmol 
C m^ 

2 5 
4 7 
7 

10 1 

H,d 

0 2 
0 033 
0 05 
0 05 
0 025 

where V^^^ is the food concentration, i e P,^„ = Pa + 
Pf+ Pc, (Pd diatoms, Pf flagellates, P^ cyanobacteria), 
the I 's are stage-dependent Ivlev constants, and f is 
the Fermi function (8) The maximum grazmg rate, 
P, depends on the temperature through an Eppley 
factor, p,= b exp(aT), with a = 0 063(°C)' The 
numerical values of the involved parameters are 
listed m Table 2 The decrease of 6, for the higher 
stages reflects that older stages with more body mass 
ingest a smaller amount of food, in relation to their 
body mass, than the younger stages Moreover, we 
have included a lower preference of cyanobacteria 
(Muller-Navarra et al, 2000) by a factor (Pd+Pf+ 
'/2Pc)/Psj,^, which for simplicity is not included in 
(12) 

The ingested food is partly used for growth and 
partly for the metabolism of the animals About 
35% of the ingestion is lost as egestion, 10% as 
excretion, lO"/) by respiration, and 15% is needed for 
the moulting processes (see Corkett and McLaren, 
1978) These losses are expressed by the rates 
1,= 0 7 g, (P,T) for (1 = n, c„ C2) and 1, = 0 8 g, (P, T) 
for the adults (i = a) Note that these rates depend 
on temperature and food through the grazing rates 

(g.) 
The transfer rates involve moulting, egg laying, 

and hatching The rate of reproduction (T^^), 
describes the egg production of the female adults 
after reaching the maturation mass We assume that 
half of the adults are female and 30% of the ingested 
food IS transferred into egg biomass 

T,e = ( ' /2 )03g 

Then the number of new eggs per day is given by 
tea^Tae Z /̂m^ This approach implies that the egg-
rate depends on food availability and temperature 
through the grazmg rates, but ignores the discon
tinuous release of clutches of eggs with time inter
vals of a couple of days, see, e g , Hirche et al 
(1997) The transfer from eggs to nauphi (hatching) 
IS set by the embryonic duration at low tempera
tures, about 10 days (Corkett and McLaren, 1978) 
The effect of temperature is accounted for by an 
Eppley factor 

Te„ = h e ( T - T „ ) e x p ( a ( T - T „ ) ) , 
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with h = 0.124 d ' . The involved step-function, G(x), 
(e(x) =1 for X > 0 and e{x) = 0 for x < 0) implies that 
the model eggs hatch to model-nauplii only for 
temperatures exceeding the threshold, To=2.5°C. 

The model food chain is truncated at the level of 
zooplankton and mortality involves both death rates 
and predation by planktivorous fish. The choice of 
mortality rate is difficult because the basic factors 
are poorly known. In the literature, stage-dependent 
mortalities with some seasonal variation are often 
used, e.g. Gupta et al. (1994). The typical orders of 
magnitude vary from |i ~ 0.01 to 1 d ' . In the present 
simulations we choose stage-dependent mortality 
rates. For simplicity, the mortality is held constant 
within each stage. The numerical values are listed in 
Table 2. 

The performance of the model was illustrated in 
Fennel (2001). For example, a simulation of the 
development of a cohort of eggs in a rearing tank 
with constant food and temperature conditions can 
be achieved by integrating the equation sets (10) and 
(11). In a first phase, the egg-signal propagates 
through the following stages, while the total number 
of individuals decreases due to mortality. After a 
generation time of 30 days adults have developed 
and start to lay new eggs, and after 55 days the 
abundance of adults has increased significantly in 
response to the reproduction. 

Experimental simulations 

The zooplankton model outlined in the preceding 
section was integrated into the 3-D ecosystem model 
of the Baltic Sea (Neumann, 2000; Neumann et al. 
2002) and run to simulate the production cycle over 
one year. We chose 1980 because of the availability 
of initial data as well as comprehensive sets of 
forcing data. The model was driven with meteo
rological data from the ERA 15 project (http:// 
wms.ecmwf.int/research/era/Era-15.html), and with 
river run-off, nutrient loads and atmospheric nutri
ent deposition provided by the Baltic Environmental 
Database of the University of Stockholm (http:// 
data.ecology.su.se/Models/bed.htm). The initial dis
tributions of temperature and salinity fields were 
taken from a climatological data set (Janssen et al., 
1999). Initialization of the biogeochemical state 
variables was accomphshed with the help of an 
existing initialization run (Neumann et al., 2002). 

Since there are no data available for a proper 
initialization of the copepod distribution, we chose 
an evenly distributed background population of 
overwintering copepods of 2400 ind m \ The seed 
population starts to lay eggs in response to the 
model-generated phytoplankton spring bloom. 
Although the model parameterization was guided 
by Pseudocalanus data compiled for the Baltic 
(Hernroth, 1985), we consider this as a "model 

copepod" which comprises several species implicitly. 
In particular, Acartia is included, although these are 
characterized by smaller mass (Hernroth, 1985) and 
their life cycle is characterized by overwintering of 
dormant eggs resting at the bottom in the shallower 
areas. It is assumed that the dormant eggs oï Acartia 
commence hatching at the same time as Pseudo
calanus starts to lay eggs. The model copepod devel
ops both in colder and warmer areas, where the state 
variables refer to Acartia in the nearshore regions 
and to Pseudocalanus in the offshore areas and 
below the seasonal thermocline. Thus, the state 
variables may refer to different species at different 
locations. 

In this article we explore the dynamics of the 
model zooplankton. For a discussion of the bio
geochemical aspects of the model simulation, see 
Neumann (2000) and Neumann et al (2002). The 
most effective way to present the results of the simu
lations is by animation, showing the development of 
the state variables in time and space. Computer ani
mation files can be obtained on request. Here we 
show only a selection of snapshots. A map of the 
Baltic is shown in Figure 1, indicating two stations 
and sections referred to later. 

The modelled phytoplankton spring bloom (not 
shown) commences in the southwestern Baltic by the 
end of March and propagates toward the central 
Baltic during April and May. The seed population 
of adult copepods starts to lay eggs in response 
to the spring bloom of phytoplankton. The response 
patterns emerge, with some delay due to the hat
ching process, in the model nauplii distribufion 
(Figure 2). With further delay, the signals propagate 
through the copepodite stages until the abundance 
of the adults showed an increase 2 months after 
the spring bloom (Figure 3). In the summer, the 

15 20 
Eastern longitude 

Figure 1. Map of the southwestern and central part of the 
Baltic Sea. The stations in the Arkona Sea (AS) and Bornholm 
Sea (BS) refer to the sampling locations of the Baltic Monitor
ing Programme and data from the indicated sections are used 
to compare with model results. 

http://
http://
http://data.ecology.su.se/Models/bed.htm
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Z001-RUN1 1m nauplii-abundance 

Longitude Longitude 

Figure 2. The development of model nauplii near the sea surface (uppermost layer, thickness 2 m). 

abundance of all stages reaches the maximum level 
(Figure 4). The spatial distribution of the different 
stages shows similarities and differences which are 
due to the interplay of the mesoscale current pat
terns and the different temporal development of the 
stages. 

The general development and distribution pat
terns are qualitatively as would be expected, but a 
quantitative comparison with observations is diffi
cult due to limited observations. In order to provide 
a qualitative comparison, snapshots of the vertical 
distribution of model nauplii along sections in the 
Arkona Sea and the Bornholm Sea are examined 
(Figure 1). These sections include stations from 
the Baltic Monitoring Programme. An overview 
of the observed abundance of mesozooplankton 
from the monitoring programme for 1980 to 1990 
has been published in the HELCOM Assessment 
(Helcom, 1996). The data refer to the vertically inte
grated bulk abundance of copepods, where stages 
were not resolved. The data have been compiled 
from three stations in the central Arkona Sea, with 
about 20 samples per season. These stations cor
respond to the central part of the model sections, as 
discussed below. 

In the central Arkona Sea, the abundance of 
copepods in 1980 was 6000 ind m"^ for the period 

Z 0 0 1 - R U N 1 1m adults-abundonce 

10.0 12.5 15.0 17.5 20.0 
Longitude 

22.5 25.0 

Figure 3. Development of model adults near the sea surface 
(uppermost layer, thickness 2 m). 



214 W. Fennel and T. Neumann 

Z001-RUN1 1m 15.08.80 

10.0 12.5 15.0 17.5 20.0 22.5 25.0 10.0 12.5 15.0 17.5 20.0 22.5 25.( 
Longitude Longitude 

Figure 4. The summer peak of abundance of model nauplii, copepodites 1 and 2, and adults. 

before the spring bloom (January to March), 15 000 
ind m"' for the period April and May, and 25 000 
ind m"' during the summer. 

The simulated spring bloom maximum occurs in 
the central part of the Arkona Sea at the end of 
March. Thereafter, the concentration decreases to 
low summer levels. Elevated values are found in 
the area of the shallow bank (Oder Bank), which is 
influenced by the nutrient loads of the Oder river. 
The abundance of eggs (not shown) and nauplii 
(Fig. 5) responds with some delay to the chlorophyll 
signal (not shown). 

The model-nauplii abundance, which is an impor
tant indicator for the potential survival of larvae, 
shows a slight increase, from 4000 to 10 000 ind 
m"\ in the central part of the Arkona Sea and a sub
stantial increase, from 4000 to 200 000 ind m"\ in 
the shallow coastal area from spring to summer. 
This figure is qualitatively in accordance with obser
vation in the shallow area in 1988 (Postel et ai, 
1991). Below the surface layer the abundance is 
smaller and varies between 4000 and 6000 ind m"' 
(Figure 5). Development of the model copepodite 1 
follows that of the nauplii, with a delay of several 
weeks. The abundance of model adults increases 
slowly and reaches its maximum in August. The 
strongest signals are found in the area of the Oder 
Bank. 

Next we examine the section through the Born-
holm Sea (Figure 1). The available data from the 
Baltic Monitoring Programme are confined to one 
station in the central Bornholm Sea. Copepod abun
dance was compiled from 17 samples in winter, 43 
samples in spring, and 63 samples in summer. For 
1980, the data for the central Bornholm Sea indicate 
2000 ind m ' for the period before the spring bloom 
(January to March), 10 000 ind m"' for the period 
April and May, and 8000 ind m"' for the summer 
(Helcom, 1996). The observed abundance is gener
ally higher in the Arkona Sea than in the Bornholm 
Sea. 

In the central part of the Bornholm Sea, the 
model phytoplankton spring bloom (not shown) 
occurs in mid-April, i.e. later than in the Arkona 
Sea. The summer values are low and confined to 
the surface layer. The model eggs (not shown) and 
nauplii respond to the phytoplankton signal with a 
delay of a couple of weeks with a patchy distribu
tion. Relative high levels appear near the eastern 
coast (Figure 6). The model nauplii abundance, 
which is an important food source for larvae, 
increases from spring to summer, from 4000 to 
10 000 ind m"' in the central part of the Bornholm 
Sea, while in the coastal region off Poland increased 
up to 40 000 ind m \ Below the surface layer, values 
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Figure 5. Development of the model nauplii along the Arkona Sea section (Figure 1). 

are much smaller and exceed 2000 ind m"' only in a 
few patches. 

The response patterns of the model copepodite 
abundances show a similar offshore gradient. The 
model adults do not increase significantly before 
July and their maximum abundance is reached in 
August (not shown). The model generally repro
duces the observed higher abundance in the Arkona 
Sea than in the Bornholm Sea. 

The observational site corresponds to the central 
part of the model section. Contrary to observations, 
the model abundance of copepods is shghtly higher 
in summer than in spring. However, this difference 
becomes negligible when we look at the total obse
rved mesozooplankton, which also assumes max
imum values in the summer. This implies that 
our model copepod ingest food, which in nature is 
taken by other species, in particular Cladocera and 
Rotifera. 

In both basins, the vertical distribution patterns 
in the model show the strongest signals in the upper 
layer, while below the seasonal thermocline adults, 
as well as eggs and nauplii, are less abundant. This 
applies, in particular, to the Bornholm Sea during 
the summer. The reason is that the model phy-
toplankton in the summer season consists mainly of 
flagellates, with zero sinking speed, and blue greens. 

with a slight buoyancy, while the spring bloom is 
dominated by diatoms, which sink relatively quickly 
Neumann (2000). Thus, the summer chlorophyll 
concentrates mainly in the surface layer. 

The vertical motion of the model copepods is pas
sive, i.e. driven by currents and turbulent diffusion 
in a similar manner as in a bulk-zooplankton 
description. While a background stock of adults is 
maintained by setting the adult mortality to zero for 
low abundance there is still some egg laying and 
hatching to nauplii, whereas the model copepodites 
in the deeper layers are short of food and damped 
by mortality. This could be amended by allowing 
copepods some grazing on detritus, including verti
cal motion, i.e. dial migration, to draw from the 
food in the surface mixed layer. 

It is interesting to compare the stage-resolving 
simulations (Figure 7) with the model containing 
one bulk-zooplankton variable (Figure 8). Compa
red to the bulk-zooplankton run, the stage-resolving 
case displays a lower grazing pressure during the 
spring bloom and a higher grazing pressure in 
the summer. While the bulk-zooplankton reacts 
immediately with an increase of biomass, the over
wintering adults in the stage- resolving model first 
increase their body mass and start to lay eggs, then 
have to propagate through all stages until they 
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Figure 6. Development of the model nauplii along the Bornholm Sea section (Figure 1). 

become adults, which then increases the reproduc
tion. Thus a time interval of a full generation is 
needed before the zooplankton mass and the num
ber of individuals increase through reproduction. 
The difference of both simulations is relatively small 
for the summer. The main deviations occur after the 
spring bloom. 

Discussion and conclusions 

The present study extends an advanced ecosystem 
model of the Baltic Sea in which the zooplankton 
biomass was considered as one aggregated bulk vari
able (Neumann, 2000; Neumann et al, 2002) to a 
stage-resolving model of copepods (Fennel, 2001). 
The stage-resolving model combines elements of 
biomass models and stage-dependent population 
models and uses the concept of critical moulting 
mass (Carlotti and Sciandra, 1989). This approach 
allows a consistent formulation of the equations of 
the state variables, where abundance and biomass 
are based on a function of the population density, 
and obey von Foerster equations. In order to bridge 
the levels of individual and population dynamics, we 
introduced statistical aspects by means of the filter 

functions (Fermi function). An attractive property 
of the present model is its ability to conserve mass 
distributed within the food web explicitly. Such 
a conservation law cannot generally be applied 
to population models, because there is no law of 
conservation of the number of individuals. Only in 
special cases can it be assumed that for limited time 
periods the total number of individuals is constant, 
e.g. Wroblewski (1982). 

An unavoidable disadvantage of the model is 
the need for two sets of state variables, biomass and 
the number of individuals, and hence the need for 
two equations at each stage. This is because of the 
connection of individual to population and bulk 
biomass levels in a statistical treatment. 

Formulation of the dynamic signatures of the 
"model-copepod" was guided by properties of Pse-
udocalanus in the Baltic. However, in order to inte
grate the stage-resolving model into the coupled 
physical-biological model, it was assumed that the 
model copepod comprises other copepod species 
(aggregated state variables), although their param
eters differ from those of Pseudocakmus. Species 
such as Cladocera and Rotijera were not explicitly 
taken into account in the present model approach. 

Although not discussed in this article, we note 
that the model calculates, in a consistent way, the 
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Figure 7 Development of the total zooplankton biomass near the sea surface (uppermost layer, thickness 2 m). 

ERG0M3-RUN1 1 zooplonkton-mass 
mmol/m 
,20 000 

15 000 
1 10 000 

9 000 
8 000 
7 000 
5 000 
5 000 
4 000 
3 000 
2 500 
2 000 
1 500 
1 000 
0 900 
0 800 
0 700 
0 600 
0 500 
0 400 
0 300 
0 250 
0 200 
0 150 
0 100 
0 090 
0 080 
0 070 
0 060 
0 050 
0 045 
0 040 
0 035 
0 030 
0 025 
0 020 
0 015 
0 010 
0 005 
0 000 

10.0 12.5 15.0 17.5 20.0 22.5 25.C 
Longitude 

15.0 17.5 
Longitude 

25.0 

Figure 8. As Fig 7, but for a model run with only one bulk zooplankton state variable. 
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food-web dynamics controlled by physics and 
the chemical biological processes It includes bio-
geochemistry and has the potential to simulate 
oxygen depletion in the bottom waters of the central 
Baltic Sea (Neumann, 2000, Neumann et al, 2002) 

The food web is truncated at the level of the zoop
lankton although the zooplankton mortality incl
udes predation by planktivorous fish Nevertheless, 
the model provides a basis from which to explore 
variations in the recruitment condition, by comput
ing development of larvae food (distribution of 
nauplu) in time and space in response to climate 
changes or altered river loads Inclusion of the lower 
trophic levels allows, for example, simulation of 
how signals propagate through the food web and 
study of the effects of food quality on reproduction 

Although the present model is complex, it still 
involves a substantial simplification of the real 
system For example, the stage-resolving formula
tion used in the VD ecosystem model has elements 
of a bulk approach by its lumping together several 
species into the corresponding stages The descrip
tion of vertical migration of the higher stages must 
be improved and grazing on detritus as a low quality 
food resource can be included The influence of 
salinity and oxygen on the physiological rates has 
not been considered 

This study also highlights the need for more 
observational data, both for model initialization and 
for comparison of model results with observations 

It IS generally accepted that models should be as 
simple as is reasonable and only as complex as is 
necessary This implies that the choice of model 
equations depends on the problem considered and 
involves the assumption that enhancing or reducing 
the complexity of a model system by parameteriza
tion IS possible to a certain degree The quality of 
parametenzations can only be judged by compari
son with measurements and by exploring models of 
different complexity The present study indicates, 
for example that the spring bloom is more strongly 
controlled within models using bulk zooplankton 
parameterization and responds faster than in a 
stage-resolvmg model where the eggs have to propa
gate through the stages before a significant increase 
in the grazing pressure develops This delay has 
a time-scale of a full generation at relatively 
low temperatures Thus, the presented simulations 
provide arguments to improve parametenzations of 
bulk-zooplankton biomass models 

The present model study was a first attempt to 
include a stage-resolving zooplankton component 
within a full 3-D physical-chemical biological 
model of the Baltic Sea Although the simulation 
was made for the year 1980, the model provides the 
means for studying the zooplankton response to 
decadal hydrographital variability However, this 
will be the subject of future work 
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Interannual dynamics (1959-1999) of calanoid copepods Pseudocalanus elongalus. 
Temora longicorms and Acartia spp in the Central Baltic Sea are described for dif
ferent life-stages. Using principal component (PCA) and correlation analysis the asso
ciation of the stage-specific abundance to salinity and temperature was investigated. 
P elongalus dynamics were related to high salinities in spring favouring maturation 
and reproduction Additionally, low temperatures appear to be favourable for repro
duction, whereas intermediate copepodite stages were positively correlated to tem
perature. T longicorms and Acartia spp. life-stages were consistently associated with 
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Introduction 

Mesozooplankton species, especially calanoid cope
pods, play an important role in the Baltic Sea 
ecosystem. Changes in the species composition have 
been shown to influence the growth of their major 
predators, the clupeid fish herring (Clupea harengus) 
and sprat (Sprattus sprattus) (e.g. Flinkman et al., 
1998). Recent individual-based modelling approa
ches have demonstrated the dependence of larval 
survival and consequently recruitment of cod (Gadus 
morhua) on the dynamics of their main prey species 
(Hinrichsen et ai, 2002). 

Long-term dynamics of copepod species have 
been investigated in different parts of the Baltic Sea, 
and their abundance and biomass were shown to 
depend to a large extent on hydrographic conditions 
(Ojaveer et ai, 1998; Viitasalo, 1992; Viitasalo 
et ai, 1995; Vuorinen and Ranta, 1987; Vuorinen 
et ai, 1998; Möllmann et al, 2000) controlled by cli
matic factors (Dippner et ai, 2000, 2001; Hanninen 
et al., 2000). In the Central Baltic basins especially, 
decreasing salinities since the late 1970s, caused by 

increased river run-off (Bergström and Carlsson, 
1994) and lower frequency of pulses of saline water 
intrusions from the North Sea and Skagerrak (Mat-
thaus and Franck, 1992; Matthaus and Schinke, 
1994) caused a declining biomass of Pseudocalanus 
elongatus, the dominant copepod in the area (Dip
pner et ai, 2000; Möllmann et a/., 2000). Two other 
important species, Temora longicornis and Acartia 
spp., were found to depend mainly on the prevailing 
temperature conditions in spring; Acartia spp. in 
particular showed a general increase in biomass in 
the 1990s, concurrent with prevailing relatively high 
temperature (Möllmann et al., 2000). 

Former studies from the Central Baltic investi
gated trends in total standing stocks of copepod 
species, while no stage-specific dynamics were con
sidered. The latter may result in the identification of 
a critical life-stage or population dynamic processes 
driving the dynamics. Here we explored the stage-
specific long-term dynamics of P. elongatus, T. lon
gicornis, and Acartia spp. in the combined area of 
the Gdatisk Deep and the central Gotland Basin 
(Figure 1) and their association with temperature 

mailto:fwk@dfu.min
mailto:georgs_k@latfri.lv
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Figure 1. Map of the Central Baltic Sea with the area of investigation, i.e. the Gdansk Deep and the Gotland Basin. 

and salinity by using principal component (PCA) layer between 50 and 100 m was also considered for 
and correlation analysis. this species. 

Material and methods 

Temperature and salinity 

Temperature and salinity were measured by the 
Latvian Fisheries Research Institute (LATFRI) in 
Riga at 8 stations covering the Gdansk Deep and 
the Central Gotland Basin. Measurements were 
performed during several cruises from 1961 to 1999 
using a water sampler (Nansen type; 11 capacity) 
in 5 or 10-m steps. A Deep Sea Reversing Thermo
meter was used for temperature measurements, 
whereas salinity was measured either by the Knu-
dsen Method (until 1992) or with an Inductivity 
Salinometer (since 1993). 

Average values of temperature and salinity per 
season were calculated for the depth range 0-50 m, 
being the water layer mainly inhabited by T. lon-
gicornis and Acartia spp. (Sidrevics, 1979, 1984). As 
P. elongatus, especially the older stages, show a 
deeper distribution (Sidrevics, 1979 and 1984), the 

Copepod stage-specific abundance 

Copepod abundance data were collected during sea
sonal surveys of LATFRI, i.e. mainly in February, 
May, August, and November (later called winter, 
spring, summer, and autumn, respectively) con
ducted from 1959 to 1999. Samphng was performed 
mostly in the daytime using a Jeddy Net (UNESCO 
Press, 1968) operating vertically with a mesh size of 
160 |im and an opening diameter of 0.36 m. The gear 
is considered to quantitatively catch all copepodite 
stages as well as adult copepods, whereas nauplii 
may be underestimated (Anon., 1979). 

Individual hauls were carried out in vertical steps, 
resulting in full coverage of the water column to a 
depth of 100 m at every station. For the present ana
lysis, data from LATFRI stations in the Gdansk 
Deep and the Central Gotland Basin were used. 
Each sample was divided into two subsamples. A 
mean value was calculated from both subsamples to 
derive the number per m\ Nauplii (N), copepodites 
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I to V (CI-CV) as well as adult females (CVI-0 
and males (CVI-m) of the species P elongatus T 
longicorms, and Acartia spp (including A hijilosa, 
A longiremis, and A tonsa) were identified in the 
samples 

Numerical analyses 

Data were log-transformed to stabilize the variance 
Missing values in the original time-series were inter
polated using a linear trend regression (Statsoft, 
1996) Principal component analyses (PCA) for 
classification (Le Fevre-Lehoerff e? a/, 1995) were 
conducted in order to investigate (i) differences 
in the time trends between the different copepod 
stages, and (ii) associations between specific stages 
and salinity and temperature One PCA was per
formed for every season and species with eight 
biological descriptors (stages N, CI, CII, CIII, CIV, 
CV, CVI-f, CVI-m) as well as salinity and temp
erature as supplementary variables Associations 
between the variables were displayed by correlations 
between the first two principal components 

Additionally, simple correlation analyses were 
performed for the main reproduction periods, i e 
spring for P elongatus as well as spring and summer 
for T longicorms and Acartia spp To account for 
autocorrelation in the data, the degrees of freedom 
(d f) in the statistical tests were adjusted using the 
equation by Chelton (1984), modified by Pyper and 
Peterman (1998) 

^ = ^ + ^ I ' - x x O ) r w O ) (1) 

where N*, is the "effective number of degrees of 
freedom" for the time-series X and Y, N is the 
sample size, and rXX (j) and rYY (j) are the 
autocorrelation of X and Y at lag j The latter were 
estimated using an estimator by Box and Jenkins 
(1976) 

XP^, -x)(x„^ -X) 
TxxÜ) = ^—N (2) 

I(X,-X)^ 
t= l 

where X is the overall mean We applied approxi
mately N/5 lags in Equation (1), which ensures the 
robustness of the method (Pyper and Peterman, 
1998) 

Results 

Temperature and salinity 

Temperature in the upper 50 m showed a rather high 
interannual variability (Figure 2) Three marked 

peaks are visible in the winter and spring time-series 
in the middle of the 1970s as well as in the early 
1980s and 1990s Fluctuations were less pronounced 
in the deeper water layer (50 100 m), but exhibited 
in general the same time-trend Compared to 
the earlier decades, the 1990s appeared to be the 
warmest period 

The time-series on salinity are characterized by a 
fairly stable situation in the 1960s and 1970s From 
the 1980s onwards salinity declined continuously in 
both depth layers Whereas salinity increased again 
from the middle of the 1990s onwards in the lower 
depth layer, it declined further in the upper layer 

Pseudocalanus elongatus 

The overwintering stock of P elongatus is domi
nated by CIV and CV copepodites and additionally 
lower proportions of CIII and CVI (Figure 3) Peak 
reproduction takes place m spring, when mainly 
N and CI constituted the P elongatus stock In 
summer, these stages have developed further, result
ing in a dominance of CII, CIII, and CIV The over
wintering stock builds up in autumn, comprising 
mainly CIII, CIV, and CV 

The time-series display a period of a high over
wintering stock in the late 1970s to the middle of the 
1980s Before and after this period, abundance was 
low and decreased since the late 1980s This devel
opment IS also found in spring for CVI-f as well as 
for the dominating N and CI The latter two stages, 
however, also showed a period of high abundance 
at the beginning of the time-series All other cope-
podite stages experienced an undulating develop
ment during the observed period In summer and 
autumn the dominating stages (CII-CV) again 
showed a peak abundance period in the 1970s and 
1980s and a drastic dechne during the 1990s 

PCAs revealed pronounced differences in the 
behaviour of the seasonally dominating stages in 
spring (Figure 6) A group comprising the adult 
(CVI) and the youngest stages (N, CI) is separated 
from the intermediate copepodites (CII-CV) Both 
groups also showed a different association to hyd
rography, with the first group being associated with 
salinity in both depth horizons and the second group 
being connected to temperature Correlation analy
ses confirmed the pattern with significant positive 
associations between N and salinity as well as 
an indication of a relationship between CVI-f and 
salinity (Table lA) In contrast, intermediate cope-
podite stages were significantly related to tempera
tures A relatively high negative correlation between 
N and temperature, however, was not statistically 
significant 
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Figure 2 Seasonal time-series on temperature (left panels) and salinity (right panels); 1st row - winter, 2nd row - spring, 
3rd row - summer, 4th row - autumn; solid line 0-50 m, dotted line 50-100 m. 

Temora longicornis 

T. longicornis hibernates mainly as CIV-CVI, 
although generally the overwintering stock is low 
compared to P. elongatus (Figure 4). Reproduction 
starts in spring and lasts throughout the year, as 
indicated by the continuous occurrence of N and 
the younger copepodite stages. Highest total abund
ance was found in summer, which coincides with the 
highest amount of CVI within the yearly cycle. In 
autumn, N and copepodites CI-CIV dominate with 
similar abundances. 

The winter time-series showed increasing abund
ances of CIII-CV and CVI-f in the 1990s. Similarly 
in spring, exceptionally high standing stocks were 
observed for all stages from the late 1980s. Before 
the mid-1980s, spring abundances of all stages were 
low with an intermediate rise in the mid-1970s; how
ever, only pronounced for N. Contrary to spring, 
the summer time-series is characterized by mainly 

low and decreasing abundances in the 1990s with the 
exception of CIII-CV, which were relatively abund
ant. Generally a high variability is encountered 
in the summer time-series with high values at the 
beginning for N and copepodites, but lower ones for 
CVI. A similar high variability is found in autumn 
with peaks in the middle of the 1970s for N and 
CI-III and in the early 1980s for CIV-CV. In the 
1990s, the standing stock of N and CI was low and 
on average higher for CII-CIV. 

PCAs revealed no clear associations between 
the stage-specific abundance of T. longicornis and 
the hydrographic variables in winter and autumn 
(Figure 6). On the contrary, in spring, all stages had 
high positive correlations with the first principal 
axis, as was observed for temperature. In summer, 
no association with temperature was obvious, while 
all stages showed negative correlations to the second 
principal axis, as was found for salinity. Correlation 
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Figure 3 Seasonal time-series on stage-specific abundance of Pseudocalanus elongalui Time-series are smoothed by a three-point 
running mean (A) winter (B) spring (C) summer (D) autumn 

analyses for the main reproductive periods con
firmed a clear positive relationship between all 
stages and temperature in spring (Table IB) The 
association to salinity is negative in spring, but sig
nificant only for CI and CII In summer, correla
tions with salinity were positive but only significant 
for CI, CII, and CVI 

Acartia spp. 

The seasonal dynamics of Acartia spp are similar 
to those of T longuornis (Figure 5) The over
wintering stock IS relatively small, reproduction 
starts in spring and lasts throughout the year Peak 
abundance is in summer 

Increasing winter abundances of all stages were 
observed in the 1990s Compared to T longicornis, 
higher abundances of N and CVI-f of Acartia spp 

were encountered showing a wave-like development 
Also in spring the time-trend was comparable to 
that of T longuornis, i e with a marked increase in 
abundance since the late 1980s for all stages Con
trary to T longuornis, this stepwise increase in 
standing stock was also encountered in summer and 
autumn, although mainly for CII and older stages 

Similarly to T longicornis, PCAs for Acaitia spp 
showed only a weak association between hydro-
graphic variables and stage-specific abundance in 
winter and autumn, as well as in summer (Figure 6) 
In spring, all stages were associated with tempera
ture, whereas there is a clear opposition to salinity 
Correlation analyses confirmed a clear positive and 
highly significant relationship of all stages to tem
perature in spring (Table IC) The association to 
salinity is negative in spring (significant only for 
CIII and CIV) and in summer (significant only for 
CIII-CV) 
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Table 1A Correlation tests between Pseudocalanus elongatus stage-specific abundance and temperature and salinity time-series 
N'"' = "effective" number of degrees of freedom, r = Pearson correlation coefficient, p = associated probability (a) 

Stage Salinity Temperature 

N 
CI 
CII 

cm 
crv 
cv CVI-f 

CVI-m 

N'lT 

13 
16 
16 
27 
19 
19 
15 
21 

r 

0 61 
031 

- 0 08 
- 0 15 
- O i l 
- 0 07 
- 0 41 
- 0 10 

P 

<0 001* 
0 056 
0 627 
0 352 
0 491 
0 670 
0 009 
0 563 

N'f 

26 
28 
29 
35 
29 
27 
23 
32 

r 

- 0 25 
0.10 
0 4 3 
0.48 
0 6 4 
0 50 
0 05 

-0 14 

P 

0 119 
0 562 
0 006* 
0 002** 

<0 001** 
0 001** 
0 748 
0 399 

•Significant at 0 05 and ** at 0 01 level 

Table IB Correlation tests between Temora longitomis stage-specific abundance and temperature and salinity time-series 
N=" = "effective" number of degrees of freedom, r = Pearson correlation coefficient, p = associated probability (a) 

Stage 

N 
CI 
CII 
CHI 
CIV 
CV 

CVI-f 
CVI-m 

Nefr 

17 
20 
19 
14 
23 
19 
19 
21 

Salinity 

r 

- 0 17 
- 0 44 
- 0 46 
- 0 47 
- 0 34 
- 0 15 
- 0 31 
- 0 01 

Spring 

P 

0 302 
0 005* 
0 003* 
0 003 
0 033 
0 367 
0 055 
0 948 

Temperature 

N=ir 

31 
32 
32 
28 
34 
31 
32 
32 

r 

0 63 
0 66 
0 73 
0 66 
0 60 
0 56 
0 35 
0 32 

P 

<0 001** 
<0 001** 
<0 001** 
<0 001** 
<0 001** 
<0 001** 

0 028** 
0 045** 

N ' " 

22 
26 
28 
26 
29 
23 
23 
18 

Salinity 

r 

0 38 
0 43 
0 45 
0 25 
0 07 
0 15 
0 39 
0 54 

Summer 

P 

0018 
0 006* 
0 004* 
0 129 
0 680 
0 362 
0 015* 

<0 001* 

Temperature 

N'f 

34 
34 
36 
35 
37 
35 
34 
31 

r 

0 16 
0 03 

- 0 21 
- 0 20 
- 0 17 

0 05 
0 10 

- 0 04 

P 

0 317 
0 835 
0 196 
0 218 
0 289 
0 770 
0 548 
0 800 

*Significant at 0 05 and ** at 0 01 level 

Table IC Correlation tests between Acartia spp stage-specific abundance and temperature and salinity time-series 
"effective" number of degrees of freedom, r = Pearson correlation coefficient, p = associated probability (a) 

Neff 

Stage 

N 
CI 
CII 

cm 
CIV 

cv CVI-f 
CVI-m 

N"" 

18 
15 
11 
15 
14 
16 
11 
18 

Salinity 

r 

- 0 04 
- 0 39 
- 0 41 
- 0 50 
- 0 58 
- 0 37 
- 0 43 
- 0 33 

Spring 

P 

0 797 
0013 
0 009 
0 001* 

<0 001* 
0 020 
0 006 
0 042 

Temperature 

N=ff 

29 
29 
26 
29 
28 
30 
26 
32 

r 

0 48 
0 44 
0 55 
0 44 
0 55 
0 46 
0 63 
0 50 

P 

0 002** 
0 005* 

<0 001** 
0 005* 

<0 001** 
0 003** 

<0 001** 
0 001** 

N'"" 

22 
24 
22 
21 
13 
14 
19 
25 

Salinity 

r 

0 19 
- 0 01 
- 0 37 
- 0 43 
- 0 58 
- 0 51 
- 0 17 
- 0 17 

Summer 

P 

0 240 
0 990 
0 021 
0 007* 

<0 001* 
0 001* 
0 303 
0 301 

Temperature 

N.IT 

32 
32 
33 
31 
26 
27 
30 
34 

r 

0 19 
0 27 

- 0 03 
- 0 14 
- O i l 
- 0 03 

0 10 
- 0 06 

P 

0 244 
0 097 
0 860 
0 399 
0 524 
0 863 
0 539 
0 703 

*Significant at 0 05 and ** at 0 01 level 

Discussion 

Temperature and salinity 

Hydrographic conditions in the Central Baltic Sea 
are mainly controlled by climatic factors (Dippner 
et al, 2000, 2001, Hannmen et al, 2000) The North 

interannual variability in atmospheric circulation 
over Northern and Central Europe (e g Hurrell, 
1995), has been clearly related to water temperature 
in the Central Baltic (Dippner et al, 2000) Thus, 
the period of relatively high water temperatures 
in the 1990s was caused mainly by mild winters 
during the phase of high NAO in this period 

Similar to temperature, salinity in the Central 
Atlantic Oscillation (NAO), the dominant signal of Baltic is ultimately controlled by the large-scale 
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Figure 4 Seasonal time-senes on stage-specific abundance of Temora hnguorms Time-series are smoothed by a three-point 
running mean (A) winter, (B) sprmg, (C) summer, (D) autumn 

atmospheric circulation A stronger meridional sea 
level pressure gradient over the North Atlantic since 
the 1980s resulted in an increase in rainfall and 
run-off, and consequently in reduced salinities at 
all depths (Zorita and Laine, 2000) Similarly, 
Hanninen et al (2000) found a chain of events from 
NAO to freshwater run-off and deepwater salinity 
in the Gotland Basin Salinity m and below the 
permanent halochne in the deep basins of the Cen
tral Baltic IS mainly controlled by lateral advection 
of highly saline water from the North Sea (Matthaus 
and Franck, 1992, Matthaus and Schinke, 1994) 
The absence of these events between 1983 and 1993 
was hypothesized to be due also to the changed 
atmospheric circulation along with intensified pre
cipitation and run-off (Schinke and Matthaus, 1998, 
Hanninen et al, 2000) The increase in sahnity in the 
deep layer, observed in the presented time-series, 
was clearly a result of the last major inflow event 
in 1993 

Pseudocalanus elongatus 

A clear stage-specific response of P elongatus to the 
prevailing hydrographic conditions during the sea
son of peak reproduction in spring is indicated At 
this time of the year most of the CVI-f mature, and 
their number depends upon the size of the overwin
tering stock, which IS dependent upon salinity If 
salinity is low, fewer individuals reach the CV-stage 
in winter and are available for maturation in spring 
Consequently, egg production and recruitment of 
N IS low A possible reason for this might be that 
low salinities cause osmotic stress and thus a higher 
energy requirement for this marine species This 
may have resulted in retarded development and 
also lower egg production 

The development ot the intermediate stages 
CII-CV in spring, and thus the development of 
older stages, is highly dependent on temperature, 
higher temperatures accelerate develoPment times 
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Figure 5. Seasonal time-series on stage-specific abundance of Acartia spp. Time-series are smoothed by a three-point running 
mean. (A) winter, (B) spring, (C) summer, (D) autumn. 

However, as P. elongatus has only one generation in 
the Central Baltic (Line, 1979, 1984), the long-term 
dynamics of this species were triggered by the mag
nitude of the CVI-f stock formed in spring, which 
depends mainly on salinity. The peak recruitment 
period from the middle of the 1970s to the early 
1980s is obviously caused by high CVI-f standing 
stocks during a period of high salinity. This peak 
in reproduction is carried through the rest of the 
year and determines the overwintering stock. With 
decreasing salinities in the last two decades the 
abundance of CVI-f decreased and so did N. Con
tradicting this, a period of high N abundance and 
relatively low CVI-f numbers was encountered 
during the 1960s. A possible explanation may be 
that low temperatures in this period favoured repro
duction (Möllmann et ai, 2000). This is indicated by 
the negative correlation of N with temperature in 
spring, although it is not statistically significant. 

Temora longicornis 

In contrast to P. elongatus, all life-stages of T. long
icornis showed a uniform association with higher 
temperatures in spring. For this copepod species, 
which has up to five generations per year (Line, 
1979, 1984), the building up of the population in 
spring is obviously strongly dependent on the warm
ing of upper water layers. Thus, the drastic increase 
in spring standing stocks during the 1990s appears 
to be coupled to the high water temperatures accel
erating development times. The increase in winter 
standing stocks in the 1990s may be related to an 
earlier onset of the warming. 

A further mechanism may be the activation of 
resting eggs due to the spring rise in temperature. T. 
longicornis is known to produce these dormant 
stages to overcome low winter temperatures (Mad-
hupratab et al., 1996). Although the eggs have until 
now only been found in the North Sea (Lindley, 
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Figure 6. Results of principal component analyses (PCA): Correlation between the first 2 principal components per season and 
copepod species. 1st row - Pseudocalanus elongatus, 2nd row - Temora longicomis, 3rd row - Acartia spp., T50 and S50 - aver
age temperature and salinity m 0-50 m depth, TlOO and SlOO - average temperature and salinity in 50-100 m depth 

1986), it is very likely that they also occur in the 
Bahic (Madhupratab et al, 1996). 

The negative correlation of all stages with salinity 
in spring, although significant only for CI and 
CII, can be considered a result of the opposite devel
opment of temperature and salinity. To test this, 
additional multiple linear regression analyses were 
performed with temperature and salinity as indepen
dent variables, and the stage-specific abundance 
of T. longicomis as the dependent variable. Partial 
correlation coefficients for both independent vari
ables were all highly significant for temperature 
(p<0.01), whereas for salinity significant (p<0.05) 
partial correlation coefficients were only found for 
CI, CII, and CIII. In all these cases coefficients for 
temperature were higher than for salinity, confirm
ing temperature to be the most influential variable. 
We consider this finding reasonable, as T. long
icomis is a species of marine origin not favouring 
explicitly low saline condiUons (Raymont, 1983). 

In summer the association to salinity was positive. 
Interestingly, significant correlations could be found 
only for CVI and the early stages CI and CII (with 
N being almost significant). Obviously maturation 

and consequently reproductive success of T. long
icomis in summer, when temperature is generally 
sufficiently high, suffers similarly to P. elongatus 
from low salinities. The general decrease in summer 
abundance may thus be caused by the decreasing 
salinity. 

Acartia spp. 

The group of Acartia species has a similar life-cycle 
as T. longicomis with up to seven generations per 
year (Line, 1979, 1984) and PC As as well as correla
tion analyses also revealed for Acartia spp. the sig
nificant association of all stages with temperature in 
spring. For Acartia spp., the beginning of popula
tion development is obviously also strongly depen
dent on spring warming, which explains the drastic 
increase in abundance during the warm 1990s. The 
activation of resting eggs, which is known to occur 
in the Baltic (Katajisto et al., 1998; Madhupratab 
et al., 1996; Viitasalo and Katajisto, 1994), may be 
especially important for this copepod. 

Negative correlations with salinity were found 
again in spring and, in contrast to T longicomis, in 
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summer This suggests that reproduction of Acartia 
spp in either season is favoured by lower salinities 
To test whether the significant negative correlations 
with salinity are only due to the mainly opposite 
trend of the hydrographic variables, as found for 
T longicornn, multiple linear regression analyses 
were conducted As for T longicorms, highly sign
ificant (p<001) partial correlation coefficients in 
spring were found for temperature and all stages, 
whereas for salinity highly significant (p<001) 
coefficients were derived only for CIII and CIV, and 
significant (p < 0 05) ones only for CII and CVI 
In contrast, for summer, highly significant (p < 0 01) 
negative partial correlation coefficients were obser
ved for CIII to CV and salinity, whereas coefficients 
for temperature were not significant These results 
confirm that, in spring, temperature is the limiting 
factor, although lower sahnities are favourable for 
Acartia spp , this is especially true for summer 

The difference in summer response to salinity bet
ween Acartia spp and T longicorms is clearly visible 
in the time-series A generally high abundance was 
found for Acartia spp during the 1990s, whereas the 
standing stock of T longicorms decreased 

Conclusions 

Investigations of the long-term stage-specific dyn
amics of major Central Baltic copepod species pro
vide new insights into the effects of hydrography 
The study confirmed the impact of salinity during 
maturation and reproduction m spring on the stock 
development of P elongatus (MoUmann et al, 
2000), but additionally a stage-specific response to 
temperature was detected While lower temperatures 
are favourable for reproduction, the development of 
intermediate copepodite stages is accelerated by 
warmer conditions The dynamics of T longicorms 
and Acartia spp are mainly related to temperature 
m spring as previously demonstrated (Dippner et al, 
2000, Mollmann et al, 2000) Additionally, we show 
that m summer, when temperature is not critical, 
higher salinities favour the maturation and subse
quent reproduction of T longicorms, similar to P 
elongatus 

In addition to hydrography, predation by plan-
ktivores (e g Rudstam et al, 1994) may contribute 
to copepod dynamics In particular, the drastically 
enlarged sprat stock (Koster et al, 2001) may have 
the potential to control the stock of ƒ" elongatus and 
T longicorms (Mollmann and Koster, 1999, 2002) 
Also food availabihty can influence copepod dyn
amics, especially moulting and egg production (e g 
Berggreen et al, 1988) In relation to this, competi
tion between the copepod species may play a role 
Acartia spp may have taken advantage of the 
decreasing standing stock of P elongatus, which 
may have contributed to the drastic increase in 

abundance This issue needs further investigation, 
but unfortunately, to our knowledge, no reliable 
time-series on phytoplankton standing stocks are 
available for the area Nevertheless, we beheve that 
the main time-trends of the considered copepod 
species are explainable mainly by temperature and 
salinity changes 
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In this article we review the past 50 years of climatic conditions off West Greenland, 
where there has been large variabihty in the atmospheric and oceanographic condi
tions as well as in fish stocks A positive relationship is found between the hydro-
graphic conditions expressed by the water temperature and the fish recruitment of cod 
and redfish, whereas the recruitment of shrimp and halibut seems to react positively 
to lower temperatures Observed shifts in the hydrographic conditions during the 
second half of the 1990s indicate that a change in the fish stock environment may be 
expected in the coming years Relationships between the past variations in fisheries 
resources, hydrographic conditions, and the large-scale climatic conditions expressed 
by the North Atlantic Oscillation (NAO) strongly support the incorporation of 
environmental variability in prediction models for fish stock recruitment and thereby 
in the assessment of fisheries resources 
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Introduction 

In the 20th century, Greenland experienced two 
great transitions, one from seal hunting to cod 
fishery, the other from cod to shrimp fishery, both 
affecting the human population centres of West 
Greenland and the economy (Hamilton et al, 2000). 
The economic transitions reflected large-scale shifts 
in the underlying marine ecosystems, driven by 
interactions between climate and human resource 
use. 

The marine shelf ecosystems off East and West 
Greenland are intermediate between the cold Polar 
water masses of the Arctic region and the temperate 
water masses of the Atlantic Ocean. They are impor
tant fishing grounds and are characterized by rel
atively few dominant species which interact strongly 
(Pedersen and Kanneworff, 1995; Ratz, 1999; Ped
ersen and Zeiler, 2001). Ocean currents that trans
port water from the polar and temperate regions 
affect the marine productivity in the Greenland shelf 
areas, and changes in the North Atlantic circulation 
system therefore have major impacts on the distri
bution of species and fisheries yield (Pedersen and 
Smidt, 2000; Pedersen and Rice, 2001). 

The climate around Greenland has undergone 
major changes during the 20th century. The period 
1920-1970 was generally warm, while the subse
quent 30 years were dominated by three extremely 
cold periods: around 1970, the early 1980s, and the 
early 1990s. These atmospheric changes are also ref
lected in the oceanographic conditions of Greenland 
waters (Buch, 2000a, b). 

In assessments of fishery resources, information 
on how climate changes will affect the fish species 
composition and future fisheries in Greenland 
waters will be extremely valuable. 

In this article we describe the recent development 
in the West Greenland fishery, climate, and hydro
graphy using available time-series, indices of bio
logical and climatic variabihty, and discuss possible 
relationships. 

Biological variability 

A rich Atlantic cod (Gadus morhua) fishery started 
off West Greenland in the 1920s after a general 
warming of the northern hemisphere (Dickson et al., 
1994; Buch et al., 1994; Horsted, 2000). The West 
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Figure 1. (A-D) Catches of the four major comraercuil fish 
species off West Greenland (NAFO Subarea 1, inshore and 
offshore combined) from Horsted (2000) and NAFO Scientific 
Council Meeting Reports and Documents for 2001 at www 
nafo ca (E) The mean length of age 6 West Greenland cod 
from Riget and Engelstoft (1998) (where the heavy line is the 
3-year running mean) and (F) their year-class strength from 
ICES (1996, 2000b). 

Greenland cod fishery peaked in the 1960s at annual 
catches of between 400 000 and 500 000 t. During 
the late 1960s, the cod catches declined dramatically, 
as did the catches of other commercially important 
fish species - redfish {Sehastes marinus and S. men-
tella), Atlantic halibut (Hippoglossm hippoglossus), 
and wolffish (Atlantic wolfish (Anarhichas lupus) 

and spotted wolffish (A. minor)) - mainly taken as 
bycatch in the fishery for cod. After 1969, catches of 
cod and redfish fiuctuated around a much lower 
mean than prior to the late 1960s (Figure 1). 

With the exception of a temporary improvement 
of the cod abundance during 1988-1990, due to the 
strong 1984 year-class recruited from Iceland, data 
from the annual groundfish survey for cod on the 
West Greenland shelf (0^00 m depth) conducted by 
Germany since 1982 show a dramatic decline in 
overall biomass and size (mean individual weight) of 
fish (Ratz, 1999). 

The decline in the amount caught is not the 
only supposed effect of climate change on the Gre
enland cod. The centre of the cod fishery moved 
south during the 1980s, and the sizes of fish at age 
also declined (Hovgard and Buch, 1990; Riget 
and Engelstoft, 1998; Horsted, 2000). At the same 
time, catches of two other commercially important 
species, northern shrimp (Pandalus boreahs) and 
Greenland halibut (Reinhardtius hippoglossoides), 
increased (Figure 1). In recent years a new fishery 
for snow crab (Chionoectes opilio) shows a steep 
increasing trend from a few hundred tonnes in 1994 
to close to 5000 t in 1999. 

During the past two decades, northern shrimp has 
been by far the most important fishery resource in 
Greenland. The export of shrimp to Japan has 
provided a high-value economic alternative to cod, 
comprising 73% of Greenland's total exports in 
1995. The shrimp stock off West Greenland is dis
tributed from 60 to 73°N. There is no evidence of 
distinct subpopulations and the entire shrimp stock 
is assessed as a single population. Overall shrimp 
catches increased until 1992, varied at slightly lower 
levels from 1993 to 1998, and increased thereafter 
(see Figure 1). 

From 1975 to 1984, the annual effort in the 
shrimp fishery showed a slightly increasing trend 
from about 75 000 to about 93 000 h. In the sub
sequent years a considerable enlargement of the 
offshore fieet took place and effort went up by a 
factor of almost 3, reaching 250 000 h in 1991-1992 
(Figure 2). Thereafter effort decreased as a result 
of management measures and a general increased 
fishing efficiency of the participating vessels. The 
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Figure 2. Effort and standardized c p.u.e index of the West Greenland shrimp fishery 1975 2000 from Siegstad (2000). 



Climate, hydrography, and recruitment variability of fishery resources 233 

catch per unit effort (c.p.u.e.) time-series for the 
West Greenland shrimp fishery can be used as a 
stock biomass index (Figure 2). The marked spike 
in 1987 is hkely to be the resuk of some very strong 
year classes produced in the early 1980s. From 1990 
to 2000 the c.p.u.e. indices show an increasing trend 
indicating an increasing shrimp stock biomass. 

The Greenland Fisheries Research Institute 
(GFRI) has conducted annual stratified-random 
shrimp trawl surveys since 1988 in the main West 

Greenland shrimp distribution area (Carlsson and 
Kanneworff, 2000). For the period 1988-1997, bio
mass indices of the fishable shrimp stock in the off
shore areas were stable at a level of about 250 0001 
(Figure 3A). From 1998 the biomass indices show 
a significant increase to a record high biomass 
estimate in the year 2000 of 350 000 t. 

A change in geographical distribution of the 
commercial fishing effort has been observed since 
the late 1980s (Hvingel, 2000). Up through the 1990s 
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the fishery has gradually moved southward, as 
indicated by the mean latitude of effort allocation 
(Figure 3B) At the same time the highest shrimp 
catches in the annual shrimp survey showed a trend 
of moving towards shallower depths (Figure 3C) 
The changes in shrimp catch distributions observed 
during the survey period, both geographical and 
over depth, may indicate stock migrations towards 
preferable habitat temperatures due to changes in 
the ocean climate in the same period From 1995 to 
1999 the average sea bottom temperature during 
shrimp surveys (July August) show a clear increas
ing trend (Figure 3D) However, the increasing 
bottom temperature has not yet moved the mean 
latitude of the commercial fishery northward again 
(Figure 3B) 

During the 1990s there was a slight increase in 
catches of striped pink shrimp (Pandalus montagui) 
in local commercial fishing areas and during the 
annual shrimp survey (Figure 3E) This shrimp spe
cies IS well adapted to cold conditions and the incr
eased catches may indicate a positive biological 
effect on this cold ocean climate species from the 
late 1980s to the mid-1990s The peaks in abundance 
indices from the shrimp survey in 1995 and 1998 are 
unexplained (Kanneworff 2000), but a lag between 
increased larval production and recruitment to the 
catchable stock should be expected 

From 1950 to 1984, GFRI collected annual zoop
lankton samples in June July from West Greenland 
waters The zooplankton displacement volume 
and most of the zooplankton taxa showed higher 
abundance indices in the generally warmer period 
1950 1968 compared to the colder period 1969-1984 
(Pedersen and Smidt, 2000) However, abundance 
indices of sandeel larvae were negatively correlated 
with sea temperature Historic sandeel and shrimp 
larvae abundance indices (1950-1984 in Pedersen 
and Rice, 2001) updated with abundance indices 
from zooplankton samples collected in 1996, 1999, 
and 2000 showed similar trends and correlated 
positively (r = 0 48, p < 0 05, n = 23, Spearman rank 
correlation) 

Climate variability 

Oceanographic measurements have been made at 
least once a year by the GFRI, since its foundation 
in 1947, along the NAFO (earlier International 
Commission for North Atlantic Fisheries) standard 
sections off the west coast of Greenland The Fylla 
Bank Section was for many years occupied several 
times per year Additional observations were col
lected at trawl sites during fisheries surveys The 
Danish Meteorological Institute (DMI) has carried 
out meteorological observations in Greenland since 

1873 and has, for almost the same period, collected 
information on the distribution of sea ice in Green
land waters The West Greenland area has experi
enced some fairly dramatic fluctuations in climate 
over the past 50 years, which have infiuenced the 
living conditions of all species on land as well as 
in the ocean These fiuctuations may therefore be 
regarded as one of the reasons for the observed 
variability in the various fish stocks described in the 
previous paragraph 

Several articles over the past decade have dealt 
with the importance of the North Atlantic Oscilla
tion Index (NAO index) in forming the climate in 
the North Atlantic region (Dickson et al, 1996, 
2000, Blmdheim et al, 2000) and thereby also in 
the West Greenland area (Buch, 2000b) A simple 
NAO index was defined by Hurrell (1995) as the 
difference between the normalized mean winter 
(December March) SLP anomalies at Lisbon, Por
tugal, and Stykkisholmur, Iceland The SLP ano
malies at each station were normalized by dividing 
each seasonal pressure by the long-term mean 
(1964-1995) standard deviation 

The variabihty in the NAO index since 1864 is 
shown in Figure 4, where the heavy solid line repre
sents the low-pass filtered meridional pressure gradi
ent Positive values of the index indicate stronger 
than average westerlies over the mid-latitudes asso
ciated with low-pressure anomalies over the region 
of the Icelandic Low and anomalous high pressures 
across the subtropical Atlantic 

In addition to a large amount of interannual vari
ability, there have been several periods when the 
NAO index persisted in one phase for many winters 
(Barnett, 1985, Hurrell and van Loon, 1997) Over 
the region of the Icelandic Low, the seasonal pres
sures were anomalously low during winters from 
the turn of the century until about 1930 (with the 
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Figure 4 Time series of the winter (December March) index 
of the NAO (as defined in the text) from 1864-2001 The 
heavy solid line represents the meridional pressure gradient 
smoothed with low pass tiller to remove fluctuations with 
periods less than 4 years (Updated from Hurrell and van 
Loon 1997) (www cru uca ac uk/cru/data/nao htm) 
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exception of the 1916-1919 winters), while pressures 
were higher than average at lower latitudes. Con
sequently, the wind over Europe had a strong west
erly component and the moderating influence of the 
ocean contributed to higher than normal tempera
tures over much of Europe (Parker and FoUand, 
1988). From the early 1940s until the 1960s, the 
NAO index exhibited a downward trend into the 
extremely low NAO of the 1960s, and this period 
was marked by European wintertime temperatures 
that were frequently lower than normal (Moses et 
al, 1987). A sharp reversal has occurred over the 
past 30 years and, since 1970, the NAO has rem
ained in a highly positive phase, with SLP anomalies 
of more than 3 mb in magnitude over both the 
subpolar and the subtropical Atlantic (Figure 5). 
The 1983, 1989, 1990, 1994, and 1995 winters were 
marked by some of the highest positive values of the 
NAO index recorded since 1864 (Figure 4). 

A detailed analysis suggests that the recent 
temperature anomalies of the North Atlantic and 
surrounding land masses have been strongly related 
to the persistent and exceptionally strong positive 
phase of the NAO index since the early 1980s 
(Hurrell and van Loon, 1997). This clearly illus
trates a strong correlation between the strength of 
the westerlies across the North Atlantic, the NAO 
index, and the climate in Greenland and Europe. 
It also shows that the climate in Greenland and 
the climate in Europe are negatively correlated 
(Figure 5). West Greenland offshore air masses were 
significantly warmer in the 1960s than in the 1990s. 
A detailed analysis using wind observations (6-h 
intervals) from a number of observation sites in 

Figure 6. Mean sea temperatures of the upper 40 m on Fylla 
Bank Stn 2, medio June, 1950-2001. Dots = observations; 
heavy line = 3-year running mean. 

Greenland shows that changes in the wind pattern in 
the Greenland area are minor because of the large 
influence of the local orography. 

The waters off West Greenland are dominated by 
the advection of water masses (Buch, 2000a, b): 

• In the surface layer close to the coast, cold and 
low saline Polar Water originates from the East 
Greenland Current. 

• Water below and to the west of the Polar Water 
derives from the North Atlantic Current. 

The changes in the atmospheric conditions caused 
by the shift from low NAO to high NAO conditions 
have affected the ocean circulation and ocean con
ditions in the North Atlantic (Dickson et al., 1996, 
2000). These in turn have affected the oceano-
graphic conditions off West Greenland. The most 
complete oceanographic time-series from West Gre
enland is the mid-June mean temperature on top of 
Fylla Bank (Fylla Bank Stn 2, 0^0 m; Figure 6), 
which the Greenland Fisheries Research Institute 
has carefully maintained. 
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Figure 5. Difference in air temperatures at the 1000 mb level between 1960-1969 and 1990-1999, calculated using the NCEP/ 
NCAR re-analysis database (www.cdc.noaa.gov). 

http://www.cdc.noaa.gov
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The temperature can vary dramatically from one 
year to the next, often by more than \°C, reflecting 
the variability of both the atmospheric forcing 
and the inflow of Polar Water The curve showing 
the 3-year running mean values smoothes the varia
tions and better reflects the large-scale climatic 
variability 

The 50-year temperature time-series reveals some 
very distinct climatic events 
• The 1950-1968 period generally showed high 

temperatures around 2°C above normal 
• The coldest period was experienced around 1970 

The cold climate of this period was due to an 
anomalous high inflow of Polar Water, which was 
closely linked to the "Great Salinity Anomaly" 
(Dickson el al, 1988, Belkin et al, 1998) In the 
same period the NAO negative index changing to 
positive indices reflected in a shift from warm to 
cold atmospheric conditions 

• In the early 1980s and early 1990s two extremely 
cold periods were observed reflecting the cold 
atmospheric conditions associated with the high 
NAO indices during these years 

• A remarkably low temperature was observed in 
1997, although the atmospheric conditions were 
quite warm Along with low salinity measure
ments (Figure 7), this indicates a high inflow of 
Polar Water 

• During recent years, temperatures have been 
fairly high despite high NAO values This was due 
to a displacement of the NAO pattern towards 
the east or northeast (ICES, 2000a) 

Figure 7 shows the time-series of the mid-June sali
nity on top of Fylla Bank (actual observations as 
well as a 3-year running mean) The "Great Salinity 
Anomaly" around 1970 is clearly reflected in this 
data set, while the high NAO indices in the early 
1980s and 1990s do not show up in any significant 
way in the surface salinities at Fylla Bank, which of 
course was not to be expected because these cold 
periods were due to atmospheric cooling 

Relatively low salinities were observed in 1996 
and 1997, indicating that the inflow of Polar Water 
was above normal in these years 

At greater depth three water masses of Atlantic 
origin are found (Buch, 2000b) 
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Figure 7 Mean salinity of the upper 40 m on Fylla Bank Stn 
2, medio June 1961 2001 Dots = observations heavy line = 
3-year running mean 

• Irminger Water - temperature around 4 5°C and 
salinity above 34 95 

• Irminger Mode Water - Irminger Water mixed 
with surrounding water masses on its way to 
Southwest Greenland - temperature around 4°C 
and salinities between 34 85 and 34 95 

• Northwest Atlantii Mode Water - Temperature 
above 2°C and salinities between 34 5 and 34 85 
In late autumn the temperatures rise to above 
5°C 

Analysis of temperature and salinity data collected 
off West Greenland over the past six to seven dec
ades are given in Figure 8 showing time-series of 
temperature, salinity, and density from stations just 
west of the shelf at the Cape Farewell and Fylla 
Bank sections, respectively It is seen that the inflow 
of water of Atlantic origin has changed Before the 
1970s pure Irminger Water (S>34 95) was present 
at the Cape Farewell Stn 3 in large quantities at 
depths greater than 100-400 m, although the inflow 
was gradually decreasing It was also noticed that 
the heat inflow was markedly greater at that time 
with temperatures above 4 5°C in the entire upper 
600 m water column, the upper 200 m had temp
eratures above 5 5°C Since 1970, Irminger Water 
has only been observed in smaller quantities after 
1995 and a similar statement can be given for 
temperatures above 5 5°C In the intermediate 
period the dominant water mass was Irminger Mode 
Water The increased activity in the circulation 
of Irminger Water has also been observed in the 
interior of the Irminger Sea after 1995 (Mortensen 
and Valdimarsson, 1999) 

At the Fylla Bank Stn 4 we observed a similar 
trend in reduced inflow of salt and heat The Irm
inger Mode Water was present in much higher quan
tities before the mid-1970s than after, and we notice 
that the three cold periods are clearly reflected in the 
temperatures of the upper 200 m A weak freshening 
in the upper 150-200 m has additionally been obs
erved since 1965, resulting m a less dense water mass 
within this layer This freshening, however, is most 
dominant in the upper 50-100 m A similar freshen
ing during the same period has also been observed 
in the Irminger Water component north of Iceland 
(Malmberg, 1985), indicating a reduction in the 
strength of the Irminger Current after 1965 and/or 
a more dominant influence of Polar Water From 
the mid-1960s to the early 1970s, the freshening 
was caused by an anomalous high inflow of Polar 
Water closely hnked to the "Great Salinity Ano
maly", whereas afterwards it is believed to have 
been caused by a high NAO anomaly reducing 
the strength of the Irminger Current both directly by 
the increased windstress forcing the North Atlantic 
Current towards east and indirectly by spinning up 
the Irminger gyre resulting in an increasing surface 
Ekman transport out from the centre 
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Figure 8. 
Stn4. 

Time-series of summer (June to August) salinity, temperature, and density at (A) Cape Farewell Stn 3, (B) Fylla Bank 

Discussion 

The shift in community structure and landing com
position of fish in Greenland during the second half 
of the 20th century coincides in time with the large 
climatic changes observed in the Greenland area. 
It is therefore believed that the observed changes 
in recruitment patterns are largely driven by changes 
in ocean climate. In terms of mechanisms linking 
oceanographic factors to recruitment of fish and 
shellfish in West Greenland, sea temperature, larval 
drift caused by surface currents, water-mass stability 
(oceanographic fronts) have been proposed (Ped-
ersen and Rice, 2001). Variability in these factors is 
related in turn to the inflow of water from other 
parts of the North Atlantic, which in turn is highly 
related to NAO variations. The individual strengths 
of the East Greenland and Irminger Currents have a 
dominating effect on the physical environment of 
the shelf areas around southern Greenland. 

The ocean transports of salt and heat towards 
West Greenland are believed to have decreased dra
matically after 1970, as did the heat exchange with 
the atmosphere. This seems to have had a negative 
effect on the recruitment success of the West Gre
enland cod stock, and a number of other boreal fish 
stocks, and a positive effect on the production of 
northern shrimp and Greenland halibut. 

The massive reduction (almost disappearance) in 
the West Greenland cod fishery is believed to have 
had two causes: 
• Reduction in the West Greenland spawning stock. 

The number of cod recruits at age 3 years has 
been documented to be significantly correlated 
with the spawning-stock biomass and June water 
temperature on top of Fyllas Bank (Hansen and 

Buch, 1986; Hovgaard and Buch, 1990). Both fac
tors positively affected the number of offspring 
and explained 51% of the observed variation in 
recruitment (Ratz et ai, 1999). 

• Reduced inflow of cod larvae jrom Icelandic spawn
ing grounds. The inflow of cod larvae occurred 
almost every year in the 1950s and early 1960s 
(Figure 2 in Hansen and Buch, 1986), but has 
since been absent except for the 1973 and 1984 
year classes. 
Changes in the thermal regime can have a consid

erable impact on the abundance of ground fishes 
and pandalid shrimps (Anderson, 2000; Koeller, 
2000; Stein, 2000). In the summer of 1982, cod 
larvae were abundant in West Greenland, but the 
following extremely cold winter was assumed to 
have terminated this year class (Pedersen and Smidt, 
2000). 

Northern shrimp prefer relatively cold tempera
tures in the range 1-6°C, and their larvae are less 
vulnerable to low temperatures compared to cod 
(Shumway et ai, 1985), which may partly explain 
the positive reaction of the West Greenland shrimp 
stock to the changed climatic conditions. However, 
the shift in the underlying marine ecosystem at West 
Greenland may have been amplified by the declining 
cod stock due to a release in predation pressure on 
for example sandeel and northern shrimp (Koeller, 
2000; Lilly et al, 2000). Addidonally, bycatches of 
fish in the steadily growing fishery for northern 
shrimp during the last part of the 20th century may 
have played a role in reducing and keeping the mean 
trophic level low (Kingsley et ai, 1999; Pauly et al, 
2001). 

The observed increase in shrimp biomass during 
recent years is related to an increase in individual 
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shrimp growth (decrease in mean length at sex 
change) and recruitment (Carlsson and Kanneworff, 
1999, Siegstad, 2000) The shrimp recruitment 
indices (number of juvenile shrimp) show a steep 
increasing trend from 1997 to 2000, which is a good 
prospect for the shrimp fishery (Figure 3A) This 
positive development is believed to be related to 
the favourable temperature conditions observed 
off West Greenland during this period, when the 
increased inflow of Irminger Water (Figure 8) has 
carried warm water to the area 

The relatively cold period from the late 1980s 
to mid-1990s, when shrimp habitat temperatures 
decreased below the temperature preference (3-4°C), 
seems to have caused a southern migration of the 
shrimp stock and the fishery The warming trend 
from 1995 to 2000 towards the preferred habitat 
temperatures seems to have favoured growth and 
recruitment for northern shrimp, whereby an extra
ordinary increase in the shrimp biomass has been 
observed in very recent years 

Pandahd shrimps have been demonstrated to be 
indicator species in the cold regime community 
structure of the Gulf of Alaska (GOA) ecosystem 
(Anderson, 2000) On the Labrador Shelf, extensive 
ice cover in cold years may contribute positively to 
the survival of larvae and juveniles in the same year 
and the effect can be detected in the c p u e several 
years later (the mean age of shrimp in the catch 
IS about 6 years) (Parsons and Colbourne, 2000) 
A recent study by Ramseier et al (2000) showed 
that the extent of localized sedimentation of parti
culate organic carbon (POC) can be derived from 
information about ice cover POC probably plays an 
important role as a food supply for shrimp, and it 
IS possible that the explanation of the functional 
relationship between ice cover and shrimp produc
tion IS related more to nutrient supply than tempera
ture-related phenomena According to Parsons and 
Colbourne (2000) this would help explain the appar
ent inconsistencies between in situ observations, 
which suggest "cold conditions" are favourable for 
shrimp, and laboratory studies, which indicate that 
larval growth and survival are enhanced at higher 
temperatures 

Conclusions 

From the description of the development in the 
West Greenland fishery and the climate variability 
in the area it can be concluded 
• The Greenland economy, formerly being highly 

dependent on a rich cod fishery, is today almost 
entirely dependent on the Greenland shrimp 
stock 

• Since 1970, the Greenland climate has been 
considerably colder than during the 1920-1970 

period, which can be related to a shift in the NAO 
index from negative to positive values 

• The redistribution of the atmospheric pressure 
fields has altered the surface ocean currents of the 
North Atlantic in that the inflow of heat, salt, and 
cod larvae to the West Greenland area via the 
various current components of Atlantic origin has 
decreased considerably 

• There seems to be a good correlation between 
the climate changes and the observed shift in the 
marine ecosystem However, this correlation is 
based mainly on the use of ocean temperatures as 
a proxy for climate change Until now there has 
been little scientific investigation to understand 
the ecological, chemical, and physical processes 
behind changes in the marine ecosystem 

• The increase in the West Greenland shrimp stock 
biomass can probably not be attributed solely to 
climate changes The almost complete disappear
ance of the cod stock has reduced the predator 
pressure and bycatches of the shrimp fishery 
contribute to keeping the predator pressure low 

• The close relationship between climate variability 
and the marine ecosystem off West Greenland 
strongly supports the incorporation of environ
mental variability into prediction models for fish 
stock recruitment and thereby in the assessment 
of fisheries resources However, this will require 
increased research in process studies seeking to 
understand the processes linking fisheries recruit
ment to environmental factors These efforts must 
be supplemented with the development of coupled 
ocean and ecological models to increase our 
knowledge of the interacting physical and biologi
cal processes Models of ecosystem developments 
under changing climatic conditions should be con
sidered in fishery assessments in the future, and 
they should lead to better planning for Greenland 
society 
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In this study we investigated whether the estuarine-opportunism of the Bay of Biscay 
sole affects its recruitment level First we estimated the abundance of juvenile sole on 
the basis of a survey of an estuarine nursery ground within the Bay of Biscay A sig
nificant relationship between fluvial discharges in winter-spring and abundance of 
juveniles surviving into the second autumn ot their existence indicated the sustaining 
effects of freshwater supply on the size of the nursery and its ability to support young 
sole The second part of the work consists of a similar approach at the stock scale The 
recruitment results from the respective contributions of different nurseries and overall 
recruitment strength tends to be smoothed relative to local variations However, 
a correlation also exists between freshwater inputs in winter spring and juvenile 
abundance in the scale of the French part of the Bay (ICES Division Vllla/b) Sole 
recruitment m the Bay of Biscay appears to be driven by freshwater inputs Hence, the 
variability of sole recruitment depends on fluvial discharge, but the lack of any trend 
in river run-off regimes in the Bay of Biscay prevents any forecast on the evolution of 
sole stocks with regard to climate changes 
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Introduction 

Various marine fish species, and especially flatfish, 
widely distributed on the continental shelf are 
directly affected by freshwater inputs at a given 
stage of their life cycle (Miller et al, 1984) As estua
rine areas are more productive than other parts of 
the coast, they serve as nursery grounds and ensure 
continuity of the life cycle for a number of fish spe
cies (Lenanton and Potter, 1987, Thiel et al, 1997), 
and especially for sole (Rijnsdorp et al, 1992) 
Quantitative (nursery area) and qualitative factors 
(food supply, temperature, mortality due to preda-
tion, etc) have a considerable influence on recruit
ment level (Gibson, 1994, Schmitt and Holbrook, 
2000, van der Veer et al, 2000) The relationship 
between recruitment level and the area of estuarine 
nursery grounds has been demonstrated for sole 
(Solea solea L ) in comparisons of different systems 
(Rijnsdorp et al, 1992) In the present study we 
investigated whether interannual variations in 

fluvial discharge, and hence in the extent of river 
plumes, affects the recruitment level for this species 

The Bay of Biscay (Figure 1) is an arm of the 
North Atlantic indenting the west coast of France 
and the north coast of Spam (ICES Area Vllla/c) 
Sole is the most frequent and most abundant (Kout
sikopoulos et al, 1995, Guerault et al, 1996) of the 
large demersal species at least on the French part 
of the continental shelf It is also the main species 
for fisheries m this part of the Bay (ICES Division 
Vllla/b), with mean annual landings of 50001 
(ICES, 2001) for a value of 50 x lO" Euros per year 
ICES Divisions Vllla/b are regarded as a unit 
for stock management of the common sole (ICES, 
2001) In the Bay of Biscay, sole spawn in the early 
part of the year, and newly metamorphosed indi
viduals settle between April and June into estuarine 
areas which act as nursery grounds (Marchand, 
1991, Amara et al, 2000) The role of coastal and 
estuarine areas in recruitment processes for sole in 
the Bay of Biscay has been described (Dorel and 
Desaunay, 1991, Koutsikopoulos et al, 1991), all 
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Figure 1. Map of the Bay of Biscay showing the main rivers with their average flow (Romana, 1998) and the 50, 100, and 200 m 
isobaths. 

nursery grounds for sole in the Bay of Biscay being 
located in estuarine and peri-estuarine areas (Lagar-
dère, 1982; Guérault et al., 1996; Koutsikopoulos 
et al, 1989a). Koutsikopoulos et al. (1989b) and 
Amara et al. (2000) showed that susceptibility to 
habitat (growth and mortality) is high for the 
youngest juvenile sole, then decreases with age in the 
Bay of Biscay. 

We investigated whether the estuarine opportu
nism of the Bay of Biscay sole affects its recruitment 

level. The relationship between interannual variabil
ity of river flow and Juvenile abundance was first 
studied in Vilaine Bay (Figure 2), a shallow coastal 
inlet of the northern Bay of Biscay identified by 
Koutsikopoulos et al. (1989a) as an important 
nursery ground for sole within the Bay of Biscay. A 
similar relationship was then examined between 
freshwater inputs and recruitment at the stock 
scale (ICES Area Vllla/b). Finally, the results are 
discussed with respect to determining recruitment 



Fluvial discharge and sole recruitment in the Bay oj Biscay 

47° 37' N 

243 

rock gravel 
and 

pebble 

fine 
mediunn 

sand 

sandy 
mud 

47° 16'N 

mud 

Figure 2. Map of the Vilaine Bay study site showing sampling strata 1 to 4, sediment types (Pinot and Vaney, 1972), and 5, 10, 
20, and 30 m isobaths. 

and the relationship between climate change and 
sole stock evolution in the Bay of Biscay. 

first survey. Hauls were performed only in daylight 
at neap tides, at 2.5 knots for 20 min. On average, 
each haul covered 4500 m-̂ . 

Materials and methods 

Beam trawl surveys in Vilaine Bay 

Fourteen surveys were conducted in the autumn in 
Vilaine Bay from 1981 to 1997 (IFREMER, RV 
"Gwen Drez" and "Roselys"; Table 1). This season 
was chosen because it coincides with the distribution 
of juvenile flatfish during the growth period and 
is the most appropriate for the study of nursery 
grounds (Dorel et ai, 1991). The sampling scheme 
involved four strata of homogeneous depth and 
sediment (Figure 2). The beam trawl opening was 
2.9 m wide and 0.50 m high, and the net had 20 x 
10 ' m stretched mesh in the codend. The trawl had 
no tickler chain ahead of the foot rope. Operating 
conditions were checked and standardized from the 

Table 1. Beam trawl surveys carried out in the Vilaine Bay 
(the strata are shown on Figure 2). 

1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1992 
1993 
1996 
1997 

Period 

23-25 Nov 
20-23 Oct 
3-10 Nov 

Stratum 
1 

6 
9 
8 

30 Oct-3 Nov 9 
20-27 Sep 
18-27 Sep 
4-13 Sep 
20-23 Sep 
19-22 Sep 
15-18 Sep 
14-18 Sep 
4-7 Sep 
16-20 Sep 
11-18 Sep 

6 
8 

18 
12 
12 
12 
12 
10 
6 
9 

No 

Stratum 
2 

7 
9 

11 
10 
7 

17 
26 
13 
12 
14 
15 
15 
10 
10 

. of hauls 

Stratum Stratum Total 
3 

6 
7 

10 
9 

15 
11 
18 
14 
9 

10 
12 
11 
8 
9 

4 

6 
5 

16 
8 
8 

11 
10 
10 
13 
15 
16 
15 
14 
20 

25 
30 
45 
36 
36 
47 
72 
49 
46 
51 
55 
51 
38 
48 
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Abundance of juvenile sole in Vilaine Bay 

All sole were counted and measured The age groups 
were determined from age-length keys established 
after otolith reading As sampling to catch very 
small (0-group) individuals living in shallow inter-
tidal areas is likely to be inaccurate (Riley et al, 
1981, Rogers and Millner 1996), our study was 
based only on the catch rates of 1-group juvenile 
flatfish Dorel et al (1991) and Hanson (1996) have 
shown that these 1-group fish live in deeper water 
than 0-groups, where fishing surveys are easier to 
perform and provide more consistent results 

For each stratum, estimated density was multi
plied by area, and the total population was esti
mated as the sum of these four strata (Pennington 
and Grosslem, 1977) 

Abundance of juvenile sole in the Bay of 
Biscay 

Data for the abundance index of juvenile sole in the 
Bay of Biscay were obtained from the RESSGASC 
survey trawl series (IFREMER, RV "Gwen Drez") 
conducted from 1987 to 1999 in the French part of 
the continental shelf These data were also used as 
an abundance index by the ICES Southern Shelf 
Demersal Working Group for the ICES Division 
Vllla/b sole stock (ICES, 2001) As the RESSGASC 
survey was not sufficiently coastal to provide an 
abundance index for estuarine nursery grounds, 
juvenile abundance was estimated from the spring 
RESSGASC survey for the 2-group of juvenile sole 
According to Dorel et al (1991), 2-group individuals 
m winter spring are the youngest juvenile sole hving 
in the open sea, i e where the RESSGASC survey 
provides a reliable abundance index The use of 
these data rather than the Virtual Population Analy
sis output (ICES, 2001) for the abundance of 
1-year-old sole avoids any bias due to the analytical 
technique applied to estimate population size More
over, G Biais (pers comm ) has noted that the 
assessment of juvenile sole given by Virtual Popula
tion Analysis is not sufficiently reliable because of a 
considerable bias in bycatch estimates 

Relationship between juvenile abundance and 
river flow 

The monthly flows of the Vilaine, Loire, Charente, 
Gironde, and Adour, the five main rivers in the Bay 
of Biscay (Figure 1) were obtained from the national 
hydrologie databank of the French Ministry of the 
Environment 

A preliminary typology of the interannual and 
seasonal variations of the Vilaine river flow 

was used to select the period most likely to affect 
recruitment success 

The mean flows of the five main rivers were taken 
into account in order to study the impact of fresh
water inputs on sole recruitment strength at the Bay 
of Biscay stock scale To ensure the uniformity of 
the approach, these flows were considered during 
the same period as that determined from the Vilaine 
river typology Two different indices based on these 
river flows were used First, the flows of all five 
rivers were summed, second, an index of river flow 
anomaly into the Bay of Biscay was built to com
bine the five rivers without taking their respective 
mean flows into account 
• the flow anomaly was calculated for each of the 

five rivers [Equation (1)] 

RP _RpT^rw^ 
cr(RF) = ^-^^rr^ (1) 

With RF„ flow of the river "r" for the year 
"y", RF™5T997̂  average of RF,, from 1985 to 
1997, a"«5 i«'(RF,) standard error of RF^, from 
1985 to 1997, cr(RF)yr centered reduced value of 
RF,, 

• these river flow anomalies were summed 
[Equation (2)] 

5 n«is 

A,= Icr(RF)^^ (2) 
r 

with v4y River flow anomaly in the Bay of 
Biscay for year "y" 

The influence of river flow on recruitment was 
first studied on a nursery scale in Vilaine Bay and 
then on a stock scale in the Bay of Biscay As sus
ceptibility to habitat is high for the youngest juve
nile sole, then decreases with age (Koutsikopoulos 
et al, 1989b), the relationship with river flow was 
assumed to influence the young of the year sole 
Accordingly abundance was compared for the 
1-group in Vilaine Bay nursery grounds and the 
2-group in the Bay of Biscay in terms of the river 
flow index for their year of birth Thus, in the analy
sis below, abundance is expressed for the year of 
birth (the year "n-1" for the Vilaine Bay 1-group 
and the year "n-2" for the Bay of Biscay 2-group) 
The relationship between the river flow index 
(explanatory variables) and juvenile abundance 
(response variables) was studied using simple linear 
regression analysis The application conditions of 
linear regression were previously verified without 
contra-indication 

Results 

Typology of Vilaine river flows 

The mean monthly flows of the Vilaine river showed 
large variations, with values of 15 m' s ' in summer 
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Vilaine river flows from 1980 to 1997 
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Figure 4 Linear regression between winter spring flows from 
1980 to 1996 and 1 group sole abundance during the next year 
in Vilaine Bay 

and around 130 m^ s ' in winter (Figure 3) The 
highest monthly flows reached 300 to 400 m' s ' 
in January and February A transition occurred 
between May and June from a potentially strong 
and highly variable river flow (winter conditions) to 
a steady, low summer flow 

Two considerations were taken into account in 
studying the relationship between river flow and the 
density of young of the year sole 
• A period of rising flow should have a greater 

influence than a low-water period 
• The fluvial discharge likely to influence sole 

recruitment enters the estuary before or at the 
beginning of the benthic life of young of the 
year sole, when the role played by habitat is 
maximal 
Thus the recruitment of sole was compared with 

river flow between January and May The previous 
part of the flood period (October to December) was 
considered to be too early, in terms of the settlement 
period (April to June, Marchand, 1991, Amara 
et at 2000) to influence recruitment strength, and 
subsequent months were within the low-water period 
when freshwater input into Vilaine Bay is very 
limited 

Relationship between river flow and young 
sole density in Vilaine Bay 

The number of 1-group juvenile sole in Vilaine Bay 
differed by one order of magnitude between 1981 
and 1997 without any temporal trend 

Linear regression analysis showed a significant 
relation (Figure 4, p = 0 77, a = 0 01) between 
winter-spring flow (January to May) in the year n 
and 1-group densities measured in the following 
year These results indicate that fluvial discharges 
during the first 5 months of the year (the period of 
larval immigration into the estuanne nursery area) 
had a positive influence on the number of juvenile 
sole in the Bay of Vilaine nursery ground 

Figure 5 Linear regression between the winter-spring flow 
anomaly from 1985 to 1997 and sole density measured at age 2 
in spring during the year n + 2 in the Bay of Biscay 

Relationship between freshwater input and 
young sole density m the Bay of Biscay 

Interannual variability in the density of 2-group sole 
m the Bay of Biscay ranged between factors 1 and 7, 
no temporal trend could be observed at this stock 
scale 

To ensure uniformity with the analysis for Vilaine 
Bay, the January-to-May flows of the five main 
rivers were taken into account for freshwater inputs 
into the Bay of Biscay The sum of these flows and 
the sum of the river flow anomalies (cf Materials 
and Methods) were used separately as explanatory 
variables 

Linear regression analyses showed a significant 
relation (p = 0 57, a < 0 05 for the sum of the river 
flow, and p = 0 58 and a < 0 05 for the river flows 
anomalies. Figure 5) between these indices in the 
year "n' and 2-group densities measured in the 
spring of the year "n -i- 2" on a survey led at the Bay 
of Biscay stock scale Nevertheless , the correlation 
was lower than that obtained for Vilaine Bay 
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Discussion 

Influence of river flow on recruitment 

As estuarine areas are more productive than other 
parts of the coast, they serve as nursery grounds for 
the sole and the relationship between recruitment 
level and the area of estuarine nursery grounds 
has been demonstrated in comparisons of different 
systems (Rijnsdorp et al, 1992) The relationship 
between river flow and recruitment strength 
obtained both for Vilaine Bay on a nursery ground 
and for the Bay of Biscay at the stock scale, 
confirms this estuarine dependence of juvenile sole 
According to Boehlert and Mundy (1988), inter-
annual variations of winter-spring river flows can 
affect the coastal habitat, and hence recruitment 
strength directly and indirectly 

1) A direct effect concerns the offshore range of 
the low salinity plume Migration of sole larvae 
from offshore spawning grounds to coastal nursery 
grounds is essentially driven by diffusion in the Bay 
of Biscay (Koutsikopoulos et al, 1991, Ramzi et al, 
2000) In the region subject to Loire and Vilaine 
river flows, as far as 30 to 40 km from the estuaries, 
the water layer near the bottom moves towards 
the coast in conjunction with offshore surface 
movements (Lazure and Salomon, 1991), facilitating 
the transport of transforming larvae towards the 
nursery area This mechanism favours the immigra
tion of young stages and tends to maximize the 
number of 0-group fish in the nursery Moreover, 
the conditions of haline stratification are probably 
determinant for sole settlement, as vertical migra
tion IS modified (Marchand, 1991), and low salinity 
facilitates the attraction and metamorphosis of 
larvae (Koutsikopoulos et al, 1989b) 

2) An indirect effect relates to the hydrological 
characteristics of the bay and thus to the quality of 
the invertebrate benthic community that constitutes 
the food supply for young fish (Howell et al, 1999) 
For the Vilaine and Loire estuaries, Marchand and 
Masson (1989) and Marchand (1993) have shown 
the impact of salinity and turbidity on the settling of 
benthic communities (dominated by young stages of 
polychaetes and bivalves) preyed upon by euryhaline 
fishes Moreover, Costa and Bruxelas (1989) and 
Rogers (1992) have determined that young sole 
prefer habitats offering a homogeneous substrate 
with the highest densities of polychaetes and biva
lves The settling and development of a community 
tolerant to low salinity provides suitable food for 
young sole, which can rely on this supply until at 
least the second autumn of their life (Dorel et al, 
1991) 

Thus, the fluvial regime determines in part the 
type of habitat existing in the estuaries, thereby 
affecting the survival and growth of young sole and, 

hence, the recruitment (Gibson, 1994) Nevertheless, 
in addition to the positive relation between river 
flow and young sole density, complementary factors 
need to be stressed 

First, human pressure, and hence anthropogenic 
disturbance, is especially high in these estuarine 
areas and their watersheds If juveniles are confined 
within peri-estuarine habitats, there is a risk of 
hypoxic conditions, particularly in summer (Phelan 
et al, 2000, Ferber, 2001) Nutrient excess or pol
lution loading (Meng et al, 2000) could restrict the 
growth of juvenile fish in estuarine nursery grounds 
An anoxic crisis in Vilaine Bay in July 1982 
(Rossignol-Strick, 1985) led to the death of various 
organisms and delayed growth of 0-group sole 
(Koutsikopoulos f /a/ , 1989b) 

Secondly, even though variability in sole density 
can be partly explained by the impact of river flow, 
determining recruitment cannot be limited to this 
factor alone A number of factors defining the habi
tat, both quantitatively and qualitatively, have a 
combined effect on recruitment variability (Gibson, 
1994, van der Veer et al, 2000, Pihl et al, 2000) 
No single factor can account for the total variability 
in recruitment strength Environmental or anthro
pogenic factors, independent of the hydrological 
regime, i e density-dependent processes relative to 
food supply and predation (Nash and Geffen, 2000), 
diseases and spawning dynamics (Nash et al, 2000), 
bycatches by shrimp trawlers, etc , affect juvenile 
abundance These additional factors allow us to 
understand why the correlation obtained at the 
stock scale is lower than that observed at the nursery 
scale stock size, cohort by cohort, results from the 
contributions of the different nursery grounds (van 
der Veer et al, 2000) and temporal variation in 
recruitment is governed by factors operating on 
several (local to population) spatial scales (Pihl 
et al, 2000) Thus, variations in recruitment str
ength on a stock scale are smoothed and cannot be 
as responsive to changes in freshwater inputs as on 
a nursery scale 

The essential result is that strong river flows in 
winter and spring have a dominant effect on the 
nursery habitat for a sustained period, and thus 
on recruitment strength However, the interplay of 
other environmental variations tends to damp down 
this effect 

General interest for determinism of flatfish 
recruitment 

As larval settlement in the Bay of Biscay shows 
low interannual variability (Koutsikopoulos and 
Lacroix, 1992) and recruitment strength on a nurs
ery scale IS variable, it would seem that river flow is 
the main factor governing the abundance of young 
sole in the Bay of Biscay As for plaice in the Irish 
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Sea (Nash and Geffen, 2000), year-class strength 
seems to be determined during the nursery ground 
phase for Bay of Biscay sole 

A pool of factors, including hydrodynamics 
during pelagic larval life (Symonds and Rogers, 
1995, Nielsen et al, 1998, Chant et al, 2000), 
density-dependent effects on food supply and preda-
tion (Nash and Geffen, 2000, Cowan et al, 2000), 
and freshwater inputs in estuarine nursery grounds 
(present study), can influence flatfish recruitment 
strength (Pihl et al., 2000, Schmitt and Holbrook, 
2000, van der Veer et al, 2000) The balance 
between these different factors differs according to 
area Flatfish populations can exhibit different stra
tegies, and the mechanisms determining year-class 
strength are not the same everywhere (van der Veer 
et al, 2000) 

Sole recruitment variability in the Bay of 
Biscay during recent decades 

If the variability of sole recruitment depends on 
fluvial discharge, the lack of trend in river run-off 
regimes during past decades in the Bay of Biscay 
(Planque et al, 2003) prevents any forecast on the 
evolution of sole stock with regard to climate 
changes In accord with this conclusion it is not pos
sible to show any trend in sole recruitment level, 
neither m the Vilaine Bay nursery ground nor at the 
Bay of Biscay stock scale The lack of trend m sole 
recruitment has already been demonstrated by Dorel 
and Desaunay (1991) in Vilaine Bay and the VPA 
analysis of the Bay of Biscay stock (ICES, 2001) led 
to the same conclusion 
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Changes in the structure offish communities of the Cantabrian Sea Shelf are analysed 
using information from bottom-trawl surveys carried out every autumn during the 
period 1990-1999 The trend of ecological indices (species richness and diversity) has 
been less stable in the shallowest strata during the decade The effect of environmental 
variables on the fish communities is explained by interset correlation of canonical axis 
of canonical correspondence analysis (CCA) with the abiotic variables considered 
(depth, near-bottom temperature, near-bottom salinity, longitude and geographic 
stratum) to determine the assemblages of fishes each year Interannual variations in 
the structure of the communities are analysed using multitable methods In contrast to 
adjacent areas, the narrowest surface of the Cantabrian Sea Shelf produces strong 
environmental gradients over a short distance Depth is the most influential and stable 
factor determining the assemblages observed The coastal, outer shelf, and shelf-break 
communities are the strongest sources of variation, both intra-annual and interannual 
Using time-series of indices of the mam hydrographic driving agents, Navidad current 
and upwelhng, we try to discover the causes of the instabihty of spatial structure of 
assemblages not explained by the abiotic variables considered in the analyses 
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Introduction 
In terms of biogeography, the Cantabrian Sea 
area is the subtropical/boreal transition zone of the 
Eastern Atlantic Typical temperate water species 
from the south cohabit along with others of nor
thern origin and, consequently, high biodiversity 
indices exist in relation to adjacent areas (Olaso, 
1990, Sanchez, 1993, OSPAR, 2000) In addition, 
the topographical complexity and the wide range of 
substrates on its narrow continental shelf give rise to 
many different types of habitat This diversity is ref
lected in the biological richness of the region, which 
includes a wide range of species, many of which are 
of commercial interest Fisheries, in which approxi
mately 200 000 t of fish per year are landed, have an 
enormous effect on the structure and dynamics of 
the Cantabrian Sea ecosystem (Sanchez and Olaso, 
2001, 2002) 

Study of the temporal development of marine eco
systems through the analysis of historical time-series 
from surveys has usually centred on the study of 

descriptive indices (richness, diversity, dominance, 
etc ) and on describing the structure of communities, 
through multivariate analyses, for one particular 
year It has become evident in many studies that 
ecological indices show very poor descriptive effec
tiveness in this kind of work Although a decline m 
richness and diversity with fishing effort has been 
described (Jennings and Reynolds, 2000), increases 
in diversity at low levels of fishing intensity (ICES, 
2000) and even as a response to heavy exploitation 
(Bianchi et al, 2000) have also been reported 
Consequently, it is necessary to extend the informa
tion supplied by these indices by providing overall 
explanations on the changes in the environment 

The Atlantic influence in the western area of the 
Cantabrian Sea is considered to diminish towards 
the interior of the Bay of Biscay More recently, two 
main seasonal hydrographic driving agents that 
establish the local oceanography of the Cantabrian 
Sea have been described the winter Navidad current 
and the spring-summer upwelhng In winter, the 
Navidad appears as an eastward-flowing shelf-break 
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current that transports warm and saline waters 
along the continental shelf (Frouin et ai, 1990; 
Pingree and Le Cann, 1990). This current is a 
prolongation of Poleward Current coming from the 
Portuguese Shelf and partially aided by southwest
erly winds. This flow is the main energy input in the 
Cantabrian Sea during wintertime (Gil and Sanchez, 
2001). In spring-summer, westward winds force sur
face waters offshore by the Ekman effect, and these 
are replaced by subsurface cold waters, leading to 
seasonal upwelling and consequently high primary 
production events (Botas et al., 1990). The intensity 
and frequency of both phenomena are highly vari
able, leading to very different non-macroscale and 
non-permanent oceanographic scenarios along the 
Cantabrian Sea Shelf every year. Nevertheless, it 
is normally accepted that abundance and distribu
tion patterns of groundfish reflect mainly depth and 
bottom characteristics. More recently, it has been 
shown that some demersal fish species in the study 
area also depend upon the physical dynamics and 
mesoscale water mass patterns (Sanchez and Gil, 
2000; Sanchez ef a/., 2001). 

One problem facing the study of the impact of 
fisheries on ecosystems by means of the analysis 
of historical series from surveys is in discerning 
between the natural causes of variation and anthro
pogenic impacts (Rogers et al., 1999; Bianchi et al., 
2000; Frid and Clark, 2000; Jennings and Reynolds, 
2000; Rice, 2000). To this end, it is necessary to 
carefully determine the sources of spatial and tem
poral variation, and explain as far as possible the 
changes occurring each year with respect to the 
stable part of the series by means of environmental 
and biological information. In this article we analyse 

the structure and composition of demersal fish com
munities living over the continental shelf of the 
Cantabrian Sea and the infiuence certain environ
mental variables have on them. Similarly, an 
attempt is made to explain the changes observed 
during the 1990-1999 decade in relation to the 
different environmental scenarios present in the 
area. 

Material and methods 

The data of species abundance and distribution 
come from a series of bottom-trawl surveys carried 
out every autumn from 1990 to 1999 using standard
ized methodology (ICES, 1997). The survey area 
was stratified according to depth and geographical 
criteria and a stratified random sampling scheme 
was adopted (Figure 1 A). In addition, extra hauls at 
less than 70 m and deeper than 500 m were accom
plished during each survey. The first geographical 
sector (SI) of the historical series of surveys, situ
ated to the south of Cape Finisterre, was not used in 
this study because of its different biogeographical 
characteristics. The number of hauls per stratum 
was proportional to the trawlable surface, and the 
sampling unit was made up of 30-min hauls at a 
speed of 3.0 knots using the baca 44/60 otter trawl 
gear (Sanchez, 1993; Sanchez et a!., 1995; ICES, 
1997). The hydrographic characteristics were deter
mined by Seabird CTD probe. Sampling stations 
were distributed throughout the area of study during 
the bottom-trawl survey, covering the continental 
shelf, slope, and adjacent oceanic areas (Figure IB) 
according to mesoscale structure resolution criteria 
(Sanchez and Gil, 2000). 
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The total number of fish species caught over the 
trawlable area of the continental shelf, following 
the methodology previously described, was 152 
Sanchez et al., 2002). For each year, the value of the 
mean richness indices (number of species by haul), 
biomass indices (weight in g by haul), and the 
mean Shannon-Wiener diversity index (Shannon 
and Weaver, 1963) were obtained. 

For the multivariate analysis and based on pre
vious studies (Sanchez, 1993, 1997), a group of only 
46 species was selected (Table 1), rejecting pelagic 
species which were poorly represented in samples 
using the bottom trawl. In this way, rare or occa
sional species (i.e. those present m less than 5"/) of 
hauls) were eliminated with the aim of reducing the 
percentage of zeros in the matrices. In this group of 
46 species, 6 were analysed by age classes (according 
to the age-length keys obtained in the surveys), 
due to age-related changes in their behaviour and 
habitat. 

The explanation of temporal variabiHty due to 
the effect of environmental variables on communi
ties was carried out using canonical correspondence 
analysis (CCA) (Ter Braak, 1987, 1988; Ter Braak 
and Verdonschot, 1995). The statistical significance 
of the direct methods of ordination was obtained 
by the Monte Carlo test (Verdonschot and Ter 
Braak, 1994). From the CCA of each survey a biplot 
between species and environmental variables was 
obtained which represents the influence of these 
variables on the axes of the analysis, quantified in 
correlations with the factorial axes (Ter Braak, 
1990). 

Table 1. List of 46 species of fishes (51, including age classes) 

Code 

AMA 
ASP 
ALA 
BPR 
BLU 
CLY 
CMA 
CAP 
CEP 

ecu 
CGU 
CLU 
COB 
CMO 

ceo 
DCA 
ESP 
GAR 
GME 
HDA 
LBOO 
LWHO 
LBUO 
LBUl 
LPIO 
LPIl 

Species 

Antonogadus macrophlhalmm 
Argentina sphyraena 
Arnoglosms laterna 
Bathymlea projunditola 
Buglossidium luteum 
Calhonymus lira 
Callwnymus maiulatus 
Caprus aper 
Cepola macrophlhalma 
Chelidonichtys cuculus 
Chehdonithlys gurnardus 
Chelidonichtys lucerna 
Chelidonichtys ohscma 
Chimaera monurosa 
Conger conger 
Deania calceus 
Etmopterus spinax 
Gaduului argenteus 
Galeus melastomus 
Helic olenus dac lytopterus 
Lepidorhomhus hoscu 0-group 
Lepidorhomhui nhiffiagonn 0-group 
Lophiui hudegassa 0-group 
Lophius budegassa 1-plus group 
Lophius piscatorius 0-group 
Lophius piscatorius 1-plus group 

The abiotic variables used in the analysis were 
depth, near-bottom temperature, near-bottom sali
nity. Western longitude (Atlantic influence), and 
geographical sector (Figure lA). The inclusion of 
the geographical sectors as variable is due to its 
different geomorphologic characteristic (large shelf 
in S2 and S3, deeper canyons and rocky bottoms in 
S4 and very narrow shelf and muddy bottoms in 
S5). It is noted that depth changes involve subse
quent changes in several environmental factors such 
as pressure, light, temperature, etc. The canonical 
analysis was only carried out for the period 1993-
1999, since hydrographic measurements began on 
the bottom-trawl surveys in 1993. 

For the multivariate analysis of interannual vari-
abihty of the historical series, a multitable system 
was used, following the procedure described in 
Chessel and Gaertner (1997) and Gaertner et al. 
(1998). This system performs the analysis of 
K-tables with the logic of correspondence analysis 
(CA), and was carried out by means of the STATIS 
routine of the program ADE-4 (Thioulousse et al., 
1997). The use of these analyses is not widespread 
in articles on marine ecology, although in the few 
articles that exist its usefulness in analysing time or 
spatial series is proven (Gaertner et al., 1998; Blanc, 
2000; Ghertsos et al., 2001). The biomass matrices 
of 51 species were transformed by log(l+x) to 
minimize the dominant effect of exceptional catches. 

In the STATIS multitable method, a CA was 
performed as the first step in calculating the matrix 
of scalar products between species for each survey, 
with the aim of standardizing the dimensions of 

in the multivariate analysis. 

Code 

LCR 
LEQ 
MLA 
MMEO 
MMEl 
MME2 
MVA 
MPO 
MSU 
NBO 
PAC 
PBO 
PER 
PBL 
RCL 
RMO 
SCAl 
SCA2 
SLA 
SVU 
TDR 
TSC 
TLU 
TMI 
ZFA 

Species 

Lampanyctus crocodilus 
Lepidion eques 
Malacocephalus laevis 
Merluccius merluccius 0-group 
Merluccius merluccius 1-group 
Merluccius merluccius 2-p1us group 
Microchirus variegatus 
Microme^istius poutassou 
Mullus surmuktus 
Notacanthus bonapartei 
Pagellus acarne 
Pageltus hogaraveo 
Pagellus erylhrinus 
Phycii blennoides 
Raja clavata 
Raja montagui 
Scyliorhinus canicula I-group 
Scyliorhinus canicula 2-plus group 
Solea lascarn 
Solea vulgaris 
Trachmm draco 
Trachvrhvnchus scabrus 
Trisopterus luscus 
Trisopterus mmutus 
Zeus Jaber 
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the tables for the calculation of a matrix of scalar 
products between the tables of the surveys After 
the diagonalization of this matrix, 10 coefficients of 
the first eigenvector of each survey were used to 
weight the 10 matrices of scalar products between 
species and build a table of maximum inertia, called 
a compromise table. Surveys with common struc
tures contribute to this table to a greater extent. The 
multivariate analysis through CA of the compro
mise table defines axes and coefficients which des
cribe the stable part of the surveys The projection 
of the analyses separated from the 10 matrices of 
surveys on the compromise analysis shows inter-
annual variations and the trajectories of temporal 
variation of species with respect to the stable struc
ture (Chessel and Gaertner, 1997; Gaertner et al, 
1998). 

Lastly, and in order to make a comparison with 
the descriptors of variability observed in the decade, 
we used the indices of Navidad current and upwel-
ling described in R Sanchez R et al (2003) as a 
measure of the influence of this main hydrographic 

event each year Upwelling strength has been esti
mated calculating the percentage of shelf planar 
(PA) area occupied by (negative) temperature anom
alies (TA-) at 50 m depth with respect to the 1993-
2000 mean The relative Navidad strength has been 
evaluated with January salinities at 80 m, from a 
time-series of oceanographic recordings at a fixed 
station at the central shelf of the Cantabrian Sea 
(43''34.5'N-3°47.0'W). 

Results 

The analysis of the evolution of mean values of spe
cies richness by haul (Figure 2A) showed a relatively 
stable pattern in the different strata. In general 
terms a decrease in richness was seen with depth In 
the coastal stratum, two periods were observed, the 
first (1990-1994) was characterized by a fall in rich
ness. After 1994, the richness index rose progres
sively from 17 species to about 25 (Figure 2A) The 
121-200 and 201-500 strata (middle shelf and outer 
shelf) presented greater interannual stability 

90 91 92 93 94 95 96 97 

-30-70 (coastal) 

-201 500 (outer she!^ 

94 95 

Year 

-71 120 (inner shelf) 

-501 750 (shelf break) 

97 98 99 

-121 200 (mddle shel^ 

Figure 2 Mean values of indices by year tor depth stiata (A) richness (number of species of fishes). (B) Shannon-Wiener 
diversity index of fish abundance in terms ot number (H") 
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Regarding the diversity m number, as with rich
ness, in the coastal stratum a decrease in values was 
observed from 1990 to 1995, followed by an increase 
to 1999 Although diversity was generally more van-
able than richness, the middle shelf and outer shelf 
strata were again the most stable, and show the low
est values in the time-series The fall in diversity 
in the middle shelf strata in 1991 is noteworthy, 
although It IS mainly due to a significant increase in 
blue whiting {Muromesistiu:, poutassou) biomass 
In general terms, the diversity increases towards the 
extreme strata (shallowest and deepest) 

Effect of environmental variables on the 
structure of communities over the 1993 1999 
period 

The previous canonical analyses, by means of 
DCCA, showed a ummodal response model of spe
cies against environmental variables, for this reason 
a CCA was chosen The analysis for each year sepa
rately showed a constant structure of communities 
throughout the series, as can be seen in the examples 
of 1993 and 1998 in Figure 3 In each year, species 
groupings were determined, similar to the bathy-
metric groups described by Sanchez (1993) using 
principal component analysis (PCA), and were dis
tributed on the biplot with a pronounced Guttman 
effect (Figure 3) The Guttman effect arises when 
the main two environmental factors are auto-
correlated (Greenacre, 1984), in this case, depth and 
temperature The most discriminatory were the coa
stal group and the deepest strata groups (outer shelf 
and shelf break), situated at the extremes of the 
environmental gradients analysed On the other 
hand, in the middle segments of these gradients, 
the inner shelf and middle shelf groups displayed 
reduced dispersion, with a position closer to the 
centroid of the biplot This centroid is occupied by 
ubiquitous species of a wide optimal environmental 
range 

As shown in Figure 4, the formation of the CCA 
axes according to the environmental variables is 
fairly constant throughout the decade In all years 
the most discriminatory variable is depth, with an 
interset correlation higher than 0 90 with the first 
axis (Table 2) correlation that increases shghtly 
throughout the decade Axis 2 is correlated mainly 
with salinity and, to a lesser extent, with longitude 
The variable longitude, i e the Atlantic factor, is 
much less discriminatory in the years 1994 and 1995, 
but IS of greater importance in 1997 (Table 2) The 
westernmost sector (S2) is more discriminatory, and 
so more distinct, in the period 1996-1999 than in 
previous years, where sectors discriminate with simi
lar weight However it is difficult to obtain clear 
conclusions of assemblages' spatial zonation from 

the ordination of the different geographical sectors 
The radial pattern is not constant, probably due to 
the interaction of salinity-temperature pattern of 
each sector with other abiotic variables, which were 
not taken into consideration 

Temperature contributes similarly to both axes, 
opposite to depth, salinity, and longitude This 
depth-sahmty temperature longitude relationship 
pattern obtained Irom CCA reflects the character
istic hydrological dynamics of the Cantabrian Sea 
and their influence on the main groundfish assem
blages (Figure 3) The set of these four abiotic vari
ables explains 21 4% of the variance of species data 
and 72 9% of the variance of species-environment 
relationship (mean values for the decade. Table 2) 

Stability of communities' structure over the 
1990-1999 decade 

A CA was performed among the 10 surveys and a 
very high value of intraperiod inertia (inertia is the 
multivariate measure of the amount of variation in a 
data set) was found (97 5%) against mterperiod 
inertia (2 5%) The differences between surveys were 
considered significant (p<0 05) according to a 
permutation test The multitable analysis shows a 
balanced contribution of surveys to the compromise 
analysis (Table 3) The best fits to the compromise 
table are found in 1990 and from 1994, 1996 being 
the survey which deviated the least (cos'=0 68, 
Table 3) In contrast, the fit of the 1991 survey to 
the compromise is the lowest (cos'=0 28) in addi
tion to being the survey which contributes least to 
the analysis (weight = 0 28) 

Figure 5 shows the structure of fish communities 
m the compromise analysis, i e the stable part of 
the 10 surveys used in the analysis There is a great 
pattern of spatial reproducibility throughout the 
decade, since the representation of the compromise 
analysis (represented as an empty circle in Figure 5) 
faithfully reproduces the structure described by the 
canonical analysis from each year (Figure 3) A clear 
Guttman effect can also be observed, with two 
branches which separate the species into two well-
differentiated groups of little more than 10 species, 
and a transition group very close to the origin of 
less discriminatory species This discrimination is a 
product of a first bathymetric factor, leading to the 
identification of axis 1 with depth In this represen
tation the 5 bathymetric groups already described 
can be distinguished, as in the canonical analysis 

The group of species situated in the negative 
quadrant of both axes corresponds to coastal spe
cies, where the most discriminatory ones are Solea 
lascaris and Pagellus erytfinnus, along with a small 
group of species, all of them preferentially coastal 
(Pagellus bogaraxeo Buglossidium luteum, Trachinus 
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Figure 3. CCA bipiot of species vs. environmental variables (A) 1993 survey; (B) 1998 survey. 
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Figure 4. Correlation of environmental variables on the first two canonical axis of CCA for the surveys 1993-1999. 

Table 2. Interset correlations by year between environmental variables and the first and second canonical axis. Eigenvalues and 
percentage of variance of species data and of species-environment relation explained by the CCA plane. 

Axib 1 

Axis 2 

Eigenv 
Eigenv 
% Var 
"/« Var 

Depth 
Temperature 
Salinity 
Longitude 
Sector 2 
Sector 3 
Sector 4 
Sector 5 

Depth 
Temperature 
Salinity 
Longitude 
Sector 2 
Sector 3 
Sector 4 
Sector 5 

alues Axis 1 
alues Axis 2 
species data 
spp.-environment relation 

1993 

0 902 
- 0 619 
- 0 004 

0 140 
0 072 

-0.027 
0.092 

-0.163 

0 145 
0.374 

-0.561 
- 0 239 
- 0 124 
-0.184 

0 187 
0.132 

0.309 
0 180 

19 3 
67 1 

1994 

0 925 
-0.526 
-0.054 
- 0 049 

0 000 
-0 135 

0.111 
0 021 

0 031 
0.429 

-0.330 
-0.127 
-0.089 
- 0 117 

0.235 
-0.041 

0.350 
0.103 

177 
70.5 

1995 

0.944 
- 0 585 
- 0 203 

0 022 
0.063 

-0.059 
0.004 

-0.014 

0.065 
0.597 

-0.302 
- 0 072 
- 0 029 
- 0 051 

0.114 
-0.043 

0.436 
0.188 

23 7 
72.3 

1996 

0.964 
-0.437 
-0.038 

0.138 
0.195 

-0.123 
- 0 037 
-0.067 

0.016 
0.504 

- 0 338 
-0.183 
-0.120 
- 0 047 

0.112 
0 068 

0.442 
0.180 

24 3 
76.6 

1997 

0.966 
-0.578 
-0.281 

0.038 
0.098 

-0.116 
0.007 

-0.003 

-0.028 
0.386 

-0.292 
-0.417 
- 0 310 
-0.064 

0.168 
0.253 

0 408 
0 122 

20.0 
74.0 

1998 

0 952 
-0.642 
-0.073 

0 102 
0 160 

- 0 103 
-0.059 
-0.019 

0.120 
0 460 

- 0 628 
- 0 245 
- 0 191 
- 0 037 

0 193 
0.060 

0.434 
0.211 

22.4 
74.4 

1999 

0.971 
-0.475 

0.100 
0 117 
0.179 
0 126 

- 0 042 
-0.035 

0018 
0.546 

-0.505 
-0.391 
-0.319 
- 0 037 

0 281 
0 130 

0.484 
0.190 

22.1 
75 1 

draco, Mullus surmuletus). Near the centroid are the 
species of transition in the bathymetric gradient, 
characteristic of the continental shelf, with very 
poor discrimination. Two groups can be distingui
shed, one of inner shelf species which show more 
affinity for the shallowest waters (S. canicula, M. 
merluccius classes 0 and 1, L. whifjiagonis class 0, L. 
budegassa class 1 plus, L. piscatorius class 0) and 

another of middle shelf species (Micromesistius 
poutassou, L. budegassa class 0, Conger conger, L. 
boscii class 0, Helicolenus dactylopterus, Gadiculus 
argenteus). The top predators of the demersal and 
benthic domains, respectively, M. merluccius (class 2 
plus) and L. piscatorius (class 1 plus) do not belong 
to any group, and are situated closer to the centroid, 
indicating their wide optimal environmental range. 
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Table 1 Number of stations for survey contribution of each 
survey in the compromise (weight) and fit ot each survey to 
the compromise (cos') 

Survey 

1990 
1991 
1992 
199^ 
1994 
1995 
1996 
1997 
1998 
1999 

Stations 

103 
88 
97 
92 
100 
101 
100 
104 
101 
105 

Weight 

0 33 
0 28 
0 30 
0 29 
0 33 
0 32 
0 33 
0 32 
0 33 
031 

Cos^ 

0 48 
0 28 
0 44 
0 44 
0 58 
0 58 
0 68 
0 46 
0 5-i 
0 45 

which increases their number of available preys 
(Sanchez, 1993) 

The other branch, situated in the positive x-axis 
quadrant, contains the deepwater species This group 
can be split into two according to a bathymetric 
criterion The cluster of outer shelf species groups 
together Chimaera monstrosa Bath\solea profund-
icola Galem melastomus Phycis blennoides, and 
Malacocephalus lae\is The other group corresponds 
to the shelf-break community and is made up of spe
cies such as Notacanthus bonapartei, Trachyrhynihus 
stahrus Lepidion eques Deama cakeus Etmopterus 
spina\, and Lampan\ctus trocodilus 

Figure 5 also shows the interannual variations 
(represented as empty squares) from the stable struc
ture The largest interannual deviations are found in 
the coastal and shelf-break communities The con
tinental shelf (inner and middle shelf) communities 
are those that have the lowest range of variation 

In particular, the ubiquitous species M meiluccms 
(class 2 plus) and L pncatorius (class 1 plus) present 
the lowest values of interannual variability 

Finally, Figure 6 shows the relationship of the 
descriptive parameters of multivariate, canonical, 
and multitable analyses, and the external indices 
used to describe the main hydrographic driving 
agents In the period with biological physical data 
(199V1999), three different hydrographic scenarios 
were observed (A) strong Na\idad current and weak 
upwelling index (years 1993, 1998, and 1999), (B) 
moderate Navidad current and high upwelling index 
(years 1994 and 1997). and (C) weak Ncnidad cur
rent and high upwelling index (years 1995 and 1996) 
The dynamics that originate these three types of 
scenarios in the area and their occurrence are des
cribed in Gil and Sanchez (2001) It can be seen that 
the years with the maximum percentage of variance 
explained by the abiotic variables considered in 
the CCA analysis correspond with scenario type 
C (24%) Low percentages of variance explained 
correspond with scenario type B (18-20%) Also, 
years with maximun values of upwelling indices 
(1994 to 1997) coincide with those of least discri
mination in salinity and longitude (except 1997) A 
relationship also seems to exist between the variance 
explained by the environmental variables in the 
canonical analysis and the fit of each year to the 
stable part in the multitable analysis, since the years 
that contribute most to the stable part (Table 3) 
are those which are best explained by the set of 
environmental variables used 
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Figure 5 Stable structure of species projected on the first factorial plane of compromise in the decade of 1990s and variations 
inter-surveys of the species around the stable structure Position in the compromise (O) position in each survey ( • ) 
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Figure 6 Values during the 1993-1999 period of (A) mam hydrographic driving agents indices and scenarios, (B) correlation 
between environmental variables and canonical axis of CCA. and variance of species data explained by this first CCA plane, (C) 
fit of each survey with the stable part (compromise) and weight of this surveys in the multitable analysis 

Discussion 

The sources of variation existing in the results may 
differ in spatial variability, which has been revealed 
to be mainly bathymetric, and temporal variability, 
which IS partly related to the evolution of the main 
hydrographic driving agents described in the area 

The bathymetric differences show a progressive 
decrease in mean fish species richness with depth, as 
described in the Cantabnan Sea by Sanchez (1993) 
and m adjacent areas by Farina et al (1997a) This 
pattern is reasonably stable in the decade The dec
line in the number of species with depth is probably 
brought about by the higher productivity of the 
coastal waters, in contrast to the inverse phenomena 
appearing in invertebrates (Olaso, 1990, Farina 
et al, 1997b), which prefer deeper water and muddy 
substrates because of their predominantly detntivor-
ous feeding habits Interannual variations of diver
sity can be explained only in part by the action of 
the main hydrographic events which govern the 
area, because this index is strongly affected by the 
values of dominance of migratory gregarious species 

with a wide range of distribution area (i e blue whit
ing, horse mackerel, and silvery pout {Gadiculus 
argenteus)) The period of years with strong upwel
ling indices corresponds to the lowest diversity of 
the coastal community This may be caused by the 
direct effect of the increase in primary production 
in the coastal area, and consequently on the levels 
of biomass of some planktophagous fish (with high 
reproductive rates and fast growth) and particularly 
schools of juveniles of horse mackerel The spatial 
structure shows how variability is mainly detected 
m the coastal, outer shelf and shelf break strata, that 
IS, at the extremes of the environmental gradients, 
while the central continental shelf strata are more 
stable This difference in stability is visible in all the 
analyses performed m the ecological indices (espe
cially for the coastal stratum), in the canonical ana
lyses by survey, in the representation of the stable 
part of the decade and m the trajectories followed 
by species around this stable structure The central 
strata of the continental shelf are those that have 
suffered greater pressure from the trawl fleet for 
decades, and consequently a greater degree of 
simplification of communities must be expected 
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(Sanchez, 1993) At the same time, the geomorphol-
ogy of the ground is more homogeneous, minimizing 
the ecotonal effect. 

Overlying the temporal variability, there is a re
producible spatial structure throughout the decade, 
in which some unvarying bathymetric groups can be 
found. It can therefore be said that fish communities 
remained relatively stable throughout the period 
studied, with a high degree of reproducibility of the 
bathymetric spatial pattern. This defined bathyme
tric structure has been described in previous studies 
carried out in the area (Sanchez, 1993, 1997; Farma 
et al, 1997a) and in other nearby areas (Zendrera, 
1990, Lauroz, 1993, Gaertner et al, 1998, Souissi 
c't al, 2001) The smaller depth discrimination on 
the demersal fish assemblages obtained by Farina 
et al (1997a) in the area near Galicia is due to 
the lack of sampling on the coastal and shelf-break 
strata during the study period (1980-1991) Our 
results identify the most extreme strata of the Can-
tabrian sea shelf (coastal and shelf break) as the 
main source of variability in the decade. In the Gulf 
of Lions area, Gaertner et al (1998) derived similar 
results through a multitable analysis, finding the 
greatest trajectories of species for each year in the 
extreme strata (coastal region and continental slope) 
with respect to the representation of the stable part 
of the period 1983-1992. A possible explanation for 
this larger variability in the Cantabrian Sea (usually 
considered as a nursery area) is a greater infiuence 
over the coastal communities of recruitment to the 
bottom of abundant species in the area, which are 
driven by yearly hydrographic scenarios (Sanchez 
and Gil, 2000. Sanchez et al., 2001, Gil and Sanchez, 
2001). The subsequent ontogenetic migratory beha
viour towards deeper zones, described for some 
species (Farina and Abaunza, 1991, Sanchez, 1993), 
increases this variability On the other hand, the 
shelf-break communities may be influenced by the 
environmental variability on the eastward slope cur
rent, which has a strong impact in the distribution 
and dispersion of the early stages of fish in the 
area (Reid, 2001) Also, the vertical motion of the 
water, produced by the associated eddies, enhanced 
the production processes of subsurface layers (Piont-
kovsky et al., 1995) over the shelf break This fact 
determines the reproductive behaviour of many 
demersal species that migrate to these shelf-break 
areas with larger productivity and transport mecha
nisms facilitating larval survivorship (i e hake, red 
sea-bream) 

On the other hand, the Navidad current seems to 
determine halme-longitudinal variability Years with 
strong current indices (1993, 1998, and 1999) of 
hydrographic scenario type A create haline gradients 
which are translated into greater discrimination of 
the salinity factor m the CCA analysis, and because 
of Its entrance from the west, of the longitudinal 

factor A moderate Navidad current is required to 
prevent larvae and pre-recruits of demersal fish 
being transported off the progressively narrow shelf 
of the Cantabrian Sea. Scenario type B is an optimal 
situation that occurs after the adequate development 
of an upwelling front over the shelf area and sur
rounded by Its associated mesoscale structures This 
energetic scenario is responsible for high hake 
recruitment in the period considered (Sanchez and 
Gil, 2000, Sanchez et al., 2001, Sanchez et al, 2002), 
and probably also has similar consequences for 
many other demersal species The mesoscale dyna
mics have a strong impact on biological variability 
and patchiness (Mann and Lazier, 1991) and are 
probably the cause of the low variance value exp
lained in our CCA analysis for the years 1994 and 
1997 

Finally, our results show that the hydrographic 
scenario type C is the one that is better explained by 
the set of environmental variables used in the CCA 
analysis, and makes up the most stable structure of 
groundfish assemblages throughout the decade This 
scenario (i.e 1995 and 1996) is characterized by 
the considerable width of the cold coastal fringe and 
by the anticyclonic eddies located further away from 
the shelf area (Sanchez and Gil, 2000, Gil and 
Sanchez, 2001) The lack of mesoscale activity over 
the shelf probably produces a more homogeneous 
situation over the bottom, with less disturbance of 
the stable structure of the communities, increasing 
the discriminant value of depth, near-bottom tem
perature, near bottom salinity, and the other abiotic 
variables considered 

The aim of the present article is not to draw con
clusions relating to the evolution of ecological struc
tures ascribed to the fishing pressure, which has 
been applied to the area, but to establish this 
evolution and explain it through the environmental 
information available. In this sense, the combined 
analysis of individual surveys with a multitable 
analysis, which separates the stable part from the 
interannual variations, seems useful for the inter
pretation of historical series Later, with more infor
mation on the changes in fishing fleet strategies, 
distribution of effort in the area, identification of 
vulnerable species (Rogers et al. 1999, Jennings and 
Reynolds, 2000), and with experiments on fishing 
exclusion areas (Hoffmann and Dolmer, 2000, 
Sumaila et al, 2000), the effect of fishing on ground-
fish communities in the Cantabrian Sea may be 
determined 
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Introduction 

Given the recent concern over global warming, it 
IS not surprising that information about changes in 
distribution of fish have appeared in both popular 
(Brown, 2000) and scientific (Quero et al, 1998, 
Stebbing et al, 2002) sources over the past few 
years, and have been related to mcreased sea 
temperatures We present evidence of changes in 
fish distribution from many parts of the Northeast 
Atlantic (Figure 1) during the 1990s and relate this 
to observed temperature variability In order to 
avoid bias we made a particular effort to find 

information on distribution changes which appeared 
to contradict the "global warming" scenario 

Although the main aim of the article is to look 
at evidence of changes in distribution, some infor
mation on changes in abundance is also included 
The distribution of a species is determined by the 
geographic area it occupies and also by its relative 
abundance within that geographic area For exam
ple, an increase in abundance near the northern end 
of Its range and/or a decrease m abundance near the 
southern end can be regarded as a northward shift 
in distribution, even if the overall range remains 
the same 
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Figure 1. ICES Fishing Areas and place names referred to in 
the text. 

Changes in distribution have many causes, but 
thermal effects are pervasive and reasonably well 
known (e.g. Welch et al.. 1998). We know the 
thermal responses and limits for many fish species 
(Alderdice and Forester, 1971; Magnuson and 
Destasio, 1997) and it is therefore possible to con
sider whether observed distribution changes are 
commensurate with the observed scale of tempera
ture change. Changes in temperature permit exten
sion of geographic range in some areas and limit 
distribution in others. Changes in temperature may 
also indicate changes in the movement and distri
bution of water masses, which transport species to 
new areas (Holliday and Reid, 2001). 

An analysis of distribution change, restricted 
mainly to thermal effects, is inevitably incomplete, 
but there are nevertheless scientific and practical 
justifications for doing so. Temperature affects the 
rates of physiological, metabolic, and behavioural 
processes (Brett, 1979; Wood and McDonald, 1997) 
and hence the population dynamics of the species 
via growth (Brander, 1995), recruitment (O'Brien 
et al., 2000), and mortality. We have better infor
mation about temperature fields than any other 
environmental variable affecting fish, which does 
not mean that we have adequate temperature infor
mation in all cases, but it is much better than for any 
other variable. 

Given the large scale in time and space which is 
covered here and the limited amount of matching 
ambient environmental information, the analysis 
is mainly qualitative. Our aim is to compare obser
vations of changes in fish distribution and abun
dance with changes in temperature, and to evaluate 
whether the response is coherent in the sense of 
following a common principle. 

Materials and methods 

Climate indicators 

Although a large amount of data on sea temperature 
exists, no consistent, comprehensive, standardized 
source of information was available at the time of 
writing. Information about temperature variability 
in the eastern North Atlantic has been taken from 
two principal sources: sea temperature data are from 
the Annual ICES Ocean Climate Status Summary 
2000/2001 (ICES, 2002); air temperature data are 
from the IPCC Data Distribution Centre, (http:// 
ipcc-ddc.cru.uea.ac.uk/), which provides visualiza
tions of annual mean air temperature anomalies 
(relative to the mean for 1961-1990). 

The ICES Ocean Climate Status Summary has 
begun to bring together time series representing par
ticular sea areas, but they are not presented in a stan
dard way and most cover only a limited period of 
time. It IS therefore difficult to obtain the necessary 
background information on the temperature vari
ability over all the areas and time periods reviewed 
here. In order to gain a more comprehensive over
view, air temperature data are included for all areas, 
because they are available in a standard format back 
to 1900. This allows comparisons between different 
areas over long time periods. The degree of similarity 
between trends in sea and air temperature can be 
judged by comparing them for areas for which time 
series of both are plotted in Figure 2. 

The temperature of the upper 300 m of the North 
Atlantic rose by about 0.57°C between 1984 and 
1998 (Figure 3). The increase was not geographically 
uniform, with some areas showing quite different 
trends; therefore a coherent response, in the sense of 
fish distribution behaving uniformly throughout the 
NE Atlantic, cannot be expected. 

Mean bottom temperature data used to compare 
different areas are taken from Brander (1995) and 
from the ICES oceanographic database. 

Fish population indicators 

Information on fish distribution and abundance 
comes from catches by commercial fishing vessels 

http://
http://ipcc-ddc.cru.uea.ac.uk/
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Figure 2 Mean annual air temperature and sea surface temperature (SST) anomalies for the main areas of the NE Atlantic 
Air temperature data (1900-1995) are from the IPPC Data Distribution Centre, from which information concerning the mean 
1961-1990 climatology and the anomaly time series can be obtained SST data and anomalies are from the ICES Ocean Climate 
Status Summary (ICES, 2002) 
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Figure 3 Volume mean temperature anomaly tor the North 
Atlantic. 0 300 m 1984 is set to 0°C Replotted from Levitus 
el ul (2000) 

(catch statistics reported to ICES and available from 
the ICES STATLANT database http //www ices dk/ 
fish/statlant htm), research sampling and records 
of unusual species from a variety of sources All of 
these sources have shortcomings which limit the 
strength and detail of interpretations drawn from 
them, but consistent patterns can nevertheless be 
derived. 

Catch statistics are used here to show the varying 
proportion of seven principal gadoid and seven flat
fish species in the areas NE Arctic, Iceland, Faroe, 
North Sea, West of Scotland, Irish Sea, Celtic Sea, 
and Biscay (Figure 1) The proportion of each 
gadoid species in relation to the total catch of all 
seven gadoids (for the period 1973-1998) is shown in 
Figure 4, and Figure 5 shows the same pattern for 
the flatfish. Since all of these species are marketed 
commercially and are in many cases caught in the 
same fisheries, the catches are a reasonable represen
tation of their relative abundance in the different 
areas. Thus the absence of hake from the catches in 
the NE Arctic, Iceland, and Faeroe, or of saithe 
from the Bay of Biscay, is because they do not occur 
there 

Further relevant details about the nature and 
source of particular catch records are provided in 
the sections on each area below 

Results 

Climate indicators 

As previously mentioned, the mean temperature 
anomaly for the upper 300 m of the North Atlantic 
increased by about 0 57°C between 1984 and 1998 
(Figure 3) Atlantic water along the NW European 
shelf edge has been warming since 1987 at a rate of 
0.5°C/decade (ICES Ocean Climate Status Summary 

Figure 4 Proportions ol seven principal gadoid species in the 
fishing areas of the NE Atlantic, 1973-1998 

Figure 5 Proportions of the seven principal flatfish species in 
the fishing areas of the NE Atlantic, 1973-1998 

2000/2001) The long-term trends in sea surface 
temperature (SST) are similar to those in air 
temperature for this area (Figure 2) 

The pattern of temperature change on the 
European continental shelf from 43°N to 60°N 
and from 15°E to 12°W (areas marked Skagerrak 
and Kattegat, North Sea, West of British Isles, and 
Biscay and Celtic Sea in Figure 2) can be character
ized as a period of positive air temperature anoma
lies from 1930 to 1961 (apart from a 3-year cold 
period from 1940 to 1942), then 2 years of rapid 
cooling During the period 1964 to 1986 the tem
perature fluctuated about the mean, and from 1987 
rose quickly to high positive anomalies 

The period of warming of the North Atlantic 
from 1918 to 1933 was much more marked at 
Greenland, Iceland, Faroe, and the Norwegian Sea 
than It was further south The former three areas 
maintained positive air temperature anomalies until 
1950 and the main cooling period was from 1963 to 
1970 (Figure 2). 
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Fish population indicators 

Ria Formosa and the south coast of Portugal 

The Ria Formosa is a 55-km-long lagoon in the 
Algarve (southern Portugal), with a surface area of 
approximately 16 300 hectares The fish fauna has 
been well studied, particularly by Monteiro (1989) 
and Monteiro et al (1987, 1990) They sampled 
8 stations (three replicates each) monthly over a 
7-year period (1980 to 1986) using a 50-m-long, 
3 5-m-high beach seine with a 14 mm mesh size 
Sixty-seven species were reported and their annual 
patterns of abundance and migration described 

Since September 2000, sampling with beach seines 
has been carried out on a monthly basis in the Ria 
Formosa in order to evaluate changes in species 
composition and relative abundance In the 9 
months to May 2001, 85 fish species have been 
recorded in the beach seme, of which 52 were 
reported by Monteiro (1989) For species that were 
not common to the two studies, information on geo
graphic distribution was obtained from Whitehead 
et al (1984, 1986) and their occurrence or disappear
ance between the earlier period and the present was 
evaluated 

The increase was largely due to species not pre
viously recorded in Portuguese waters and in par
ticular to species whose distribution was previously 
hmited to the Mediterranean and/or NW Africa 
(Whitehead et al, 1984) Paiahlenmus incognitus 
(Blenniidae), Miihtochirus boscanon (Soleidae), 
Pomadasys inctsus (Haemulidae), Symphodus ocel-
latus (Labridae), and Bothus podas (Bothidae) 
Other largely Mediterranean or NW African species, 
such as Sptcara flexuosa and Spicara maena (White
head et al, 1984), were found m the Ria recently, 
but not m 1980 1986 A few northerly species, such 
as the gobies Gobius couchi and Pomatoschistus 
pictus have apparently increased their range to the 
south 

Of the northerly species recorded by Monteiro 
(1989) but not found in 2000-2001, Portugal and/or 
NW Africa and the Mediterranean were the south
ern limits according to Whitehead et al (1984) 
Examples are Hyperoplus lanceolatus (Ammody-
tidae), not recorded from the Mediterranean or 
NW Africa, Alosa fallax (Clupeidae), previously 
recorded as far south as Morocco, and Tnsopterus 
luscus (Gadidae), reported from the Mediterranean 
and Morocco Since the ongoing study has not 
completed a full annual cycle, it is possible that the 
species reported by Monteiro (1989), but not found 
recently, could be summer visitors, which may 
appear in catches in June August 

The increase in diversity shown from just 9 
months of data is remarkable and indicates that 
important changes have taken place Given the 

proximity to the Mediterranean and NW Africa and 
the fact that the south of Portugal is a transition 
zone, heavily influenced in terms of oceanography 
by the Mediterranean in particular, these findings 
are not surprising 

In addition to the research trawl survey of the 
fish community of the Ria Formosa, information 
and specimens from local fishermen, who occa
sionally bring rare or new species to the University, 
also provide evidence that warm water species 
have been extending their range to southern Portu
gal In recent years for example, a lesser African 
threadfin (Galeoides decadactylus), found between 
the Canary Islands and Angola (Whitehead et al, 
1984), was caught in a gillnet in the Algarve 
Two specimens of the Atlantic lizardfish (Synodus 
saurus), primarily insular in the eastern Atlantic and 
Mediterranean, were also brought in by giUnet fish
ermen Further evidence of a warming trend is the 
increasing abundance of large pelagics such as the 
white marlm (Tetrapturus albidus) and the blue 
marlin (Makaira nigricans) in the summer months 
These are species generally not found in waters less 
than 20°C Over the past few years they have been 
so abundant in Algarve coastal waters that sport 
fishing tournaments are now common from July to 
September 

West coast oj Portugal 

There is evidence of both northward and southward 
shifts in fish distribution on the west coast of Por
tugal Portuguese catch statistics, estimated back 
to 1896 by Mendes (2001) and published here for 
the first time, indicate that the sardine (Sardina 
pilchardus) population has shifted southward since 
the late 1970s (Figure 6) The shift was also obser
ved in egg distributions (Stratoudakis et al, 2002) 
and IS associated with increased northerly winds 
during the spawning season (Santos et al, 2001, 
Borges et al, 2002), which result in increased 
upwellmg 

Portuguese sardine landings 

1890 1910 1930 1950 1970 1990 

Figure 6 Landings of sardines in Portugal and landings from 
the northern area as a percentage of total landings 
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The migratory smpefish (Macrorhamphosus sp ), 
a non-commercial species associated with warm 
and saline water, extended its distribution north
wards during the late 1990s Research surveys in 
1979 showed that the distribution did not extend 
north of Lisbon (Afonso dos Santos and Moura, 
1980) In September 1991, extensive schools of juve
nile snipefish were found migrating from southwest 
of the Ormond Seamount towards the Algarve and 
Gulf of Cadiz and then north along the shelf edge as 
far as the latitude of Lisbon (Dias et al 1996) In 
the late 1990s, this species was observed in the trawl 
surveys at the extreme north of the Portuguese coast 
(41^2°N) and probably continuing further north 
along the shelf edge (Borges 1998) 

European shelj edge 

A variety of tropical species have extended their 
ranges northward along the European continental 
slope since the early 1960s (Quero et al. 1998) A 
particularly striking example is the Sailfin dory 
(Zenopsis conchifer), of which ^6 have been taken 
since It was first recorded in European waters in 
1966 at 38°N off the coast of Portugal By the early 
1990s It had been found north of 55°N The depth 
range of capture is 100 500 m 

Distribution and abundance of the principal 
gadoid and flatfish species 

The relative abundance of the principal gadoid and 
flatfish species taken in commercial fisheries in 
the eastern North Atlantic varies depending on the 
characteristic temperature regime of the area Cod is 
the principal gadoid, along with saithe and haddock 
in cold areas, whereas in warm areas the principal 
gadoid IS hake, with whiting and pollock (Figure 4) 
For the smaller flatfish (i e excluding halibut and 
Greenland halibut) the cold-adapted species are 
plaice and long rough dab, while the warm-adapted 
species are sole and megrim (Figure 5) 

The differences in species composition between 
areas can be expressed as a ratio ot catches of warm 
to cold adapted species A pair of gadoid species 
(pollock and saithe) and a pair of flatfish species 
(sole and plaice) were chosen for the analysis They 
are frequently caught by the same fishing gear in 
areas where their distributions overlap, and may 
therefore be expected to undergo similar changes 
in fishing mortality with time For both of these 
species pairs the ratio increases from zero at the 
Faroes (i e no catch of pollock or sole) to nearly 1 
in Biscay (Figure 7) The distributions are clearly 
related to other factors in addition to temperature 
(e g depth, distance from coast), but there is no 
evidence that they are related to latitude 
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Figure 7 Proportions of southern vs northern species in 
the fishing areas of the NE Atlantic (a) Pollock vs saithe (b) 
sole vs plaice Mean annual bottom temperatures are Iceland 
5 8°C Faeroe 7 4°C North Sea 8 6°C West of Scotland lO'C 
Irish Sea IO°C Celtic Sea 11°C Biscay 12 5°C (Brander 
1995) 
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Figure 8 Temporal changes in the proportions of southern 
vs northern species in the tishing areas of the NE Atlantic 

The catch ratio of warm to cold-adapted species 
also changes with time Temporal trends in the 
ratios for areas with bottom temperatures, which he 
between those of Faroes and Biscay, are shown in 
Figure 8 There is a general increase in the propor
tion of the "southern" species during the 1990s in 
most cases 

In the Celtic Sea the proportion of both 'south
ern" species (pollock and sole) decreased from the 
late 1970s until 1989, before increasing again In the 
Irish Sea there has been an underlying rise since 
1973, but with substantial fluctuations The West of 
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Scotland has much lower proportions of the "south
erly" species and shows an increase in the pro
portion of sole, but not of pollock The North Sea 
also shows an increase in sole relative to plaice, but 
pollock IS always at a very low level 

Red mullet (Mullus surmuletus) and bass 
(Dicentrarchus Idbrax) 

The ranges and fishery for these two species have 
been the subject of numerous articles in the popular 
and angling press (e g Brown, 2000) They are valu
able, easily recognized species which have extended 
their ranges northwards and increased in abundance 
around the British Isles The trend in commercial 
catches of red mullet in the English Channel and 
Central North Sea over the period since 1980 is 
particularly striking (Figure 9) 

Records of catches of red mullet and bass in 
Scottish waters between 1984 and 2000 do not show 
a trend, but are not based on standard sampling 
(Figure 10) However, the International Young 

120 
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- Eng Channel E 

-North Sea 
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Figure 9 Annual landings of red mullet by Denmark Ireland 
The Netherlands and UK RV Scotia International Young 
Fish Survey (lYFS) catches are number offish 

Fish Survey carried out by RV "Scotia" in February 
each year and covering a series of standard stations 
in the NW North Sea caught 1, 5, and 0 red mullet, 
respectively, in 1995 1997, and 98, 28, and 46, 
respectively, in 1998-2000 (Figure 9) 

Red mullet and bass have recently been caught in 
western Norway for the first time as follows 
• Red mullet - several catches (at least 3 since 1993) 

m Hordaland county (ca 60°N, 5°E) 
• Sea bass - caught in Fordefjord, western 

Norway (61 5°N, 5 1°E) on 4 November 2000 
• Other exotic fishes caught in Norwegian waters in 

September/October 2000 include 
• Swordfish (Xiphias gladius) caught in Sognefjor-

den, western Norway (61 °N, 5°E) 
• Sunfish (Mold mola) caught in Drammensljorden, 

eastern Norway (59 7°N, 10 3°E) 

Sole in the Kattegat-Skagerrak (ICES 
Division HI A J 

Sole have been landed in the Kattegat-Skagerrak 
area throughout the period tor which we have catch 
records, but landings increased from 200 to 500 t per 
year during the period 1952 1985 to 1000 1400 t per 
year during the period 1990-1995 (Fig 11, ICES, 
2001) Landings have fallen to ca 700 t per year 
since the early 1990s but are still approximately 
double the long-term level during the 1950s 1970s 
Most (ca 70 80/()) of the sole caught in the region 
are captured in the Kattegat 

Sole are captured in a multispecies fishery which 
targets cod, plaice, and Norway lobster Effort 
information is available only since the 1980s Danish 
gillnet and trawler fleets in the Kattegat capture 
>90% of all sole m the fishery and represent the 
major trends in effort for the entire stock Effort has 
been relatively stable, but catch per unit effort indi
ces do not take differences in vessel power, net size, 
net soak time, etc, into account and cannot fully 
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explain either the fluctuations in landings or fishing 
mortality rates during the same time period (ICES, 
2001) 

The environmental factors that might affect 
recruitment to the stock or other aspects of stock 
biology are poorly known (ICES, 2001) The stock is 
located near the edge of its geographical range 
(Muus and Nielsen, 1999) and therefore may be 
susceptible to environmental effects (Leggett and 
Frank, 1997, Myers, 1998, Brander 2000) The dis
tribution of the stock in the Baltic is limited by 
low salinity, sole are rare in the Belt Sea (ICES Sub
division 22) and absent in the western and eastern 
Baltic Sea (ICES Subdivisions 24—32, Muus and 
Nielsen 1999) Although good quality information 
on ambient temperature and other environmental 
factors IS not available, the correspondence with 
the trends in air temperature and SST in the adj
acent North Sea over the same period is striking 
(Figure 2) 

Big northern stocks and the warming period 
of the 1920s and 1930s 

The time series of catches of cod at Greenland and 
of Norwegian spring-spawning herring (Toresen and 
0stvedt, 2000) over the past century are remarkably 
similar (Figure 12) At their peak the catches from 
these stocks were so large that they constituted a 
significant proportion of the global pelagic and 
demersal catches, and in both cases the stock biom-
ass increased and decreased by over three orders of 
magnitude 

The rising catch and biomass during the 1920s 
and 1930s was due to the warming that took place at 
Iceland and Greenland at this time (Figure 2) and 
which resulted in a poleward extension of the range 
of many species of fish, benthos, marine mammals, 
and also terrestrial fauna (Jensen, 1939) 

The decline in both stocks in the late 1960s 
occurred during a major cooling episode, when the 
Polar Front moved south in the Greenland Sea and 

herring no longer migrated around the north coast 
of Iceland Temperature on the Siglunes section 
north of Iceland declined by 4°C between 1964 and 
1967 (Figure 2) However, both stocks were being 
heavily fished at the time and their collapse was 
probably due to a combination of lower temperature 
and overfishing 

The history of two stocks has been very different 
since the early 1970s The Norwegian spring spawn
ing herring recovered from a spawning biomass of 
less than 3000 t in 1972 to around 12 million t in 
1997 It has resumed its summer feeding migration 
in the Norwegian Sea (Toresen and 0stvedt, 2000), 
but does not penetrate into the area north of Iceland 
as it did prior to 1965 The temperature north of 
Iceland has not returned to the values found prior to 
1965 (Figure 2) 

The biomass of cod at Greenland remains low 
and the catch declined from 68 000 t in 1990 to less 
than 1000 t in 1999 Evidence from past recruitment 
indicates that temperatures above 1 5°C are neces
sary to produce big year classes (Brander, 2000), 
therefore it is not surprising that the stock has 
failed to recover The temperature increased at West 
Greenland throughout the 1990s, but only exceeded 
1 5°C at Fylla Bank m June in 1996, 1998, and 1999 
Since cod in this area take 6 or 7 years to reach 
maturity, any rebuilding of the stock is likely to be 
slow 

Discussion 

The absence of comprehensive, standard, up-to-date 
information on sea temperature and other hydro-
graphic information for the NE Atlantic makes the 
task of explaining changes in fish distribution during 
the 1990s and relating it to earlier periods of the 
20th century more difficult Information on sea and 
air temperature is presented here (Figure 2) in an 
attempt to show the long-term background of tem
perature change, for all parts of the NE Atlantic, 
but a more complete and systematic treatment is 
needed The ICES Ocean Climate Status Summary 
(ICES, 2002) has made a start on putting together 
such information, but to date this is fragmentary, 
the records are based on small numbers of stations 
or sections and often represent only a fraction of the 
depth range and seasonal cycle The duration of the 
records is variable and they are not presented in a 
standard format 

Air and sea temperatures over most of the NE 
Atlantic have risen by at least 0 4°C in the decade 
since the late 1980s In the northwestern part of the 
area, at Greenland and Iceland, the 1990s began 
with sea temperatures which were below the long-
term average, and although temperatures rose 
during the decade they did not reach the levels 
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which occurred during the warm period from the 
mid-1920s to 1960 The eastern parts of the North 
Atlantic, from the Norwegian Sea down to Portugal, 
were warmer during the 1990s than during previous 
decades of the 20th century, but the middle years of 
the decade were relatively cool in most areas 

Northward shifts occurred m the distribution of 
many commercial and non-commercial fish species 
during the 1990s from southern Portugal to north
ern Norway The abundance of commercial gadoid 
and flatfish species that occur in warmer waters (e g 
pollock and sole) increased relative to colder water 
species (e g saithe and plaice) in areas where their 
distribution overlaps The absolute abundance of 
sole doubled during the 1990s in the Skagerrak 
and Kattegat, which is at the cold end of its range 
A tew examples of southward shifts, such as the 
sardine distribution off Portugal, which appear to 
contradict the overall pattern can be related to 
specific local hydrographic features The scale and 
geography of the northward changes in fish distri
bution recorded here are similar to those shown 
for calanoid copepods during the period from 
1960-1967 to 1992-1997 (Beaugrand et al, 2002) 

Trends in landings and biomass of Norwegian 
spring-spawning herring and of cod at Greenland 
have followed a similar pattern since the early 
20th century, with both showing very substantial 
increases during the late 1920s and 1930s, declining 
in the late 1960s, but only the herring stock recover
ing during the 1990s Both of these stocks are at 
the lower end of their temperature range and both 
extended their range northward during the warm 
period from the mid-1920s to the early 1960s They 
did not reoccupy these northern limits during the 
1990s In the case of cod around Greenland this 
could be because low temperatures during most 
of the decade restricted both spawning and range 
extension Also, the stock is at an extremely low 
level and could take many years to recover, provid
ing It does not suffer excessive mortality due to the 
existing shrimp fisheries The Norwegian spring-
spawning herring stock did recover during the 1990s 
but has not reoccupied its previous feeding areas 
north of Iceland, probably because of the low 
temperatures and low plankton production which 
persist north of the polar front 
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Growth and expansion of haddock {Melanogrammus aeglefinus L.) 
stocks to the west of the British Isles in the 1990s 

M. Dickey-Collas, M. J. Armstrong, R. A. Officer, P. J. Wright, J. Brown, 
M. R. Dunn, and E. F. Young 

Dickey-Collas M Armstrong M J Officer R A Wright P J Brown J Dunn 
M R and Young E F 2003 Growth and expansion of haddock (Mc/anogrammws 
aeglefinus L ) stocks to the west ot the British Isles in the 1990s - ICES Marine 
Science Symposia 219 271 282 

A marked expansion of haddock (Melanogrammus aeglefinus) distribution and abun
dance to the west of the British Isles in the 1990s is described using fisheries landings 
and research survey data The expansion appeared to begin at approximately the same 
time (1994-1995) across the region and led to the establishment of new fisheries on 
haddock in the Irish and Celtic Seas Fish in different sea areas showed different char
acteristics of length at age maturity and recruitment patterns Haddock in the Irish 
Sea were much larger (60 cm at age 5) than those west of Scotland (40 cm at age 5) 
Fifty percent of the females were mature at 27 cm in the Irish and Celtic Seas and at 
22 cm to the west of Scotland It is shown that these characteristics allow populations 
at the southern extreme of the species range in Europe to respond rapidly to more 
favourable conditions Such conditions could have occurred over a large region allow
ing substantial growth of existing populations Alternatively introductions of ichthyo-
plankton by advection or the spread of juveniles from densely populated areas could 
take place to create a large self-sustaining introduced population in areas such as the 
Irish Sea However any mixing appears to have been limited as recruitment patterns 
differed among areas Owing to the synchrony of the expansion in the different areas 
it IS concluded that some condition or combination of conditions changed to enable 
haddock to exploit resources in all the areas to the west of the British Isles in the late 
1990s 

Keywords Celtic Sea expansion groundfish surveys haddock Irish Sea Malin Shelf 
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Introduction 

Haddock (Melanogrammus aeglefinus) stocks exhibit 
large interannual variations in recruitment between 
years (Fogarty et al, 2001), the magnitude of which 
differs geographically (Bradford and Cabana, 1997, 
Ottersen and Loeng, 2000) In contrast, their 
geographic distribution on the northwest shelf of 
Europe is considered fairly stable (Jamieson and 
Birley, 1989, Cushing, 1995), with populations in 
the Sforth Sea, off the northwest coast of Scotland, 
and at Rockall (Figure lA) However, during the 
mid-1990s, catches of haddock began to increase at 

the southern edge of their range (Figure IB) and an 
apparent expansion of the distribution of haddock 
occurred 

Haddock is caught as a targeted fishery and as 
bycatch in most waters of the British Isles In the 
1980s, 98% of the catch came from the North Sea, 
west Scotland, and Rockall, but by the mid-1990s 
the proportion of the catch from the southwest 
waters (Irish Sea, Celtic Sea, and west of Ireland) 
had increased from 2% to 10% While this propor
tional increase was partly due to reduced catches 
in northern waters (Figure IB) it was also as a result 
of increased abundance of haddock to the south. 
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Figure 1 Officidl international landings of haddock from waters around the British Isles from 1978 to 1999 A Geographic areas 
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where new targeted fisheries for haddock were 
established This article reviews the expansion of the 
haddock stocks to the west of the British Isles in the 
1990s and describes geographic differences in some 
of the life history characteristics of the fish It com
bines fisheries data with research survey results from 
four national fisheries institutes and considers pos
sible mechanisms for the southerly expansion in 
light of the ecology and biology of haddock 

Materials and methods 

Geographic expansion over time 

Data Irom mixed-species bottom-trawl fisheries have 
the potential to give good spatial and temporal reso
lution of abundance of demersal fish such as had
dock Reported landings of haddock by rectangle 
and year were obtained from log-sheet data kept 
by four national fishery institutes the Centre for 
Environment, Fisheries, and Aquaculture Science 
(CEFAS) in England, the Marine Institute (MI) 
in the Republic of Ireland, the Fisheries Research 
Services (FRS) in Scotland, and the Department 
of Agriculture and Rural Development (DARD) 
in Northern Ireland However, due to misreporting 
of catches in some areas with restrictive quotas in 
the 1990s (ICES, 1997), reported landings figures 
alone could give a distorted picture ot the distribu
tion and abundance of haddock An alternative 
index based only on frequency of occurrence was 
obtained for each year and ICES rectangle as 

"hid~" Nhjd ' N,o,ai 

where N^,^ is the number of otter trawl landings in 
which haddock were recorded and N^.j, is the total 
number of otter trawl landings made by the fleet 
Rectangle/year combinations with N,o,ai<3 were 
discarded from the data set In the early stages of 
population growth, the frequency of occurrence of 
landings with haddock will be expected to increase, 
as the population becomes more widespread on the 
traditional fishing grounds Further population 
growth may lead to targeting of haddock and could 
result in the majority of landings containing some 
haddock 

The annual mean index, calculated over rect
angles, was used as an indicator of abundance over 
the whole area investigated, while its coefficient 
ot variation was used as an index of the spread or 
homogeneity of haddock across the region 

Spawning and nursery areas 

All four institutes carry out annual research surveys 
of demersal fish that cover the distribution of had
dock to the west of the British Isles (Table 1) It was 
not possible to standardize catch rates between 
the four institutes because of the differing selecti-
vities of their vessels and gears The mean catch 
rates of haddock per 1-h tow, at age 1 and at all 
older age classes combined (2+), were determined 
for each ICES rectangle The distribution of 2+ fish 
in March was considered to indicate potential 
spawning grounds, assuming similar spawning dates 
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Table 1 Research surveys on demersal gadoids carried out in the 1990s to the west of the British Isles 
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Institute 

Centre for Environment Fisheries 
and Aquaculture Science (CEFAS) 

Department of Agriculture and 
Rural Development (DARD) 

Fisheries Research Services (FRS) 

Marine Institute (MI) 

Area 

Celtic Sea 

Irish Sea 

West Scotland 
Irish Sea 

West Scotland 
and West Ireland 

Month 

March 

March and 
October 

March 
March 

October 

Time-series 

1991 2001 

1992 2001 

1990 2001 
1996 2001 

1993 2000 

No of ICES rectangles 

44 (64 stations) 

12 (44 stations) 

38 
10 

34 

Gear 

Portuguese high 
headline trawl 

Rockhopper trawl 

GOV rock hopper 
trawl 

Otter trawl 

in spring in all regions (see maturity section below), 
while the distribution of age-1 fish indicated set
tlement and nursery areas In some areas the spawn
ing time of haddock can vary by up to 3 months 
between years (Page and Frank, 1989), but there is 
no evidence for this in haddock to the west of the 
British Isles The west of Ireland surveys took place 
m October, so the abundance of 2+ fish could not be 
used to indicate spawning areas as haddock spawn 
in the spring, however, the abundance of 0-group 
fish was used to suggest nursery areas 

Characteristics of the stocks 

Regional differences in mean length at age were 
inferred from samples taken by the MI port-
sampling scheme These were the only data readily 
available that covered the whole of the area of study 
with continuity of sampling schemes, age-readers, 
and fleet characteristics Although the length com
position will be affected by the selection and dis
carding patterns of the fisheries in different areas, it 
was assumed that mean lengths in fully selected age 
classes would provide a robust indicator of regional 
differences in growth An otohth-exchange scheme 
carried out in 2000 (DARD, unpublished data) 
showed a high level of agreement in age allocation 
for haddock between age readers in MI, FRS, and 
DARD 

Comparative maturity-at-length ogives of had
dock were obtained from the March surveys of 
CEFAS, DARD, and FRS (Table 1) Trawl catches 
were sampled using a length-stratified scheme 
Maturity stages were distinguished using macro
scopic appearance of the gonads (Bowers, 1954) 
Owing to the timing of the surveys near the peak of 
spawning, errors in identifying mature fish were 
considered to be potentially small The maturity-
at-length data were not corrected for length-
stratified sampling in calculating maturity at age 
This will lead to overestimation of the proportion 
of mature fish in younger age classes if there is a 
length-dependence of maturity within age classes, 

and the age-based results given here must be 
considered as indicative only 

Time series of recruitment strength, derived where 
possible using extended survivors analysis (XSA, 
Shepherd, 1999, ICES, 2000) were compared For 
the west of Ireland stock the mean abundance of 
age-1 fish from the October MI surveys was used as 
a proxy for recruitment Each time series was stan
dardized to Its mean and expressed as year class 
Longer-term changes in the variability of recruit
ment to the west of Scotland stock were investigated 
calculating the geometric mean of recruitment 
by decade The establishment of year-class strength 
was investigated for the Irish Sea stock by compar
ing indices of abundance of pelagic 0-group fish 
from Methot Isaacs-Kidd frame net (5-mm mesh, 
Dickey-Collas et al, 1997) in May and June with 
post-settlement indices from groundfish surveys 

Results 

Geographic expansion over time 

The distribution of landings from Scottish vessels 
(west of 4°W) changed little from the early to the 
late 1990s (Figure 2), although more fish were 
caught to the northwest of Scotland and in the south 
of the region in the second period In contrast, the 
frequency of occurrence of landings containing 
haddock increased dramatically because of the 
growth of the stocks from the mid-1990s onwards 
(Figure 3) The Celtic Sea generally has larger land
ings of haddock than the Irish Sea (Figure 1), but 
even here there was a marked increase from 1996 
onwards By 1997, 41% of catches of the non-
Scottish fleets in the total area contained haddock 
(Table 2) and its presence had become almost ubi
quitous in 1996 to 1998 (shown by reduced coeffi
cient of variation. Table 2) There is some evidence 
for a decline in haddock distribution in 2000 (Figure 
3, Table 2) The present methods do not clarify 
whether the apparent increase at Rockall is due to 
greater abundance of the fish, or to a change m the 
fishing practices (Figure 3) 



Spawning and nursery areas 

In the early 1990s, relatively high catch rates of 2+ 
haddock off northwest Scotland in March indicated 
that the bulk of spawning may have been in 
this area The pattern was similar in 1996 1998, 
although high catch rates were recorded over a 
wider area including the extreme western boundary 
of the surveys (Figure 4) More dramatic changes 
were observed in the Celtic and Irish Seas (Figure 4) 
By the late 1990s, high catch rates of 2+ haddock 
were more widespread in the inshore areas off south
ern Ireland and in the western Irish Sea A feature of 
the Irish Sea surveys has been a consistent concen
tration of juvenile and adult haddock in the western 
region, and only a relatively small build-up of the 
stock in the eastern region The nursery grounds are 
closely associated with the spawning grounds 
inferred from distribution of 2+ fish in March 
(Figure 4) 

Characteristics of the stocks 

The mean length of haddock appeared to increase in 
an anticlockwise cline around Ireland (Figure 5), 
varying at 5 years old from 40 cm at Rockall and 
west of Scotland to 50 cm off the west of Ireland 
and 60 cm in the Irish Sea At age 4, the Irish Sea 
fish tended to be 507o longer than those trom the 
west of Scotland The ranking of lengths of fish by 
area is fairly stable as the fish age (Figure 5) 

Maturity varies in these stocks with both age and 
length In the Irish and Celtic Seas the length at 
which 50'M of the females were mature (L50) was 
approximately 27 cm (1992 2001) Celtic Sea males 
had a lower L,o due to larger 1-year-olds being 
classified as mature The L,„ for west of Scotland 
haddock from 1995-2000 was approximately 20 22 
cm in both sexes The majority of 2-year-olds in all 
three areas were mature 

As IS well known, the recruitment of haddock 
stocks IS highly variable (Figure 6) There does not 
appear to be a consistent pattern, in terms of relative 
recruiting year-class strength, in the stocks to the 
west of the British Isles (Figure 6A) Recruitment to 
a majority of stocks was above average in 1994 and 
below average in 1993, 1995, 1997, and 1998 Com
paring recruitment strengths in the "non-converged" 
recent period of an XSA is prone to errors, so the 
precision of the estimates later than 1996 should be 
considered poor The pattern of recruitment in the 
large west of Scotland stock changed in the 1990s 
Prior to that it was characterized by intermittent 
very strong year classes followed by a few years ot 
below average recruitment (Figure 6B) Recruitment 
in the early 1990s was less variable around the geo
metric mean and there were no major troughs until 
1998 

Comparison between MlK-net indices of pelagic 
juvenile abundance and subsequent groundfish 
survey indices in the Irish Sea in the 1990s suggest 
that year-class strength is determined in the first 2 
months after spawning There are strong significant 
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Figure 2 Mean annual landings of haddock by the Scottish fleets by ICES rectangle from west of 4°W from two ^-year periods 
(1990 to 1992 and 1996 to 1998) Black rectangles represent square root transformed values largest rectangle = 4000 t 
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Figure 3 Proportion of otter or light trawl landings by ICES rectangle that contained haddock (means of 3 years) by the Irish, 
Northern Irish, English, and Welsh fleets. 

correlations between the abundance of 2-month-old 
haddock (sampled in June) and both the abundance 
of 1-year-olds in the following March (DARD 
demersal fish survey, r = 0.92, p < 0.005, n = 8) and 
the number of recruits estimated by XSA (r = 0.91, 
p < 0.005, n = 7). There was no significant auto
correlation in the time-series. The time-series was 
too short to determine residuals from a Ricker 
curve. 

Discussion 

Overview 

Whether by considering reported tonnes landed or 
the frequency of occurrence of landings with had
dock, it is clear that the distribution of post-recruit 
haddock expanded considerably in the 1990s. This 
article does not propose that this is a new or a 
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Table 2 The mean proportion of landings containing haddock 
by year, from the English and Welsh, Northern Irish and Irish 
trawler tleets in western waters Mean proportion is used as a 
proxy for abundance while coefficient of variation of the mean 
(CV) IS used as a proxy for homogeneity N = number of ICES 
rectangles in which more than three catches were made that 
year. Total numbers of landings are those that comprise n. 

Year Mean 
proportion 

CV Total no 
landings 

1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

0 36 
0 29 
0 22 
0.21 
021 
0 24 
0 30 
0 36 
0 41 
0.39 
0 32 
0.29 

0 94 
1 18 
1 15 
1 03 
1 22 
1 15 
0 95 
081 
0 80 
0 82 
0 97 
1 01 

84 
86 
107 
131 
135 
139 
165 
170 
165 
175 
173 
192 

53 960 
58 540 
61 690 
64 880 
63 830 
50 920 
76 670 
68 780 
74 820 
74 050 
66 850 
61 300 

unique event. Anecdotal information and comments 
suggest that the last expansion of haddock to the 
west of the British Isles was in the late 1960s and 
early 1970s (ICES, 2000) and prior to that in the 
early 1950s. Unfortunately the time-series of catches 
and surveys do not extend back to these periods, 
precluding comparison with the gadoid outburst in 
the North Sea (Jones and Hislop, 1978). 

Haddock is at the southern extreme of its Euro
pean range in the Celtic Sea and Bay of Biscay and, 
strangely, in the 1990s the increased catches have 
coincided with an increase in the water temperature 
in the Irish Sea (DARD unpublished data). The 
much higher stock density and persistence of had
dock in the colder waters off the west coast of Scot
land and in the northern North Sea suggest that 
these regions are generally more favourable for 
haddock than the Irish Sea and off the south and 
west coasts of Ireland. "Favourable" in this context 
could reflect the potential for spawning and the 
retention and survival of eggs, larvae, and pre-
recruits, and the carrying capacity of the habitat for 
post-recruits. Periodic expansions of the more sou
therly populations could indicate more favourable 
conditions for spawning and survival to recruitment 
in small extant local populations, and/or a geo
graphic expansion of the larger more northerly 
stocks. The latter could result from movements of 
post-recruit fish or drift of eggs, larvae, or pelagic 
post-larvae. Geographic expansion of stocks at high 
abundance is a well-known phenomenon, particu
larly in pelagic fish (Lasker and MacCall, 1983). 
MacCall's "basin model" predicts that fish stocks 
will expand into areas normally less favourable for 
spawning when conditions in the intrinsically more 
favourable areas decline due to density-dependent 
reductions in survival. This model could also apply 

Figure 4. Distribution of spawning haddock to the west of the 
British Isles, determined from relative catch of 2+ fish on 
research surveys in spring The surveys from the different insti
tutes are not inter-calibrated, but the scales between the two 
time periods for each institute arc the same FRS catches in 
the Irish Sea in the late 1990s are not included as no compara
tive catches in 1991 1993 were taken Grey shading indicates 
nursery areas, as determined by the presence of I-year-old fish 
in the surveys, and include 0-group catches from the Marine 
Institute October surveys to the west of Ireland 
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Figure 5 Mean length at age of haddock landed in Ireland during the 1990s from ditferent sea areas to the west of the British 
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Figure 6 Time-series of haddock recruitment A Strength of recruitment relative to the mean in four sea areas data from SPA 
analysis (ICES 2001) West Ireland recruitment inferred from Irish survey data B Recruitment by year class to haddock stock 
in West Scotland 1965 to 1998 ICES area Via Solid horizontal bar denotes geometric mean recruitment for each decade 

to temporary colonization events following spill
over of the main populations if colonizing fish 
remain in the habitat while feeding conditions are 
adequate and are able to sustain the population 
through local spawning and larval retention It 

would be expected that environmental conditions at 
an organism's distributional limit would be more 
variable with respect to the organism's tolerance 
range, and hence result in fluctuations in abundance 
(Southward et al, 1988) 
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Temporal patterns 

The spatial expansion of haddock was not just due 
to higher abundances at local pockets or favourite 
fishing sites Their spread increased and their abun
dance became more homogeneous in many areas of 
the Irish Sea and Celtic Sea (Figure 3, Table 2) The 
expansion occurred in the Celtic Sea before the Irish 
Sea (Figure IB), with an apparent 1-year lag in 
catches of haddock between the regions Research 
survey results did not show a "creep" south each 
year and the expansion appears to have begun in 
approximately 1994 to 1995, at the same time as the 
above-average year class in 1994 (Figure 6A) 

Spawning and nursery areas 

The location of spawning sites has apparently 
remained unaltered as the stock has expanded The 
same sites were used by haddock in 1991 to 1993 
and 1996 to 1998 but by more fish (Figure 4) Data 
on egg production or abundance to confirm these 
spawning sites are limited The few ichthyoplankton 
studies that have mapped the abundance of late-
stage haddock eggs or larvae do not contradict the 
spawning sites inferred from aggregations of mature 
fish in March (Saville, 1959, Heath et al, 1994, 
Fox et al, 1997) The late-stage eggs and larvae ol 
haddock are quite often coincident with stratified 
waters (Lough and Bolz, 1989, Page er al. 1989) 
Haddock larvae are frequently found to be in better 
condition in stratified water compared to those in 
mixed water columns (Buckley and Lough, 1987, 
Frank and McRuer, 1989) Haddock either spawn in 
retentive areas prone to stratification (Page et al, 
1999), or in areas where eggs and larvae will be 
advected into stratified water (Campana et al, 
1989a, Gallego et al, 1999) Heath and Gallego 
(1998) commented on the processes affecting the 
spawning sites to the west of Scotland and suggested 
that much of the west of Scotland production is 
advected into the North Sea The inferred spawning 
sites in both the western Irish Sea and eastern Celtic 
Sea are in areas that become thermally stratified in 
late spring In the western Irish Sea the resulting 
gyre circulation is generally accepted as retentive 
(Dickey-Collas ct al, 1997, Horsburgh et al, 2000) 
In the central Celtic Sea circulation is weak follow
ing stratification, while in the vicinity (~40 km) of 
the Irish coast a strong density-driven circulation 
advects water westward and northward parallel to 
the coast (Brown et al. submitted), corresponding 
with the spread of the nursery area to the west of 
Ireland (Figure 4) It is concluded that suitable 
conditions for spawning and for retention of eggs 
and larvae occur in the areas that have experienced 

substantial growth of haddock populations in the 
1990s These regions also support selt-sustaining 
populations of other important gadoids, particularly 
cod and whiting 

Conditions for growth and maturation 

The differences in mean length-at-age of landed had
dock in each region (Figure 5) are consistent across 
age classes and are unlikely to be a result of different 
selection characteristics of the fisheries Marshall 
and Frank (1999), following individual year classes, 
found that once a group of juvenile fish was consid
ered large, its relative bigger size continued through 
Its adult life Hence, conditions for growth during 
the early years of life are the most critical Tempera
ture is known to be a dominant factor influencing 
growth offish (Brander, 1995) Mean annual surface 
temperatures in the Celtic Sea are 1°C and 2°C 
warmer than in the Irish Sea and west of Scotland 
Shelf, respectively Length-at-age in the Irish Sea 
appears greater than in the Celtic Sea despite the 
slightly cooler conditions However, the bottom 
temperature may not show the same regional differ
ence as the surface temperature Density dependent 
effects on growth, shown by Marshall and Frank 
(1999) for Scotian Shelf haddock, have not yet been 
examined for Irish Sea or Celtic Sea haddock 

The difference in maturity by length between 
areas is largely driven by the difference in length-
at-age 2 As most haddock in the Irish and Celtic 
Seas are mature by age 2, and they tend to be bigger, 
hence their length at 50% maturity (L ,̂,) is larger 
Since 1995, most haddock from the west of Scotland 
also appear to mature by age 2 The L,,, within a 
stock can vary over time (Waiwood and Buzeta, 
1989) and has been linked to density-dependent pro
cesses The L,„ for haddock to the west of the British 
Isles found by this study is much smaller than for 
stocks in the Northwest Atlantic (Waiwood and 
Buzeta, 1989) or the North Sea in the 1970s (Hislop 
and Shanks, 1981) 

Recruitment variations 

Spawning and nursery areas for haddock were 
found in all the regions around Ireland investigated 
in the present study, as well as to the west of Scot
land Haddock to the west of the British Isles show 
a pattern common in haddock stocks, namely inter
mittent strong year classes between smaller but 
less variable year classes (Fogarty et al, 2001) The 
time-senes of recent recruitment were poorly cor
related between stocks, as has been found in other 
regions (Campana et al, 1989b) However, the 
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comparisons between stocks may not be valid, as 
the expanding stocks (Irish and Celtic Sea) are, 
by nature, on the ascending slope of the stock-
recruitment curve, while estabhshed stocks (west 
of Scotland) are more prone to density-dependent 
controls of recruitment (Marshall and Frank, 1995, 
1999). Recruitment strength in the Irish Sea, like 
some other stocks (Campana et al., 1989b), appears 
to be established by the pelagic post-larval stage, as 
surveys of 2-month-old pelagic juvenile haddock are 
significantly correlated with recruitment. However, 
because of the short time-series and proximity to 
the origin of any stock-recruitment relationship, it is 
difficult to quantify the effects of stock size or the 
environment. 

Larval advection 

It is possible that the expansion of the stock in 
the Irish Sea might have resulted from, or at least 
been aided by, an advection of young larvae from 
established spawning areas to the north and south of 
the Irish Sea. The dynamics of the continental shelf 
waters of the British Isles in winter and spring are 
strongly controlled by wind forcing (Davies and 
Jones, 1992; Brown and Gmitrowicz, 1995). A three-
dimensional non-orthogonal curvilinear hydrody-
namic model (Young et al, 2001) was employed to 
investigate whether wind-induced events could be 
responsible for a 'pulse' of young larvae into the 
Irish Sea. There were two good year classes in 1994 
and 1995 in the Celtic Sea. During early February 

1994 an intense atmospheric low pressure was 
centred over western Ireland, causing the strongest 
flushing of the Irish Sea for a decade (Knight and 
Howarth, 1999). Approximately 25-30% of the 
volume of the Irish Sea passed northward through 
the North Channel in February, one-third of this 
volume was associated with the 3-day intense low. 
In addition, at the beginning of April there was 
a 2-week period of anomalous high southward 
flow into the Irish Sea through the North Channel. 
Model simulations (Figure 7A) predict a mean 
inflow greater than two times the long-term mean 
outflow. The timing of haddock spawning to the 
south of Ireland is unclear, but particle trajectories 
during February simulated by the model (assuming 
particles were near the surface) (Lough and Potter, 
1993) (Figure 7B) indicate advection in excess of 200 
km from the apparent spawning site off southeast
ern Ireland. As year-class strength of haddock in 
the Irish Sea is determined before settlement, and 
recruitment patterns are different from the Celtic 
Sea, mixing between the areas may be an uncommon 
event. 

Although there are no major spawning areas 
near the northern end of the North Channel, signi
ficant southward fluxes of water into the Irish Sea 
occasionally take place. In April (day 60 in Figure 
7A) particles may conceivably have been advected 
from the Malin Shelf to the southern end of the 
North Channel (Figure 7C), where spring discharges 
of riverine water and subsequent summer stratifi
cation cause southward flow along the Irish coast 
and retention within the western Irish Sea (e.g. 

fe l O - l O » 

: A 

Days since 1 February 1994 

Figure 7 Wind-induced fluxes and transport events into the Irish Sea in 1994, from a three-dimensional, curvilinear, wind and 
tidally-dnven hydrodynamic model (Young et uL, 2001). A Wmd-induced fluxes in the North Channel in spnng 1994 Positive 
values are fluxes to the north, negative to the south B Wind-induced particle trajectories in February 1994 from the Celtic Sea, 
particles released (dark circles) and tracked for 31 days at 10 m depth. C. Wind-induced particle trajectories in April 1994 from 
north of Ireland, particles released (dark circles) and tracked for 30 days at the depth mean. 
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Figure 8 Simulation of effect of a recruitment pulse of haddock on colonization (local spawning-stock biomass) using life his 
tory traits from West Scotland (solid line) and Irish Sea (dotted line) under two scenarios (A) at recent estimates of fishing 
mortality in West Scotland (B) zero fishing mortality Note different y axis scales 

Dickey-Collas et al. 1997, Horsburgh et al. 2000) 
Although not conclusive, it is feasible that during 
1994 comparatively rare sustained transport events 
coincided with periods of spawning or early larval 
development and were responsible for introductions 
of haddock eggs or young larvae from neighbouring 
areas 

their biomass more rapidly than those with west 
of Scotland characteristics (Figure 8) At higher 
fishing mortalities the Irish Sea fish persisted for 
longer (Figure 8A) These differences were due to 
the higher weights-at-age and the slightly higher 
proportion mature at age 2 in the Irish Sea fish 

Population growth 

The different biological characteristics in the regions 
studied will affect the population dynamics of the 
stocks A combination of fast growth and early 
maturity at the southern limit of the species' range 
will represent optimum life-history traits for stocks 
in areas with more unpredictable environmental 
conditions for larval survival and potentially higher 
mortality of adults The effect of the differing char
acteristics on the population dynamics following 
a recruitment pulse was simulated using a simple 
population model The mean weights-at-age and 
maturity ogives for west of Scotland and Irish Sea 
haddock were taken from ICES (2000) and the 
present study It was assumed that spawning-stock 
biomass in an area was initially zero or very close to 
zero, and that a self-sustaining population with no 
interchange with surrounding areas would develop 
following the initial recruitment input The same 
Ricker stock-recruitment relationship was applied 
to each simulated stock, and the initial recruitment 
pulse was the maximum recruitment Natural mor
tality was assumed to be 0 2 year ' for all ages 
(ICES 2000) Rates of stock growth were examined 
for zero fishing mortality and for a fishing mortality 
similar to the current estimates for west of Scotland 
(0 2 for age 1, 0 4 for age 2, and 0 6 for ages 3 
and over) The simulations were run for 21 years 
after the initial recruitment pulse The simulation 
results suggest that fish in the Irish Sea can increase 

Conclusions 

We have shown that the existing small indigenous 
populations have the potential to respond rapidly to 
more favourable conditions To the same extent 
a one off introduction may have taken place (as 
ichthyoplankton or juveniles) which created a 
large self-sustaining introduced population in areas 
such as the Irish Sea It is possible that DNA 
microsatellite work could be used to test some of 
these hypotheses (Lage et al, 2001) although it may 
be difficult to detect differences in transitory popula
tions As the expansion occurred at approximately 
the same time across the southern regions and 
resulted in a fairly homogeneous spread of haddock 
with different recruitment patterns across the south 
of Ireland (Figure 3), it is more likely that some 
condition, or combination of conditions changed 
to enable haddock to exploit resources in all these 
areas It would be easy to speculate further about the 
possible ecological changes that may have caused the 
expansion of haddock populations (e g more stable 
water column, reduction in cod, or changes in plank
ton structure), but data are not available at present 
to rigorously test any hypotheses 
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of air and water temperature, salinity, ice coverage, oxygen and phosphate content) 
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Introduction 

The first detailed description of the hydrographic 
conditions of the Barents Sea was presented in a 
monograph by Knipovich (1906) based on the res
ults of the Fisheries Research Expedition started in 
1898. In 1900, during the expedition, the first oce-
anographic investigations were performed along the 
Kola Section (Figure 1). Knipovich assumed that 
the variability of temperature in the southern part of 
the Barents Sea was caused mainly by variations 
in the properties of the Atlantic waters brought by 
the eastward-flowing North Cape Current. He was 
one of the first to draw attention to the major effect 
of environmental variability on the marine biota. 
He believed that the fish resources and their envi
ronment were closely intertwined and should be 
studied simultaneously. Knipovich (1938) continued 
to develop the idea of a comprehensive study of seas 
and oceans in another monograph, in which he 
analysed and summarized the results of national and 
foreign investigations in hydrography, marine bio
logy, and ichthyology of the Barents Sea and other 

Izhevskii (1961, 1964), who attempted to connect 
the variations in the sea environment and biota, 
believed that the Norwegian, Greenland, and 
Barents Seas, as well as a large part of the North 
Atlantic influenced by the Gulf Stream, were char
acterized by common dynamics involving air-sea 
interactions, and that these determined biological 
productivity in the area. He underlined the impor
tance of regular observations along the Kola Section 
for studies of interrelations between environment 
and marine organisms and for the prediction of 
commercial fish stocks. 

Regular and comprehensive oceanographic inves
tigations in the Barents Sea were initiated in the 
1950s, when attempts were already underway study
ing plankton variability and identifying its causes. 
By the 1960s, Russian plankton speciahsts had 
developed two main hypotheses. According to 
Kamshilov (1961), the variability in the timing and 
intensity of plankton development is determined 
by the inter-species relationships. Galkin (1963), 
however, believed the plankton vanabihty was a 
response to changes in water temperature. 
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Figure I The Barents Sea Small dots denote the Kola 
Section, numbers denote station number Large dots give 
the position of meteorological stations used in the article 
Solid lines show the area over which euphausnd abundance 
was averaged 

Knowledge of the variability of environment and 
Its influence on the plankton and commercial fish 
species of the Barents Sea continued to accumulate 
and was summarized in papers presented at three 
joint Norwegian-Russian symposia held in Lenin
grad in 1983 (Ponomarenko, 1984; Randa, 1984, 
Saetersdal and Loeng, 1984), in Bergen in 1984 
(Ozhigin and Luka, 1985), and in Murmansk in 
1986 (Boytsov and Drobysheva, 1987, Eilertsen 
el al, 1987, Skjoldal et al., 1987; Ushakov and 
Ozhigin, 1987) In more recent years, the influence 
of oceanographic conditions on fish stocks has been 
considered in a number of publications (Loeng, 
1989, Loeng et al, 1995, Ottersen and Loeng, 2000; 
Ottersen et al, 1994, Ottersen et al, 1998, Ozhigin 
et al, 1996; Ozhigin et al. 1999). In addition, results 
of investigations carried out in the 1950 through 
the 1990s allowed a more detailed analysis of the 
interannual variability of the plankton community 
and Its relationship with the environment (Degty-
areva, 1979, Nesterova, 1990, Drobysheva, 1994) 
Long-term variations in hydrochemical variables of 
the Barents Sea have been analysed and described by 
Titov{1999, 2001a, b). 

This article describes the interannual variability of 
the environment, zoöplankton, capelin, and cod in 
the Barents Sea in the past 15-50 years, with a spe
cial focus on the 1990s Time-series of temperature, 
salinity, oxygen, phosphate, biomass of mesozoop-
lankton at the Kola Section, and macrozooplankton 
in the southern part of the Sea, as well as indices of 
abundance and biomass of capelin and cod, are pre
sented and analysed We also examine the relation
ships between these time-series as a means towards 
revealing the possible causes of their variability. 

Material and methods 

Variations in temperature, salinity, and other 
oceanographic parameters along the Kola Section 
(Figure 1) have a 100-year history However, regular 
observations were only initiated in the early 1950s 
In recent decades, the section has been occupied 
10-12 times a year. For the calculation of vertically 
averaged temperature, salinity, and other para
meters, the section is divided into three parts' (1) 
stations 1-3 (69°30'-70°30'N) - coastal waters with 
low salinity; (2) stations 3-7 (70°30'-72°30'N) - the 
Murman Current, and (3) stations 8-10 (73°00'-
74°00'N) - the Atlantic waters 

Variations in sea temperature in the 0-200 m layer 
at stations 3-7 closely correlate with temperature 
in the southern and northern parts of the section 
(r > 0 9) In addition, they were closely correlated 
with temperatures in other standard sections in 
the southern Barents Sea (Tereshchenko, 1997) 
Therefore temperatures at stations 3-7 of the Kola 
Section represent conditions in the entire southern 
Barents Sea and can be considered as an index of 
marine climate in the region 

Hydrochemical observations along the Kola Sec
tion have been carried out more than 200 times since 
the first occupation, 45 of those in 1990-1999. Che
mical analysis of water samples was done onboard 
the vessel Oxygen content in water samples was 
determined by the Winkler method and phosphate 
content by the Deniges-Atkins" method as modified 
by PINRO (Anon., 1980). Continuous time-series 
of mean monthly and mean annual anomalies of 
hydrochemical parameters at stations 3-7 were cal
culated using the method described by Titov (1999, 
2001a), analogous to that used for temperature and 
salinity In this article, we restrict our analysis to 
oxygen saturation and phosphate concentration in 
the bottom 10-m layer 

Air temperatures over the Barents Sea were taken 
from stations on Bear Island, in Murmansk, and on 
Franz Josef Land (Figure 1), as submitted by the 
Murmansk Area Department for Hydrometeorol-
ogy and Environmental Monitoring (MADHEM) 
Data on ice coverage (percentage of area covered 
by ice) were also obtained from MADHEM As a 
climatic index of large-scale atmospheric circulation 
over the North Atlantic, the winter (December/ 
March) NAO index (Hurrell, 1995) was used 

Sampling of mesoplankton in May/June has been 
conducted annually since 1959 Samples were col
lected in depth layers over the entire water column 
using a Juday net (gauze no 38, diameter of the 
entrance hole 37 cm), along 8 standard sections in 
the southern Barents Sea (south of 74°30'N) After 
1992, sampling was essentially limited to the Kola 
Section Long-term observations showed that data 
from this section generally reflect the dynamics of 
plankton development in the southwestern part of 
the sea. We therefore assume that the data from the 
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Kola Section can be used as an indicator of inter
annual variations in the biomass of mesozoop-
lankton. For the present study, data on the biomass 
of Calanus jinmarchicus in the 0-50 m layer between 
stations 3 and 7 were used. 

Sampling of macroplankton in the Barents Sea 
began in 1952 and nowadays is carried out in Octo
ber-December over the entire area, except in the 
northeast. The most complete and regular coverage 
has been in southern parts of the Sea. The macro-
plankton are sampled during a trawl-acoustic survey 
for demersal fish. The plankton net (gauze no. 140, 
diameter of the entrance hole 50 cm) is fastened on 

the headline of the trawl and takes samples in the 
bottom 10-m layer where plankton are most densely 
concentrated. Laboratory processing includes the 
full biological analysis of organisms. The abundance 
of macroplankton was assessed in mg m ^ Catch 
per 1 h of a net filtering 1000 m' of water at the 
speed of 2.5-3 knots (individuals/1000 m') was taken 
as the abundance index. In this article, we analyse 
the time-series of mean euphausiid abundance 
in the southern Barents Sea (see Figure 1 for area 
boundaries). 

Catch statistics for cod and capelin, data on 
the year-class abundance and recruitment to the 
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Figure 2. Anomalies- (A) the Murman Current temperature (70°30'-72°30'N, 33°30'E); (B) coastal water salinity (69°30'-70°30'N, 
33°30'E), (C) winter NAO index; (D) ice coverage of the Barents Sea. 
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commercial stock, on the stock status and seasonal 
migrations were obtained by PINRO and from 
reports by the ICES Arctic Fisheries and Northern 
Pelagic and Blue Whiting Working Groups (ICES, 
1999, 2000, 2001a) 

Results 

Figure 2 presents annual anomalies of temperature 
and salinity on the Kola Section, the NAO index, 
and the Barents Sea ice coverage Temperatures in 
the 0"200-m layer in the Murman Current were well 
above or close to the long-term mean in 1990-1995, 
as well as in 1989 The highest positive anomalies 
(0 5-0 7°C) were observed in 1989-1992. A slight 
cooling in 1996-1998 was followed by a consider
able temperature increase in the late 1990s. Prior 
to the 1990s, annual temperature anomalies on 
the Kola Section varied by approximately ±1°C. In 
the 1950s, they were predominantly warm, while 
in the 1960s they tended to be below the long-term 
normal The most intense cooling that persisted the 
longest occurred in 1977-1982 

Over the 50-year time series, variations in salinity 
at stations 1-3 and 3-7 were not correlated with 
temperature fluctuations in the Murman Current 
(Table 1) However, in the late 1980s and during the 
1990s, increases in the temperature of the Murman 
Current were often accompanied by decreases in 
coastal water salinity and vice versa (Figure 2B). 
Interannual variations in salinity of Atlantic water 
(stations 8-10) were not so marked as in the coastal 
waters, but they were more closely related to 
temperature fluctuations in the Murman Current 
(Table 1). 

Variations of NAO index (Figure 2C) show large 
interannual variability, which is similar to the tem
perature fluctuations in the Murman Current. There 
is a weak but statistically significant relationship 
between them. A similar relationship is observed 
between the NAO and air temperatures at the 
Murmansk station (Table 1) 

Ice coverage of the Barents Sea was also subjected 
to large interannual variations (Figure 2D). The 
period 1990-1997 was the longest when the ice cov
erage was far below the long-term mean Fluctua
tions in ice coverage significantly correlate with 
water temperature variations along the Kola Sec
tion, as well as with air temperature fluctuations 
over Bear Island and Franz Josef Land (Table 1) 

Mean annual anomalies of air temperature on 
Bear Island, in Murmansk, and on Franz Josef Land 
are shown in Figure 3 Despite the great distance 
between stations, temperature variations there show 
similar trends In the 1990s, air temperatures were 
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Table 1 Coefficients of correlation between environmental and 
fish population parameters (r). number of observations (n), and 
significance (p) 

Parameters r n p 

Sea temperature. Kola Section. Stations 3 7 
Salinity Kola Section, Stations 3 7 

Sea temperature Kola Section, Stations 3 7 
Salinity, Kola section. Stations 1 3 

Sea temperature Kola Section. Stations 3 7 
Salinity Kola Section. Stations 8 10 

Winter NAO index 
Sea temperature. Kola Section, Stations 3 7 

Winter NAO index 
Air temperature, Murmansk 

Ice coverage 
Sea temperature. Kola Section, Stations 3 7 

Ice coverage 
Air temperature Bear Island 

Ice coverage 
Air temperature. Franz Josef Land 

Air temperature. Bear Island 
Sea temperature Kola Section Stations 3 7 

Air temperature. Murmansk 
Sea temperature. Kola Section. Stations 3 7 

Air temperature Franz Josef Land 
Sea temperature. Kola Section, Stations 3 7 

Oxygen 
Sea temperature. Kola Section Stations 3 7 

Oxygen 
Ice coverage 

Oxygen 
Cod recruitment at age 3 year 

Oxygen 
Logarithm of cod recruitment at age 3 years 

predominantly warmer-than-normal, with the high
est anomalies at the beginning of the decade. Air 
temperature fluctuations at these stations are also 
correlated with water temperature fluctuations in 
the Murman Current (Table 1). 

The range of variations of oxygen saturation 
in the bottom 10-m layer of the Kola Section in 
the 1990s was the same as in previous decades 
(Figure 4A) Lower than normal oxygen saturation 
was observed at the beginning and end of the 
decade, as well as in 1994^1995. The decadal mean 
oxygen saturation was 92.3%, close to the long-term 
mean (92 1%) Oxygen saturation in the bottom 
layer correlates with water temperature at stations 
3-7 with the time-lag of 1 year and with ice cover
age There is also a significant correlation between 
oxygen saturation and the log of the abundance of 
cod year classes at age 3, with a time-lag of 1 year 
(Figure 4B, Table 1) 

Phosphate concentrations m the bottom layer at 
the Kola Section exhibit large low-frequency vari
ability with generally below normal values from the 
early 1960s to the mid-1970s, followed by 10 years 
of predominantly positive anomalies (Figure 4D) 
Phosphate in the 1990s did not vary much between 
years, with an average content of 0 82 |LIM, just 
slightly lower than the long-term mean (0.84 ^M) 
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Figure 3. Mean annual anomalies of air temperature at Bear Island, Murmansk, and Franz Jozef Land (FJL). 
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Figure 4. (A) Mean monthly (thin lines) and 12-month (thick lines) running means of anomalies of oxygen saturation in the 
bottom layer of the Kola Section. (B) Oxygen saturation anomalies in the bottom layer of the Kola Section averaged for the 
12 months preceding the appearance of cod year classes and logarithm of abundance of these year classes at age 3 years. (C) 
Mean monthly (thin lines) and 12-month (thick lines) running means of anomalies of phosphate concentration in the bottom 
layer of the Kola Section. 
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Long periods of high variability in mesozoop-
lankton (Calanus finmarchicus) biomass (the 1960s 
and 1980s) alternated with periods with relatively 
low variability (the 1970s and 1990s) (Figure 5A). A 
low but relatively stable biomass of C. finmarchicus 
(ca. 100-150 mg m~') was observed in the 1990s. 

The abundance of euphausiids in the southern 
Barents Sea was also subject to large interannual 
fluctuations (Figure 5B), with the mean decadal 
values increasing from 200 individuals/1000 m' in 
the 1950-1960S to 400-500 individuals/1000 m' in 

the 1980-1990s. Periods of high euphausiid abun
dance were observed at 10- to 12-year intervals. In 
1992-1993, the abundance of euphausiids did not 
exceed 50 individuals/1000 m\ which is close to the 
minimum over the entire period of observations. 
After that, the abundance increased rapidly up to 
1118 individuals/lOOOm' in 1998. At the end of 
the decade, abundances had declined to near the 
long-term average. An inverse relationship between 
euphausiid abundance and capelin biomass has been 
observed during the past 15 years (Figure 5C). 
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Figure 5 (A) Biomass of Calanus fimnarchinis in the 0-50 m layer at stations 3-7 of the Kola Section in June (thin hne) and 
5-year running mean (thick line) (B) Euphausiid abundance in the southern Barents Sea in October December (thm hne) and 
5-year runnmg mean (thick line). (C) Euphausiid abundance and capelin biomass. 
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In the early 1980s, capelin biomass declined from 
6715 to 2964 thousand tonnes, with an annual catch 
of 1400-2300 thousand tonnes (ICES 1999, 2000; 
Figure 6A). However, m the mid to late 1980s the 
capelin stock was drastically low. In the autumn 
of 1986, a ban on the capelin fishery was imposed 
that lasted until 1990. Data from trawl-acoustic 
assessment surveys of pelagic fish (ICES 1999, 2000) 
suggest that 1989 was one of the largest year classes 
on record. Subsequent year classes, especially those 
of 1992-1996, were very poor, but abundant year 
classes appeared again in 1997-1999. 

The increase in the capelin stock in 1990-1992 
(Figure 6A) allowed resumption of the fishery. A 
cautious fishery helped to conserve the spawning 
stock, such that by the beginning of the spawning 
season in 1991 and 1992 it was respectively 1582 
and 996 thousand tonnes, which was well above the 
advised 500 thousand tonnes. The growth of cod 
and haddock stocks in the same period caused a 
considerable increase in the natural mortality of 
capelin, however. Owing to a gradual dying-out of 
the abundant 1989 year class, the capelin stock was 
again in a state of depression, resulting in a fishery 
ban from autumn 1993 to 1998. 

In the mid-1990s, the natural mortality of capelin 
decreased considerably, but restoration of the cape
lin stock was slow. Only after the occurrence of 
the strong year classes of 1997 and 1998 (from a 

1972 1975 1978 1981 

CZH Total stock 

• Consumption by cod 

993 1996 1999 

1 J Spawning stock 
Number of recruits 

small spawning stock, but under favourable condi
tions of young fish survival) did the total biomass 
of the stock reach 2.0 million tonnes in 1998 and 
2.8 million tonnes in 1999. The spawning stock as 
of 1 January 1998, 1999, and 2000 was estimated 
at 245, 712, and 1333 thousand tonnes, respectively. 
The capelin fishery was resumed owing to the 
growth of the spawning stock. 

In 1989-1992, feeding capelin migrated further 
north and northeast (Figure 8). In 1996-1998, the 
areas of capelin distribution shrank and shifted to 
the southwest. 

In 1990, the biomass of the commercial cod stock 
(individuals of age 3 and older) was estimated at 
1 milHon tonnes, close to the 1989 minimum of 
0.89 million tonnes (Figure 6B). It quickly bounced 
back, reaching its maximum (2.3 million tonnes) 
in 1993. By 2000, the commercial stock biomass 
declined to 1.04 million tonnes, and well below the 
long-term mean (2.03 million tonnes). The spawning 
stock varied from 873 thousand tonnes in 1992 to 
223 thousand tonnes in 2000. In 1991-1997 the 
spawning stock was above the long-term mean of 
373 thousand tonnes (ICES, 2001b). 

The abundance of cod year classes in the 1990s 
was quite high. That period produced 1 strong 
(1990), 8 average, and only 2 weak (1999, 2000) year 
classes (Figure 6B). By comparison, in the preceding 
decade a large number of poor year classes occurred 
(8 out of 10). 

Variations in growth rates of cod from different 
year classes were large in the late 1980s and the first 
half of the 1990s. In the late 1980s, the length and 
weight of most cod from different age groups were 
below the long-term mean (Figure 7). Growth rate 
increased in the early 1990s, reaching the maximum 
in 1992-1994, after which the length and weight 
decreased again. 

Fisheries statistics and data from Russian trawla-
coustic surveys of demersal fish carried out in 
October-December both show that during the 
warming in the early 1990s feeding cod migrated 
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Figure 6. (A) Capelin total stock, spawning stock, consump
tion by cod, and number of recruits at age 1+. (B) Total and 
spawning stock of cod and the abundance of recruits at age 3. 
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Figure 7. Weight of cod at ages from 3 to 10 years. 
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Figure 8 Distribution of tapelin in September during warm 
(1992) and cold (1998) years (in tonnes mile ) 

further to the north and east than in the cold period 
of 1996-1998 

Discussion 

The results from our study confirm that large-scale 
atmosphere-ocean interactions in the Barents Sea 
and in the North Atlantic are interrelated (Table 1) 

The variations in air temperature at the Mur
mansk station and sea temperatures in the Kola Sec
tion are related to NAO index variations (Table 1) 
In the periods of positive NAO index, the air and 
ocean temperatures increase, and decrease in years 
of low NAO However, the relationships of the 
NAO index with both air and water temperature in 
the Barents Sea area, while significant, are not high 
The NAO index accounts for about lOVn of the 
temperature variability in both air and water, sug
gesting that local processes of air sea interaction 
play a greater role in the variations ot water and air 
temperature in the Barents Sea, as proposed by 
Adlandsvik and Loeng (1991) 

Ice coverage is weakly correlated with NAO, but 
correlates more strongly with water temperatures in 
the Kola Section and air temperature in the west 

and northeast of the Barents Sea (Table 1) The 
correlation between ice coverage and air tempera
ture was highest at the station on Franz Josef Land, 
suggesting that the infiuence of atmospheric pro
cesses in the Arctic on ice coverage variations is 
greater than that due to heat advection by currents 

Variations of temperature and salinity at stations 
3 7 on the Kola Section are not interrelated 
(Table 1), which is probably due to shifts in the 
haline front between stations 4 and 6 separating 
coastal waters from the salt Atlantic waters Out-
of-phase variations in the coastal water salinity 
and the Murman Current temperature in the late 
1980s and during the 1990s suggest that at this 
time temperature in the southern Barents Sea was 
considerably infiuenced by the Norwegian Coastal 
Current 

The relationship between the hydrochemical par
ameters and climatic fiuctuations is difficult to inter
pret, and IS probably determined indirectly by the 
stratification and chemical composition of infiowing 
Atlantic waters (Titov, 2001a, b) The recruitment 
and biomass of commercial stocks are related to 
the variations in hydrochemical parameters of the 
Barents Sea (Titov, 1999, 2001a, b) The relationship 
between long-term variations of cod recruitment 
and oxygen saturation in the bottom layer of the 
Barents Sea (Figure 4B) is similar to that for 
the Baltic Sea However, the Barents Sea is charac
terized by a time-lag of 1 year in the variations of 
oxygen saturation and cod abundance The nature 
of this relationship is not yet clear and requires 
further investigation 

The impact of temperature on Calanus biomass is 
inconclusive, with no significant correlation between 
these time-series A general coincidence of inter-
annual biomass fiuctuations and water temperature 
was observed only in the periods of low and rela
tively stable biomass and was absent when biomass 
fluctuated significantly The infiuence of tempera
ture on the interannual fiuctuations of plankton bio
mass coincided with the sudden decline in predation 
Plankton biomass notably increased in the 1960s, 
when the abundance of young cod decreased, and 
in the 1980s, when the capelin stock declined In the 
1970s, when predation was high (capelin stock of 
ca 5 7 million tonnes) and Calanus biomass was 
low, the interannual variations of plankton biomass 
generally corresponded to temperature fiuctuations 
The reasons for the low and relatively stable bio
mass of Calanus at the Kola Section in the 1990s are 
still unclear 

Comparing interannual variations in euphausiid 
and capelin abundance and water temperature 
indicates domination of the biotic factor, which was 
especially pronounced in the late 1980s and during 
1990s Capelin stock and euphausiid abundance 
were inversely interrelated at that time (Figure 5C) 
In the years of low capelin stock (1987-1989 and 
1994-1998), the abundance of euphausiids increased 
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greatly, while when capelin biomass was high (1991 
1993) plankton abundance declined significantly 
This relationship was not observed in the 1970s The 
effect of temperature fluctuations consists mostly 
in the "re-distribution" of the euphausiid stock 
between western and eastern areas of the sea In the 
west, the warm-water species, Meganic typhanes nor-
vegica, prevails, while in the east the cold-water spe
cies, Thysanoessa raschii, dominates (Drobysheva, 
1979) 

The increase of capelin in the early 1990s was 
caused by the extremely favourable temperature 
conditions in 1989 1991 and low natural mortality 
These ensured the successful spawning of capelin, 
good survival of young fish, the appearance of the 
very strong year class of 1989, and high growth rate 
All these factors led to the increase of capelin stock 
up to 5 1 7 2 million tonnes in 1990 1992 

Our study shows no clear relationship between 
capelin abundance and oceanographic conditions in 
the Barents Sea Strong and average year classes 
appeared more often during the comparatively cold 
period (the 1970s), and less abundant year classes 
during the warm period (the 1990s) (Figure 6A) 
However, the most abundant year class (1989) 
appeared in the period of warming The reduced 
predation pressure (natural mortahty was minimal 
for the whole period from 1973) favoured survival 
of the exceptionally strong year class of 1989 

Migration patterns of feeding capelin in the 
1990s (Figure 8) were similar to those described 
by Ozhigin and Luka (1985) Due to the warmer 
temperatures and the good state of the stock at the 
beginning of the decade, the distribution of capelin 
extended farther to the north and northeast The 
cooling in 1996-1998 resulted in a shift of the main 
autumn feeding grounds back towards the west and 
southwest 

Cod migrations showed similar trends However, 
interannual variations in the distribution of cod 
were less pronounced than those of capelin Cod 
inhabits warmer waters than capelin and is mainly 
distributed m the coastal and Atlantic water, rarely 
making massive migrations across the polar front 

A number of hypotheses have been proposed to 
explain the mechanisms defining the strength of cod 
year classes (Hjort, 1914, 1926, Melle and EUertsen, 
1984, Ponomarenko, 1984, Sinclair and Tremblay, 
1984) These hypotheses consider mortality at early 
life stages, feeding conditions in the "critical period" 
of life, predation by herring, ctenophores and jelly
fish, the presence of eggs and larvae in the areas 
with favourable survival conditions, etc Izhevskn 
(1961, 1964) suggested that the Barents Sea tem
perature undergoes cyclical variations with periods 
of 4 5, 8 10, and 18-20 years, with the strongest 
year classes of cod corresponding to the time of the 
coincidence of maxima of these cycles, and the 
weakest ones with the coincidence of their minima 

Ozhigin et at (1999) showed that the approach of 
Izhevskn tan be used to forecast recruitment For 
example, the strong year class of 1990 and average 
of 1991 appeared at the coincidence of maxima 
of 4-5 and 8-10 year cycles However, sometimes 
this approach does not explain year-class strength, 
which might be related to variations in both amph-
tude and periodicity of the fluctuations The calcula
tions based on the Izhevskn's approach led to the 
conclusion that poor year classes would appear in 
1996 and strong ones in 2000 2001 However, poor 
year classes appeared in 1999-2000, while that of 
1996 was average 

Saetersdal and Loeng (1984) suggested that strong 
year classes appear when a cold period shifts to a 
warm one and the temperatures reach the maxi
mum Consistent with this, the strong year class of 
1990 appeared after the transition from the cold 
year of 1988 to the warm year of 1989 

Loeng (1989) noted that poor year classes of cod 
constituted approximately 66% of the total number 
of year classes in 1902-1987 Average year classes 
made up 21% and strong ones only 13% In 1990-
2000, 73% of 11 year classes were average and 18% 
were poor, the proportion of strong year classes was 
close to the long-term mean (9%) High abundance 
was obviously related to the spawmng-stock bio
mass, which was above the long-term mean m 7 
years out of 11 (Figure 7B) This supports the sug
gestion of Ponomarenko (1996) that the appearance 
of many poor year classes in the 1980s was related 
to the low abundance of eggs caused by the decline 
of the spawning stock and the disruption of its 
structure 

Considerable variations in the growth rate of cod 
are mostly caused by large fluctuations in the abun
dance of prey, primarily capehn (Jorgensen, 1972, 
Nilssen et al, 1994, Ozhigin et al, 1995) In the 
1990s, capelin stock underwent large fluctuations, 
increasing to 5 7 million tonnes in 1991 1993 with 
a subsequent decrease to 200 900 thousand tonnes 
in 1994 1998 (Figure 6A) The growth rate of cod 
(Figure 7) generally reflected the dynamics of cape
lin stock with a certain lag of minima and maxima 
The growth rate was the highest m 1992-1994, with 
a following decline to the average level related to the 
change to other prey (young cod, shrimp, euphau-
siids, Themisto, polar cod), which could not fully 
compensate for the lack of capelin 

Concluding remarks 

Our results support the notions of Izhevskn (1961, 
1964) that the Barents Sea can be considered an 
integrated system with common trends m the vari
ability of the oceanographic and atmospheric pro
cesses, which in turn determine the fluctuations in 
sea productivity However, most of the statistically 
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significant relationships are those between environ
mental time series. Though the environmental and 
biological parameters are interrelated, these rela
tionships become uncertain already at the trophic 
levels of zooplankton and capelin. Variations in fish 
stock parameters are caused by a great number of 
biological factors, including trophic relationships, 
which cannot be fully assessed. In addition, the 
interactions in the marine ecosystem are largely 
destabilized by multispecies fisheries, which removes 
different portions of individuals at different trophic 
levels. 
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Introduction 

The Baltic Sea is characterized by large horizontal 
and vertical hydrographic gradients which have 
significant infiuence on the spatial distribution and 
regional community structure of the fish species as 

well as their zooplankton and benthic prey (Arndt, 
1989) As IS typical for estuaries, marine and fresh
water organisms are found in a regional succession 
with species-specific ranges of distribution Depend
ing on their preferences and tolerances for salinity, 
oxygen, and temperature, most species in the Baltic 
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approach the limits of their general distribution 
Hence, they show an increased vulnerability and 
stock size variabihty related to changes in the 
environment which potentially affect the fishery 

The fish community m the open sea areas of 
the Baltic can be characterized by three dominant 
species, 1 e cod (Gadus morhua callanas L ), sprat 
{Sprattus sprattus L ), and herring (Clupea harengus 
menbras L ), sustaining more than 95% of the com
mercial catch (Sparholt, 1994) Throughout the past 
two decades, the cod stock declined from an historic 
high (early 1980s) to its lowest level on record (begin
ning of the 1990s), hardly recovering afterwards 
(ICES, 2001a) This stock development was caused 
by a combination of recruitment failure and high 
fishing intensity (Bagge et al 1994) The decline of 
this top predator in the system resulted in a release 
in predation pressure on sprat (Sparholt, 1994), and 
in combination with high reproductive success and 
relatively low fishing mortalities caused a prono
unced increase in sprat stock size (Parmanne et al 
1994, Koster et al, 2001a) Both cod and sprat 
aggregate in deep Baltic basins to spawn, and his
torically their spawning times overlap (Bagge et al 
1994 Parmanne et al, 1994) Nevertheless, their 
reproductive success appears to be out of phase and 
largely independent of their spawning stock size, 
suggesting that environmental processes significantly 
affect recruitment success (e g Koster et al, 2002) 
The population development of the other abundant 
clupeid species in the Baltic, herring, seems to be 
more stable and independent of the cod stock, 
because only juvenile herring are preyed upon 
intensively by cod (Parmanne et al, 1994) 

In the present study, we reconstructed the stock 
abundance and biomass of cod, sprat, and herring in 
the Central Baltic Sea using Multispecies Virtual 
Population Analysis (MSVPA) Further, we reviewed 
recruitment processes, especially those possibly 
infiuenced by the variable physical environment 
In this review, we concentrated on cod and sprat 
as both species show high contrast m stock devel
opment and detailed information on processes aff
ecting their reproductive success has accumulated 
throughout the 1990s 

Although not all processes are completely under
stood and quantified yet, they explain most recent 
cod and sprat stock trends Based on this informa
tion, we describe how these processes resulted in a 
regime shift from a cod to a sprat-dominated system 
in the Central Baltic 

As fisheries also have a pronounced impact on 
the population dynamics of both species, informa
tion on the development of the fishing intensity is 
given However, the present study does not intend to 
give a comprehensive overview of interrelationships 
between hydrographic conditions, fisheries actions, 
and ultimately stock dynamics, although this is a 
potentially rewarding research area 

Material and methods 

The MSVPA incorporates cod as the top predator 
in the system and cod, sprat, and herring as prey 
(Sparholt, 1994) This allows quantification of 
predation on juveniles and the determination of 
pre-recruit abundance not available from standard 
assessment (ICES, 2001a, Koster et al, 2001a) 

The stock units utilized in the present MSVPA 
for the Central Baltic are cod and herring in 
ICES Subdivisions 25-29 and 32 and sprat in Subdi
visions 25 32 (Figure 1) As the sprat population 
in Subdivisions 30 and 31 is extremely low (ICES, 
1999a), the MSVPA derived stock estimates refer in 
principal also to Subdivisions 25-29 and 32 

In the present analysis, the stocks are composed 
of age groups 0 to 1+ for cod, 0 to 9+ for herring, 
and 0 to 7 for sprat, with the + indicating the oldest 
category included age 7 and older for cod and age 
9 and older for herring Quarterly catch-at-age in 
numbers and weight-at-age in the catch were revised 
by ICES (1999a) for the years 1977 1997 and up
dated for the period 1976 and 1998 2000 by ICES 
(2001a) Weight-at-age in the catch was assumed to 
be equal to the weight-at-age in the stock, excep
tions being age groups 0 to 2 for cod Here, because 
of size selection by commercial gears, period-specific 
(before 1989 and after 1990) average weights derived 
from trawl surveys and compiled by ICES (1999a) 
were applied 

To identify the spawning component of the cod 
stock, existing maturity estimates were employed 
as averages over the periods 1980 1984 (applied 
also before 1980), 1985 1989, and 1990-1994, year-
specific data for 1995 1997 for combined sexes as 
presented in ICES (1999a), updated with data for 
1998 and 1999 according to ICES (1999b and 2000) 
For 2000 an average over the years 1997 1999 was 
utilized Maturity ogives of sprat and herring were 
used as given m ICES (1996), being constant over 
time and areas 

Quarterly relative diet compositions and indi
vidual food rations are based on cod stomach con
tent data covering the period 1977 1993 according 
to Subdivision (ICES, 1997a) The Subdivision-
specific data were averaged applying relative dis
tribution patterns obtained from trawl surveys as 
spatial weights (ICES, 1997a) kept constant for 
1996 2000 The quarterly consumption rates were 
revised based on re-calculated ambient temperatures 
(ICES, 2001b) according to the procedure outlined 
by ICES (1999a) The consumption model m use 
corresponds to the model applied in the North Sea 
(ICES, 1997b), based on a general model of gastric 
evacuation, considering actual environmental tem
peratures and predator weights as additional vari
ables (Temming and Herrmann, 2002) As stomach 
content data are available for most of the quarters 
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Figure 1 Study area of the Baltic with ICES Subdivisions (numbers) 

and years covered by the present MSVPA, con
sumption rates were computed for every predator 
age group, quarter, and year Missing quarters/ 
years, l e also the years 1976 1977 and 1994 2000 
were predicted by a multiple linear regression model 
with Subdivision, year, and predator weight as 
independent variables (ICES, 1999a) 

The residual natural mortality rate was assumed 
to be 0 2 per year for all three species, equally dis
tributed over quarters, corresponding to standard 
MSVPA runs in the Baltic (Sparholt. 1991) Suit
ability coefficients of prey species age groups as 
food of specific predator age groups (Sparre, 1991) 
were estimated according to the standard suitability 
sub-model implemented in the Baltic MSVPA, with 

the biomass of other food set constant over time, 
corresponding to earlier MSVPA runs (ICES, 
1997a) 

The tuning of the MSVPAs was performed with 
the new 4M-programme routine iteratively running 
XSAs (Extended Survivor Analysis) and MSVPAs 
(Vinther, 2001) Abundance indices utilized for 
tuning originated from the international bottom 
trawl survey directed to cod, performed annually in 
February/March (Sparholt and Tomkiewicz, 2000) 
and the international hydroacoustic survey directed 
to herring and sprat, conducted in September/ 
October (ICES, 2001a) XSA settings were identical 
to those used in the standard assessment (ICES, 
2001a) Fishing mortalities in the terminal year for 
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the 0-groups and for 1 -group cod were not estimated 
in the XSA tuning, and values were tuned to reach 
abundances close to the average values estimated m 
period 1995 to 1999. 

Results 

Stock abundance 

and recovered to a certain degree after the minimum 
in early 1990s, which is barely noticeable from abun
dance estimates. Sprat SSB declined by 26% from 
1997 to 1999 (Figure 3B), while abundance showed 
a more pronounced decline by nearly 40%. In con
trast, SSB of herring declined by around 50% from 
the early 1980s (Figure 3C), a trend which is far less 
pronounced in stock abundance. 

The stock abundance of cod in the Central Baltic is 
characterized by a pronounced increase from 1976 
to 1980, remaining high until 1983, afterwards 
steadily declining to its lowest level on record in 
1991, and since then has been close to the historic 
minimum (Figure 2). The estimated stock size of 
sprat shows a reverse trend, with a decline from 
1975 to 1980, low levels until 1988, followed by a 
pronounced increase to the highest stock size on 
record in 1996 and a decline in most recent years. In 
contrast, the herring stock appears to be fairly 
stable, with deviations of less than 25% around the 
long-term mean and a slight downward trend in 
most recent years. 

Spawning stock biomass 

Spawning stock biomass (SSB) of cod and sprat 
follow similar time trends as the abundance; how
ever, some deviations are apparent (Figures 3A, B). 
Cod SSB remained longer on a high level until 1985 

Recruitment 

Examining the effect of the spawning stock on rec
ruitment revealed a high reproductive success in cod 
at intermediate SSB values in the 1970s and declin
ing reproductive success at historically high spawn
ing stocks from 1981 to 1985 (Figure 3A). Sprat 
recruitment showed a positive development from the 
mid-1980s to the mid-1990s, with high fluctuations 
m most recent years, virtually independent of the 
SSB (Figure 3B). For herring, an overall trend 
of declining recruitment with declining SSB is 
indicated, however, with considerable inter-annual 
variabihty (Figure 3C). 

Weight-at-age 

Concurrent with the decline in stock size of cod, 
there was an increase in weight-at-age 3 and older 
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Figure 2 Population sizes of cod, sprat, and herring (age group 1 and older, beginning of the year) in the Central Baltic 
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Figure 3 Spawning stock biomass (SSB) (2nd quarter) and recruitment (age group 0) ot cod (A), sprat (B), and herring (C) in 
the Central Baltic 

(Figure 4A). Average weight-at-age of sprat showed 
a substantial decline from 1990 to 1997 and a 
reverse trend in most recent years (Figure 4B) also 
concurrent with the opposite trend in stock abund
ance Independent of stock size, the weight-at-age of 
herring declined from 1983 to 1996 by more than 
50% (Figure 4C). 

Predation mortahty 

A pronounced time trend in the estimated mortality 
of cod through cannibalism is apparent (Figure 5A), 
with increasing predation mortalities until 1983 
and a decline until 1991, being stable and low after
wards. Age-specific differences in predation mortal
ity are obvious, with cannibalism rates on 0-group 
being considerably higher (instantaneous mortality 

due to predation reaching maximum values >1 0) 
than on 1-group cod (maximum 0.61), especially 
when considering that the mortality rates on 0-
group refer only to a half-year period Predation on 
2-group cod was in general low, i.e less than 50'/o of 
the applied residual mortality of 0 2 0-group sprat 
do not suffer from high predation pressure, while 
age-group 1 (maximum around 1.1) and also, to 
a lesser degree, adult sprat do (maximum 0.51) 
Intense predation pressure on sprat occurred in 
1979-1983, with a subsequent decrease until 1991 
driven by the decline in predator population size 
(Figure 5B) The time trend in predation mortality 
of herring is similar to that of sprat, however, the 
absolute values are lower for age-group 1 (in maxi
mum 0 66) and especially for adult herring (in maxi
mum 0.17), while 0-group mortality rates are similar 
in both species (Figure 5C) 
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Figure 4 Average weight-at-dge (beginning of the year) of cod (A), sprat (B), and herring (C) in the Central Baltic. 

Fishing mortality 

The average fishing mortahty of cod age groups 4-7 
increased from 0.4 in 1979 to 1.4 in 1991 and dec
reased sharply to the lowest level on record in the 
following two years (Figure 6A). This reduction is 
caused by rigid enforcement of management mea
sures, i.e. a TAC reduction for the entire Baltic 
from 171 X 1031 in 1991 to lOOxlO't in 1992 
and 40xlO't in 1993. Afterwards, a pronounced 
increase in fishing mortalities to the original high 
level IS indicated due to increasing fishing effort 

(ICES, 1998) at dechning stock size. The fishing 
mortality of sprat and herring were substantially 
lower throughout the entire time period, i.e. ranging 
from 0.09 to 0.48 with an increasing trend since the 
early 1990s. 

The corresponding yield to biomass ratios fol
lowed in general the development of the fishing 
mortality, with a less steep decline for cod at the 
beginning of the 1990s (Figure 6B). On average, 
41% of the cod biomass available at the beginning 
of the year was removed by the fishery, ranging 
between 22% in 1978 and 64% in 1991. In sprat and 
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Figure 5. Annual predation mortality rates of cod age group 0, 1, and 2 (A), sprat age group 0. 1. and 2-5 (B). herring 0. 1, and 
2-7 (C) in the Central Baltic. Note predation mortality of 0-group refers to 3rd and 4th quarters. 

herring the corresponding removals are on average 
11% and 16%, respectively, with higher variabihty in 
sprat. 

Discussion 

Validation of stock trends 

Stock development trends derived by the multi-
species and the standard stock assessment (ICES, 
2001a) are similar, with the MSVPA additionally 

covering younger age groups (i.e. age group 0 and 
for cod also age group 1). Revision of the quarterly 
consumption rates of cod did not change this 
feature. The reconstructed stock abundances are 
furthermore in accordance with trawl and hydroa-
coustic surveys utilized for tuning of the MSVPA 
(Vinther, 2001). Deviations between time trends in 
stock abundance and spawning stock biomass can 
be explained in all three species by changes in 
weight-at-age, and in cod additionally by an earlier 
maturation in the 1990s compared to the 1980s 
(Tomkiewicz et ciL, 1997). 
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Figure 6. Annual average fishing mortality rates of sprat and herring age groups 3-5 and cod age groups 4-7 (A) and yield per 
biomass ratio of the three species in the Central Baltic (B). 

Egg production 

Timing and duration of spawning is potentially an 
important source of variability in the reproductive 
success of Baltic fish stocks owing to seasonal chan
ges in: (i) environmental parameters (MacKenzie et 
a/., 1996), (ii) spatial overlap of early life stages with 
predators (Koster and Möllmann, 2000a), and (iii) 
transport of larvae into areas with sufficient food 
supply (Hinrichsen et al., 2001 and 2002a). Duration 
of the spawning activity of the cod stock depends 
on its size structure and sex composition; however, 
the timing of peak spawning is hardly affected by 
these factors (Tomkiewicz and Koster, 1999). Con
sequently, the observed shift in the main spawning 
time of cod from May/June to July/August at the 
beginning of the 1990s is likely to be caused by other 
processes as well (Wieland et al., 2000). Potential 
candidates include removal of early spawners by the 
fishery, which is mainly directed to pre-spawning 
and early spawning concentrations (ICES, 1999b) 
and a coupling to ambient temperature (Wieland 
et al., 2000). 

Age-specific sex ratios and maturity ogives of cod 
derived from the International Baltic Trawl Survey 
(Tomkiewicz et al, 1997; STORE, 2001) showed: (i) 
a dominance of females with increasing age, (ii) that 

males generally mature at a younger age than 
females, (iii) that the age at which sexual maturation 
occurs increases with distance from the Kattegat 
and the Danish Straits, as the transition area 
between the North Sea and the Baltic, and (iv) 
that maturity-at-age shows significant variability 
between different time periods. Thus, the quantity of 
the egg production of Baltic cod depends on the age 
structure of the stock, as well as the location and 
time period. Variability in maturation appears to be 
coupled to growth rates, reflected in decreasing age 
at sexual maturity concurrent with increasing 
weight-at-age (STORE, 2001). 

An analysis of individual Baltic cod fecundity 
revealed that the relative fecundity, i.e. the total 
number of developing oocytes per unit of body 
weight, is independent of body size (Kraus et al., 
2000). Relative fecundity varied significantly 
between years, but not between spawning areas nor 
between different months within one spawning 
season (Kraus et al., 2000). On an individual level, a 
weak impact of the nutritional status of the female 
on the relative fecundity was detected, while on a 
population level a clear dependence on food avail
ability has been shown (Kraus et al., 2002). Inclu
sion of temperature improved the relationship 
further, but overall had a limited influence on 
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relative fecundity In conclusion, an increase in 
weight-at-age, a decline in size/age of attaining 
maturity and an increasing individual fecundity with 
decreasmg stock size and increasing prey availability 
has had a compensating effect on the total egg 
production by the stock 

In Baltic cod a significant relationship exists bet
ween the potential egg production by the spawning 
stock and the realized egg production as determined 
from egg surveys (Koster et al, 2002) Apart from 
problems in parametnzation of each of the input 
data series, remaining variability may be related to 
(i) atresia, i e resorption of oocytes before spawn
ing, due to unfavourable environmental conditions 
during spawning, as demonstrated for Atlantic cod 
(Kjesbu ('/ «/, 1991), (ii) variable fertilization 
success in relation to salinity changes (Westin and 
Nissling, 1991), and (in) differences in egg mortality 
already in the first developmental stage 

A number of investigations on different species, 
including cod, suggest that egg and larval viability is 
positively related to egg size (see Trippel et al (1997) 
for review), and that egg size varies according to 
female age/size and condition as well as spawning 
experience For Baltic cod, significant positive rela
tionships between (i) egg size and female size, (ii) egg 
size and larval size/growth, (in) egg size and survival 
during the yolk sac stage, and (iv) egg size and egg 
buoyancy, have been established (Nissling et al, 
1998, Vallin and Nissling, 2000) This implies higher 
egg and larval survival for offspring originating 
from large females, especially as larger and more 
buoyant eggs have a higher chance of avoiding 
oxygen-depleted bottom water layers Consequently, 
the reduction in the share of older females in the 
spawning stock from the mid-1980s to the early 
1990s (Wieland et al, 2000), caused by heavy fishing 
pressure, has had a negative effect on the reproduc
tive success of the Central Baltic cod stock (Vallin 
and Nissling, 2000) 

The temporal pattern of sprat spawning with peak 
spawning in May has remained relatively stable 
throughout the 1990s (STORE, 2001) Consequen
tly, in the 1990s sprat spawned significantly earlier 
than cod, thus encountering different environmental 
conditions and reducing the temporal overlap with 
their predator in spawning areas This may explain 
deviations in reproductive success of both species 

Available data on sexual maturity-at-age indicate 
significant mterannual variability in proportions 
of sprat being sexually mature at age 1, which was 
earlier related to winter temperature (Elwertowski, 
1960) Furthermore, the relative batch fecundity 
shows a significant intra- and mterannual variability 
(Alekseeva et al, 1997, STORE, 2001) An existing 
significant relationship between SSB and realized 
egg production can be improved by incorporating 
temperature in the intermediate water in May and 

growth anomaly through the preceding three-
quarters of the year as a measure of the nutritional 
status of the adults (Koster et al, 2002) Low winter 
temperature, reflected in low intermediate water 
temperature m May, may be responsible for changes 
in the nutritional condition and growth of sprat (e g 
Elwertowski, 1960) and by this reducing the indi
vidual egg production or may as well directly affect 
batch fecundity and numbers of batches spawned 
(Petrowa, 1960) 

The decline in apparent growth rate of sprat 
appears to be related to a reduced food availability 
of calanoid copepods per individual sprat, mainly 
caused by a reduction in abundance of the largest 
copepod species Pseuilocalanm elongatiis (Moll-
mann et al 200"?) and a concurrent increase in stock 
size of sprat This limitation in food availability may 
have caused a decrease in individual egg production 
and potentially an increased age of attaining sexual 
maturation However, given the high mterannual 
variability in recruitment success in the second 
half of the 1990s, other variability generating pro
cesses appear to be of higher importance for the 
reproductive success 

Egg developmental success 

In the Baltic, fish early life stage survival is known 
to be highly influenced by hydrographic conditions 
in the spawning areas (eg Bagge et al, 1994, 
Grauman and Yula, 1989, Plikshs et al, 1991, Par-
manne et al, 1994, Wieland et al, 1994) The obser
vation that live cod eggs are only encountered in 
water layers with oxygen concentrations >2 ml 1 ' 
and temperatures > 1 5°C, and that a salinity of 11 is 
necessary for successful fertilization, led to the defi
nition of the so-called reproductive volume (RV), 
1 e the water volume sustaining cod egg develop
ment (Plikshs et al. 1993) Processes affecting the 
RV are (i) the magnitude of inflows of saline oxy
genated water trom the western Baltic (MacKenzie 
et al, 2000), (n) temperature regimes in the western 
Baltic during winter which affect the oxygen solu
bility prior to advection (Hinrichsen et al, 2002b), 
(ill) river run-off (Hinrichsen et al, 2002b) and (iv) 
oxygen consumption by biological processes (Han-
sson and Rudstam, 1990) Resolving the potential 
egg production by cod spatially showed that in some 
years a substantial fraction of the total annual egg 
production has been unsuccessful (in terms of recruit 
production), because eggs were exposed to extremely 
low oxygen concentrations in eastern spawning 
areas (Koster it al 2001b) This mismatch m egg 
production and suitable environmental conditions 
for egg development explains the drastic decline 
in reproductive success of cod from 1981 to 1985 
despite high egg production 
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Due to differences in egg specific gravity, egg 
development of cod and sprat occurs at different 
depths Whereas cod eggs are neutrally buoyant at 
salinities of 12-17 (Nisshng et al, 1994), the range 
for sprat eggs is 7-13 (Grauman, 1965), le the 
majority of sprat eggs occur shallower than cod 
This implies that sprat egg survival is less affected 
by poor oxygen conditions than the survival of tod 
eggs As sprat eggs occur at depths where the water 
temperature is affected by winter cooling (Wieland 
and Zuzarte, 1991), egg and larval development may 
be influenced by extreme water temperatures In 
fact, weak year classes of Baltic sprat have been 
associated with severe winters accompanied by low 
water temperatures during peak spawning (e g 
Kalejs and Ojaveer, 1989, Grauman and Yula, 
1989) A significant impact of temperature on egg 
developmental success has been found in the North 
Sea (Thompson et al, 1981) and confirmed for the 
Baltic (Nisshng, 2002), with temperatures below 4°C 
significantly reducing egg survival As these tem
peratures occur regularly in the intermediate water 
layer, an effect on egg survival especially after severe 
winters is expected In this respect, the absence of 
severe winters since 1986/1987 indicates favourable 
thermal conditions for sprat egg survival and most 
likely contributes to the generally high recruitment 

Egg predation 

Substantial predation on cod eggs by clupeids has 
been described for the major spawning area of the 
Baltic cod stock, i e the Bornholm Basin Egg pre
dation is most intense at the beginning of the cod 
spawning season, with sprat being the major pre
dator (Koster and Mollmann, 2000a) At this time 
spring spawning herring concentrate in their coas
tal spawning areas and do not contribute to the 
predation-induced egg mortahty of cod Sprat 
spawn in the Bornholm Basin from March to July, 
thus concentrating in cod spawning areas at times of 
high cod egg abundance After cessation of spawn
ing the part of the sprat population leaves, resulting 
in a reduced predation pressure on cod eggs With 
the return of the herring from the coastal areas to 
their feeding grounds in the Bornholm Basin, the 
predation on cod eggs by herring increases to 
considerable levels (Koster and Mollmann, 2000a) 

The shift of cod peak spawning time from spring 
to summer (Wieland et al, 2000) resulted in a dec
reasing predation pressure on cod eggs by sprat 
because of a reduced temporal overlap between 
predator and prey Additionally, a decline in indi
vidual sprat predation on cod eggs was observed 
from 1993 to 1996, despite relatively high cod egg 
abundance in the plankton This is partly explain
able by a reduced vertical overlap between predator 
and prey Owing to the increased salinity after the 

1993 major Baltic inflow (Matthaus and Lass, 
1995), cod eggs were floating in shallower water 
layers, while clupeids occurred deeper, because of 
enhanced oxygen concentration in the bottom water 
(Koster and Mollmann, 2000a) Thus, predation pre
ssure on cod eggs appears to be higher in stagnation 
periods, characterized by the absence of inflows of 
oxygenated salme water from western neighbouring 
Baltic basins 

Egg cannibalism was found to be an important 
source of sprat egg mortality in the Bornholm Basin 
(Koster and Mollmann, 2000b), but appears to be 
less important in the more eastern areas This has 
been explained by a more limited vertical overlap 
between predator and prey in these areas (STORE, 
2001) 

Larval development 

Behaviour studies demonstrated that cod larvae 
exposed to oxygen concentration below 2 ml 1 ' for 2 
days were mostly inactive or moribund (Nisshng, 
1994) and that egg incubation at oxygen saturations 
of 40% or lower impacts on larval activity as well 
(Rohlf, 1999) Furthermore, Rohlf revealed that 
vertical migration into upper water layers does not 
start before day 4 after hatching Hence, a signifi
cant impact on larval survival of the environment 
within and below the halocline can be expected In 
an attempt to explain the variability of late cod egg 
production and larval abundance in the Bornholm 
Basin, Koster et al (2001b) tested various environ
mental variables, i e the oxygen concentration in 
and below the haloclme, temperature in the interme
diate water, and wind-driven transport, for their 
explanatory power However, these authors were 
unable to explain the major part of the variability in 
larval abundance This led to the conclusion that 
either other factors influence the survival until the 
larval stage, or the variability in larval abundance 
(integrated over all developmental stages) is too 
high for a major impact of the tested factors to be 
detected 

For sprat, an impact of the temperature m the 
intermediate water on larval survival has been des
cribed by Koster et al (2002) An increased larval 
abundance at above average spring temperatures 
has been explained earlier by the positive effect of 
higher temperature on the dynamics of the copepod 
Temora longicornis, which is the main prey species 
of sprat larvae (Grauman and Yula, 1989, Kalejs 
and Ojaveer, 1989) Consequently, warm winters 
since the late 1980s favoured sprat egg production 
and survival, as well as larval growth and survival 

The effect of food availability on growth and 
survival of cod larvae has been investigated using 
a coupled hydro/trophodynamic mdividual-based 
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model (IBM) (Hinrichsen et al. 2002a) Model res
ults suggest the necessity of co-occurrence of peak 
prey and larval abundances as well as favourable 
oceanographic conditions for high survival rates 
The strong decline of the Pseudocalanus elongatus 
stock during the past two decades as a result of low 
salinities (Mollmann ct al, 2000) meant that early 
tod larvae changed from a non-food limited to a 
food limited state It P elongatus nauplii are present 
m the model, high survival rates occurred during 
spring and early summer, whereas omitting P 
elongatus resulted in high mortality rates and only 
late hatched larvae survived (Hinrichsen et al, 
2002a) Thus, low P elongatus availability may have 
contributed to the reduced recruitment of cod since 
the late 1980s 

Also, sprat larvae may face food limitations, how
ever, they usually drift out of the spawning areas 
more rapidly than cod larvae due to their residing in 
shallower depths (eg Wieland and Zuzarte, 1991) 
Thus, rapid drift to coastal water areas with higher 
abundance of Acartia spp and Temora longuomi'i 
nauplu being their preferred food items (Voss and 
Koster, 2002) appears to be the normal case 

medium- to long-term distribution changes, inter-
annual variability in cannibalism may be influenced 
by changing hydrographit conditions as well (Uzars 
and Plikshs, 2000) For example, low oxygen con
centration in the deep Baltic basins may force the 
adults into shallower slope areas and low tempera
ture in shallow waters may force juveniles into 
deeper water, by this increasing the spatial overlap 
between predator and prey and hence cannibalism 
This suggests that the process is most pronounced in 
stagnation periods, especially after cold winters 

Predation on 0-group sprat by cod occurs regu
larly, although predation mortality rates from 
MSVPA are significantly lower than for 1-group 
sprat The intensity of the predation is most likely 
modulated also by hydrographic conditions and by 
speties-specific preferences and tolerance levels to 
hydrographic variables, resulting in variable poten
tial predator/prey encounter volumes (Neuenfeldt, 
2002) 

Regime shift from a cod-dominated to a 
sprat-dominated system 

Predation on juveniles 

Juvenile cod suffer from cannibalism (Sparholt, 
1994, Neuenfeldt and Koster, 2000) As in other 
cod stocks, the intensity of cannibalism is related 
to predator abundance, but also to the juvenile 
concentrations, which depend upon the habitat 
volume occupied and the overall abundance of 
cod (Anderson and Gregory, 2000) Apart from 

As seen from the results of the MSVPA, the upper 
trophic levels of the Central Baltic changed during 
the past 20 years from a cod- to a sprat-dominated 
system (Figure 7) The decline of the cod stock 
was caused by a continued high fishing pressure 
and a concurrent recruitment failure, which accord
ing to our review was mainly driven by (i) anoxic 
conditions in deep water layers of spawning sites 
causing high egg mortalities, (ii) high egg predation 
by clupeid predators, (in) reduced larval survival 
due to the decrease in abundance of the main food 

Q. 
O 

Q. 

time 

Predation 
by cod 

Figure 7 Schematic presentation of processes stabilizing a cod-dominated or sprat-dominatcd system in the Central Baltic Note 
the vertical line represents the situation in the 2nd half ot the 1990s with the regime shift taking place in late 1980s and early 
1990s 
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Item P elongatus, and (iv) high juvenile cannibalism 
at high stock density The intensity and significance 
of all these processes are in one way or the other 
steered by the hydrographic conditions, which in the 
1990s were characterized by low salinity due to a 
lack of inflow of highly saline water from the North 
Sea, Skagerrak, and Kattegat, as well as increased 
river run-off, but also by warmer thermal condi
tions An increasing fishing pressure accelerated the 
decline of the cod stock, with current exploitation 
levels being still on a very high level The decline of 
the cod stock released sprat from predation pres
sure, which in combination with high reproductive 
success, due to in general favourable temperature 
conditions enhancing egg and larval survival, res
ulted in exceptionally high sprat stock sizes in the 
1990s Indications for compensatory processes in 
growth, maturation, and individual egg production 
exist for both species, however, they appear to have 
limited impact on their stock dynamics. 

As a result of these processes, the dominance 
of one or either predator may stabilize a cod-
dominated or a sprat-dominated system Destabili-
zation of the sprat-dominated system may be caused 
either by unfavourable hydrographic conditions for 
reproduction, e g low water temperatures in spring 
following severe winters and subsequent recruitment 
failures of sprat, or high mortalities caused by the 
fishery, with concurrent low fishing pressure on cod 
and the presence of inflow events into the deep 
Baltic basins 
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The ICES Annual Ocean Climate Status Summary: 2000/2001 
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Each year the ICES Working Group on Oceanic Hydrography generates a summary 
of oceanic conditions in a series of regions around the North Atlantic The time-series 
are reviewed in the context of atmospheric conditions represented by the North 
Atlantic Oscillation The summary for the 2000 period is presented and the reader 
alerted to the location of the report and the data upon which it is based. 

Keywords: interannual variability, NAO, North Atlantic, ocean climate. 
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Since the North Atlantic Oscillation (NAO) is known 
to control or modify three of the main parameters 
that drive the circulation in the ocean area covered by 
this climate summary (i.e. wind speed, air/sea heat 
exchange, and evaporation/precipitation), a knowl
edge ofits past and present behaviour forms an essen
tial context for the interpretation of observed ocean 
climate changes in 2000. The NAO index is defined 
by the difference in sea level pressure between the 
Iceland low-pressure system and the Azores high-
pressure system. The NAO alternates between a 
"high index" pattern, characterized by strong mid-
latitude westerly winds, and a "low index" pattern in 
which the westerly winds over the Atlantic are weak
ened. High index years are associated with warming 
in the southern North Atlantic and Northwest 
European Shelf seas, and cooling in the Labrador and 
Nordic Seas. Low index years generally show the 
reverse. 

The 1960s were generally low-index years, while 
the 1990s were high index years. There was a major 
exception to this pattern occurring between the 
winters of 1995 and 1996, when the index flipped 
from being one ofits most positive values to its most 
negative value this century. The index then rose from 
this extreme low and the recovery continued through 
to 2000 when it had a positive NAO index. 

Although the simple index returned to positive 
values during the winters of 1999 and 2000, the actual 
pattern of the NAO over the ICES area did not 
recover to a "normal" distribution expected during 

high NAO years, but was rather displaced towards 
the east or northeast. This subtle change had the larg
est impact in the Northwest Atlantic, where instead 
of strong northwesterly airflow promoting cooling 
there, as it did in the early 1980s and 1990s, the north
westerly airflow was mainly confined to the east of 
Greenland, while the Labrador Sea was occupied 
by light or anomalous southerly winds. 

An overview of the oceanic conditions in the areas 
covered by the summary (Figure 1) is given below. 

Area 1: West Greenland lies within the area which 
normally experiences cool conditions when the 
NAO index is positive. However, throughout the 
1990s the surface temperatures off West Greenland 
have been increasing following a drop at the end 
of the 1980s and a record low m 1991. The warm 
waters were due to increasingly mild atmospheric 
conditions and a relatively high inflow of Irminger 
Water. 

Area 2: The Northwest Atlantic generally showed 
increasing temperature and salinities during the 
1990s, followed by slight decreases in 2000. Off 
eastern Newfoundland the depth-averaged ocean 
temperature ranged from a record low during 1991 
(high NAO index in preceding winter), a near record 
high in 1996 (following the reversal in the NAO 
index), and above the long-term (1961-1990) 
average in 1999 and 2000. Summer salinities, which 
were below normal during most of the early 1990s, 
returned to near normal values during 2000. 

mailto:turrellb@marlab.ac.uk
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Figure 1 Schematic of North Atlantic upper layer circulation 
showing location of the time-series covered by the ICES 
Annual Ocean Climate Status Summary Warm saline water 
represented by solid black lines cold fresh water by dashed 
lines 

Area 2b Cold winters and strong winds during the 
high NAO-index conditions of the first half of the 
1990s gave rise to the formation of a notably dense, 
deep Labrador Sea water mass Since then, relatively 
warm winters have produced only shallow convec
tion The convection that took place in the 1999 
2000 winter dominated the layer between 200 m and 
1000 m This water mass penetrated 100 m deeper 
on average than during the previous winter The 
upper 1000 m was up to 0 3°C cooler and 0 02 
fresher in 2000 than in 1999 The associated density 
increase of the upper kilometre of the Labrador 
Sea was accompanied by a 5-cm lowering in sea 
level, according to TOPEX/POSEIDON altimeter 
measurements 

Area 3 In Icelandic waters, 2000 revealed relatively 
high temperatures and salinities similar to 1997 
1999 and following the very cold years of 1995 and 
1996 Temperatures in 2000 were cooler than 1999, 
however The salinity in the warm water from the 
south was higher than has been observed over recent 
decades, conditions that have been evident since 
1997 

Area 4 The annual mean air temperature over the 
southern Bay of Biscay during 2000 was similar to 
the two preceding years, slightly over the average, 
but below the high values detected in 1994, 1995, 
and 1997 Surface waters were slightly cooler and 

fresher than in the previous years mainly due to the 
cool winter and the reduction of salinity from 1999 
following a high salinity period with a maximum in 
1995 1996 

Area 5 Early 2000 saw a peak in the temperature of 
surface waters in the Rockall Trough caused by an 
infiux of unusually warm water into the region The 
temperature was more than 0 5°C above the long-
term mean (since 1975), with most of the warming 
having taken place from 1995 to 2000 By the spring 
ot 2000, the temperature had dropped somewhat, 
although It remained above the long-term mean 
Through the 1990s, the mean salinity increased from 
a low in 1991 to a peak in 1998. followed by a slight 
decrease in 1999 and 2000 

Area 7 On the Northwest European Shelf, the sur
face Atlantic Water has been warming at a rate of 
0 5°C per decade In 1998, both temperature and 
salinity peaked and have since been declining 

Area', 8 and 9 Temperature and salinity were high in 
the North Sea at the start of the 1990s, decreased to 
lows in 1995/1996, and rose again in the second half 
of the decade The year 2000 was the 6th warmest 
since 1971 in the North Sea in terms of annual mean 
sea surface temperature There was evidence of a 
large input of freshwater from the Baltic into the 
Kattegat and Skaggerak in 2000 

Area 10 Temperature and salinity have been incre
asing in the southern and central Norwegian Sea 
since 1996 following a sharp decrease in both In 
2000, the warming continued at the southern section 
while cooling occurred at the central section In 
the northern Norwegian Sea the temperature and 
salinity since 1996 have been close to the long-term 
average, though with a decreasing trend since 1990 

Area 11 After a period with high temperatures and 
salinities in the first half of the 1990s, the values in 
the Barents Sea dropped to slightly below the long-
term average over the whole area m 1996 and 1997 
Since then the salinity rose to a peak in 1998 and 
returned to average conditions in 2000 However, 
the temperature has risen since 1997 to more than 
0 5°C above the long-term mean by 2000 

Area 12 Conditions in the Greenland Sea were 
fairly stable throughout the 1990s, with the excep
tion of a sharp decrease in salinity and temperature 
in 1997 In 2000, a larger than normal inflow of 
Atlantic Water resulted in the warmest and highest 
saline conditions of the decade 

The full report and the time-series data may be 
found at http //www ices dk/status/climOOO 1 / 
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Climatic variations in the North Atlantic and the North Pacific in 
the 1990s: a comparative study 

Andrei S Krovnin and George P. Moury 

Krovnin A S and Moury, G P 2003 Climatic vanations in the North Atlantic 
and the North Pacific in the 1990s a comparative study ICES Marine Science 
Symposia 219 311 314 

The study is based on the results of the analysis of spatial and temporal features 
of winter sea surface temperature anomaly (SSTA) variations in the North Atlantic 
and the North Pacific during the past four decades Several large scale regions with 
coherent SSTA fluctuations within each region were defined in both oceans SSTA 
variations in these regions are strongly related to the well known atmospheric 
teleconnection patterns in the Northern Hemisphere Four distinct decadal climatic 
regimes were identified in the North Atlantic during the period 1957 2000 The last 
regime estabhshed in 1989 continued through the 1990s In the North Pacific the 
climatic regime established in the second half of the 1970s continued until 1998 1999 
The 1990 1999 decade was the warmest in both oceans compared with the previous 
three decades Climatic variations in the North Atlantic during the past 40 years were 
characterized by the second interdecadal mode of variability associated with a 
gradual northeastward warming of surface waters In the North Pacific this mode was 
not so clear though some signs of the northeastward spreadmg of warming were 
noted in the 1980s and 1990s 
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Introduction 

During the past decade, globally averaged air sur
face temperatures have been higher than in any 
decade since the mid-18th century (Jones et al 
1999) However, there are significant regional dilfer-
ences in the extent and timing of warming The mam 
objective of this study was to compare the develop
ment of large-scale processes in the atmosphere and 
ocean in the North Atlantic and the North Pacific 
against a background of global warming 

Data 

Data covering the period 1960 to 2000 were provided 
by the NOAA-CIRES Climate Diagnostics Center 
They included mean winter (Dec-Feb) sea level 
pressure, geopotential heights on the 500 hPa surface, 

Northern Hemisphere teleconnection indices and 
mean winter (Jan-Apr) Northern Hemisphere recon
structed Reynolds sea surface temperatures (SSTs) 
We used mean winter (Jan Apr) SSTs at grid points 
of 5° latitude by 5° longitude in the North Atlantic 
and the North Pacific for the period 1957 2001, 
obtained trom the Russian Hydrometeorological 
Center, to partition both the oceans into several 
large-scale subdomams with coherent SST anomaly 
fluctuations in each subdomain on the basis of the 
hierarchical clustering method known as Ward's 
method (Ward, 1963) 

Resul t s 

Decadal variations 

In each ocean we defined several large-scale 
subdomams with coherent SST anomaly (SSTA) 
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Figure I Results of cluster analysis for the SST anomaly field in the North Atlantic and the North Pacific Dots show the 
position of the 5° latitude by 5° longitude grid for the SST data set 

Table 1 Loadings on the first 3 principal components from a principal component analysis of the 38 physical time-series in 
the Northern Hemisphere The loadings are correlation coefficients between each time-series and each PC score (asterisks 
correspond to |r| > 0 45) 

Physical time-series 

Western Atlantic teleconnection pattern (TP) index (500 hPa surface) 
Eastern Atlantic TP index (500 hPa surface Wallace and Gutzler 1981) 
Eastern Atlantic TP index (500 hPa surface Barnston and Livezey 1987) 
Eastern Atlantic-Jet TP index (500 hPa surface) 
Western Pacific TP index (500 hPa s 
Eastern Pacific TP index (500 hPa su 

jrface) 
rface) 

North Pacific (NP) TP index (500 hPa surface) 
Pacific/North American TP index (500 hPa surface) 
East AtlanticAVest Russia TP index (500 hPa surface) 
Scandinavian TP index (500 hPa surface) 
Tropical/ Northern Hemisphere TP 1 ndex (500 hPa surface) 
Polar/Eurasia TP index (500 hPa surface) 
Pacific Transition TP index (500 hPa surface) 
Subtropical Zonal TP index (500 hPa surface) 
Asia Summer TP index (500 hPa surface) 
Winter (Dec Mar) NAO index 
Winter (Nov Mar) North Pacific SLP index 
Pacific Decadal Oscillation index 
Sea level pressure (SLP) (Reykjavik) 
SLP (Gibraltar) 
SLP (Darwin) 
SLP (Tahiti) 
Southern Oscillation index (SOI) 
Arctic Oscillation index 
Azores High longitude 
Aleutian Low longitude 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA m 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA m 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA in 
Area-averaged mean winter SSTA in 

Region lA 
Region 2A 
Region 3A 
Region 4A 
Region 5A 
Region 6A 
Region IP 
Region 2P 
Region 3P 
Region 4P 
Region 5P 

Winter Tw anomalies (0 200 m) at Kola Section 

PCI 

19 87o 

- 0 67* 
- 0 II 

0 43 
0 34 
0 31 
0 00 
017 
0 05 
0 35 

- 0 23 
0 07 
0 48* 

- 0 02 
0 02 
0 25 
0 90* 
0 02 
0 00 

- 0 87* 
0 77* 
0 25 
O i l 

- 0 08 
0 86* 
0 35 
0 04 
0 65* 
0 72* 

- 0 52* 
- 0 43* 

0 30 
0 26 
0 05 
0 30 
0 34 
0 48* 
0 53* 
0 6 1 * 

PC2 

17 1% 

0 27 
- 0 03 

0 38 
0 20 
041 

- 0 29 
0 05 
0 69* 
0 15 
0 06 

- 0 53* 
0 09 

- 0 05 
0 04 
031 
0 02 

- 0 75* 
0 82* 
0 14 
0 06 
0 78* 

- 0 76* 
- 0 86* 
- 0 18 

0 18 
0 75* 

- 0 09 
- 0 04 
- 0 03 

0 48* 
0 42 

- 0 07 
0 7 1 * 

- 0 65* 
0 10 
0 22 

- 0 09 
- 0 07 

PC3 

9 2% 

0 24 
- 0 38 

0 30 
0 13 
0 46* 
0 49* 

- 0 II 
- 0 26 
- 0 36 

0 22 
- 0 24 
- 0 41 

0 51* 
0 34 
0 23 

- 0 12 
0 18 

- 0 II 
- 0 10 
- 0 02 

0 02 
0 09 
0 04 

- 0 17 
0 04 

- 0 12 
0 46* 

- 0 02 
0 48* 
041 
0 53* 

- 0 18 
- 0 24 

0 10 
- 0 47* 

0 60* 
0 49* 

- 0 09 
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fluctuations The results of cluster analysis for the 
North Atlantic and their discussion are given in the 
article by Krovnin and Moury (2003) The results 
of partitioning of the North Pacific are shown in 
Figure 1 The spatial structure of the SSTA fluctua
tions in the North Pacific is characterized by two 
independent patterns, one occurring m the eastern 
(region IP) and central (region 2P) Pacific, and the 
second in its northwestern (region 3P) and south
western (region 4P) parts The changes in SSTA 
between regions IP and 2P, as well as between 
regions 3P and 4P, are out of phase 

As in the North Atlantic, the SSTA variations in 
regions defined in the North Pacific are strongly 
related to the well-known teleconnection patterns at 
the 500 hPa surface in the Northern Hemisphere 
first described by Wallace and Gutzler (1981) The 
SSTA variations in the central (region IP) and east
ern (region 2P) North Pacific appear to be asso
ciated with the Pacific/North American (PNA) 
pattern, while those in two western regions seem 
associated with the Western Pacific (WP) pattern 
(maps not shown) 

We used principal component analysis (PCA) to 
define the most important patterns of common vari
ability in the 38 physical time-series in the North 
Atlantic and the North Pacific They included time-
series of indices of teleconnection patterns both m 
the sea level pressure (SLP) field (e g NAO index. 
North Pacific pressure index) and in the middle 
troposphere (at the 500 hPa surface, e g , index of 
Eastern Atlantic teleconnection pattern), time-series 
of SLP at fixed points and area-averaged SSTA for 
regions defined m both the oceans The first prin
cipal component (PCI) is associated with the NAO, 
and Its time-series shows 4 distinct regimes between 
1957 and 2000 1957-1971, 1972-1976, 1977 1988, 
and 1989 through 2000, with the most abrupt transi
tion in 1989 (Table 1, Figure 2a) PC2 is associated 
with the Southern Oscillation and Pacific Decadal 
Oscillation (PDO) pattern (Mantua et al, 1997) and 
shows the rather prominent shift in 1977 with the 
predominance of negative values in the pre-1977 
period and positive values since 1977 PC3 is related 
to the WP pattern Its time-series shows the promi
nent shift from the predominant positive to negative 
values in the mid-1970s and the reverse shift in 1998 

PCI (19 8%) 
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Figure 2 The first 3 principal component scores from a prin
cipal component analysis of the 38 physical time-series in 
the North Atlantic and the North Pacific The scores are 
normalized time-series 

Strengthening of zonal flow over the North Atlantic 
north of 50°N from the 1970s to 1990s Figure 3 
(right panel) shows a gradual northeastward spread
ing of warming m the North Atlantic in accordance 
with the shift of the high pressure anomaly cell, but 
north of 50°N SST changes were not correspondent 
to changes in local winds In the North Pacific, SST 
changes in the 1970s-1980s were, in general, consis
tent with the changes in atmospheric circulation At 
the same time, the signs of the northeastward pro
pagating warming appeared in the 1980s and in the 
1990s the warming was observed over most of the 
North Pacific 

Interdecddal variations 

Figure 3 (left panel) shows SLP changes between 
two consecutive decades over the North Pacific 
North Atlantic sector It demonstrates an intensific
ation and eastward shift of low- and high-pressure 
anomaly cells south of 50°N and general 

Conclusion 

Using data for 1890 1940, Bjerknes (1964) con
cluded that the long warming trend during the first 
quarter of the last century in the North Atlantic was 
linked to a basin-scale interaction m which the Gulf 
Stream and the North Atlantic Current responded 
to the intensifying circulation in the subtropical 
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Figure 3. Difference maps for SLP (left panel) and SST (right panel) anomalies in the North Pacific-North Atlantic Region 
between: 1970-1979 and 1960-1969, 1980-1989 and 1970-1979, and 1990-1999 and 1980-1989. Positive values are shaded. 

anticyclone. The interdecadal changes in the North 
Atlantic characterized by the warming trend during 
the 1970s- 1990s resembled in many aspects the 
warming of the 1920s-1930s described by Bjerknes. 
In particular, there were inconsistent changes in 
SSTA and local winds north of 50°N. In the North 
Pacific the heat exchange at the sea surface contri
butes to SSTA changes on an interdecadal time scale 
to a larger extent than in the North Atlantic. Thus, 
unlike the North Atlantic, the effect of oceanic cir
culation in the North Pacific on the interdecadal 
SSTA changes is seen only in the periods of general 
lessening of atmospheric circulation. 
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The wintertime surface climate variations in the North Atlantic during the past 40 
years were characterized by two modes of variability The first mode is associated with 
decadal variations in atmospheric circulation and sea surface temperature (SST). The 
spatial structure of decadal SST anomaly (SSTA) variations is characterized by the 
existence of six large-scale regions with coherent SSTA fluctuations within each 
region. Four distinct decadal climatic regimes were identified during the 1957-2000 
period. 1957-1971, 1972-1976, 1977-1988, and 1989-2000. The 1990-1999 decade 
was very warm in the North Atlantic. The second mode of variability in the North 
Atlantic during the past 40 years was associated with a gradual northeastward warm
ing of surface waters, which is possibly driven by changes in the large-scale oceanic 
circulation 

Keywords' decadal variations, interdecadal changes. North Atlantic, sea surface 
temperature anomaly 
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Introduction 

During the past decade, globally averaged surface 
temperatures have been higher than in any decade 
since the mid-18th century, and the seven warmest 
years of the global record have all occurred since 
1990 (Jones et al., 1999). However, significant regio
nal differences in the extent and timing of warming 
exist. The main objective of this article is to consider 
the development of large-scale processes in the 
atmosphere and ocean in the North Atlantic region 
against a background of global warming. 

Data 

We used mean winter (Dec-Feb) values of sea-level 
pressure, geopotential heights on the 500 hPa sur
face, surface air temperature, indices of the North 
Atlantic teleconnection patterns, mean winter (Jan-
Apr) reconstructed Reynolds SSTs in the Northern 
hemisphere for the 1960-2000 period provided by 
the NOAA-CIRES Climate Diagnostics Center. 
Additionally, mean winter (Jan-Apr) SSTs at grid 

points of 5° latitude by 5° longitude in the North 
Atlantic for the period 1957-2001, obtained from 
the Russian Hydrometeorological Center, were also 
used to partition the North Atlantic into several 
large-scale subdomains with coherent SST anomaly 
fluctuations in each subdomain based on the hierar
chical clustering method known as Ward's method 
(Ward, 1963). 

Results 

1. Decadal variations 

Results of cluster analysis show that the North 
Atlantic can be divided into six major regions with 
respect to the similarity in the SST anomaly (SSTA) 
variations (Figure 1). The SSTA fluctuation in the 
northeastern (lA) and southwestern (2A) regions 
are opposite to those in the northwestern (3A) and 
southeastern (4A) regions (maps not shown). 

The SSTA variations in the defined regions are 
strongly related to the well-known teleconnection 
patterns in the northern hemisphere. Thus, SSTA 
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PC1 (31 5%) 

Figure 1 Results of cluster analysis for the SST anomaly field 
in the North Atlantic Dots show the position of the 5° 
latitude by 5° longitude grid for the SST data set. 

fluctuations in regions 1-3 may be forced by the 
Eastern Atlantic (Barnston and Livezey, 1987) and 
the Western Atlantic patterns (Wallace and Gutzler, 
1981) (correspondent maps not shown). The SSTA 
changes in Region 4 are associated with both the 
Eastern Atlantic and Pacific/North American (PNA) 
patterns. Moreover, the SSTA fluctuations in the 
central North Atlantic appear to be connected with 
the PNA pattern, while there is no significant 
relationship with the North Atlantic teleconnection 
patterns. 

PC2 (12 6%) 

PC3 (124%) 

Figure 2 The first three principal component scores from a 
principal component analysis of the 22 physical time-series in 
the North Atlantic. The scores are normalized time-series. 

Table 1 Loadings on the first three principal components (PC) from a principal component analysis of the 21 physical time-
series in the North Atlantic The loadings are correlation coefficients between each time-series and each PC score. (Astensks 
indicate |r| > 0.45). 

Physical time-senes PCI 

31.5% 

PC2 

12.6% 

PC3 

12.4% 

Western Atlantic (WA) pattern 
Eastern Atlantic (EA) pattern (WG)' 
Eastern Atlantic (EA) pattern (BL)-
East Atlantic Jet pattern (EA-Jet) 
East AtlanticAVest Russia pattern (EAAVR) 
Scandinavian pattern (SCA) 
Tropical/Northern Hemisphere pattern (TNH) 
Polar/Eurasian pattern (POL) 
Winter NAO index 
SLP (Reykjavik) 
SLP (Gibraltar) 
Southern Oscillation Index (SOI) 
Arctic Oscillation Index 
Azores High Longitude 
SSTA (Jan-Apr) in Region 1 
SSTA (Jan-Apr) in Region 2 
SSTA (Jan-Apr) in Region 3 
SSTA (Jan-Apr) in Region 4 
SSTA (Jan-Apr) in Region 5 
SSTA (Jan-Apr) in Region 6 
Winter T„ anomalies (0-200 m) at Kola Section 

-0 72* 
-0 10 

0 38 
0.29 
0.35 

-0.23 
0.16 
0.48* 
0.92* 

-0.88* 
0 79* 
0 00 
0.86* 
0.32 
0 60* 
0 72* 

-0 58* 
-0 54* 

0 18 
0 30 
0 62* 

0.27 
0 92* 

-0 70* 
-0 25 

044 
-0.63* 
-0.17 

0.43 
-0.03 

0.16 
0.15 
0.03 
0.31 
0.10 

-0.18 
-0.27 

0.17 
-0.13 
-0.12 

0.35 
0.22 

-0.43 
-0.01 
-0 34 
-0.30 
-0 05 

0.08 
0 72* 

-0 05 
-0 04 

0 07 
-0.27 

0.63* 
0 03 

-0 38 
-0.28 

0.16 
-0.35 
-0.62* 
-0.74* 
-0.05 
-0.12 

WG = Wallace and Gutzler (1981). ' BL= Barnston and Livezey (1987). 
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Figure 3. Difference maps for SLP (left panel) and SST (right panel) change in the North Atlantic between 1970-1979 and 
1960-1969, 1980-1989 and 1970-1979, and 1990-1999 and 1980-1989. Positive values are shaded. 

We used principal component analysis (PCA) 
to define objectively the most important patterns 
of common variability in the 21 physical time-series 
in the North Atlantic. The time-series of the first 
principal component (PCI), associated with the 
North Atlantic Oscillation, shows four distinct 
regimes between 1957 and 2000: 1957-1971, 1972-
1976, 1977-1988, and 1989 through 2000, with the 
most abrupt transition in 1989 (Table 1; Figure 2). 
The second PC, related to the Eastern Atlantic 
teleconnection patterns shows the prominent shift in 
1969 with the predominance of positive values in the 
pre-1969 period and negative values since 1969. PC3 
is related to the Tropical-Northern Hemisphere 
(TNH) teleconnection pattern, which in turn is asso
ciated with the Southern Oscillation (Barnston and 
Livezey, 1987). Note the high inverse correlation of 
SSTA variations in the central and southeastern 
parts of the ocean (Regions 4-5) with PC3. 

2. Interdecadal variations 

Figure 3 (left panel) shows SLP changes between 
two consecutive decades (i.e. 1970-1979 minus 
1960-1969, etc.) over the North Atlantic region. 
There was a general increase in SLP, a clear east
ward shift of a high pressure anomaly cell south of 
50°N and a gradual decrease in SLP to the north 
of this latitude from the 1970s to the 1990s. This 
indicated the strengthening of zonal atmospheric 
flow north of 50°N. Figure 4 (right panel) demon
strates a gradual northeastward warming of the 
North Atlantic in accordance with the interdecadal 
shift of the high pressure anomaly cell. 

Discussion 

Using data for 1890-1940, Bjerknes (1964) provided 
evidence that interannual fluctuations in SST are 
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governed by wind-induced changes in latent and 
sensible heat fluxes at the sea surface Deser and 
Blackmon (1993) showed that the surface climate 
over the North Atlantic exhibited coherent decadal 
variations that resembled the fluctuations on an 
interannual time scale However, as it was con
cluded by Bjerknes that the long warming trend in 
the first quarter of the last century was linked to a 
basin-scale interaction in which the Gulf Stream and 
the North Atlantic Current responded to the intensi
fying circulation in the subtropical anticyclone A 
similar idea was used to explain the cooling trend in 
the North Atlantic that occurred during the 1950s 
and 1960s (Greatbach et al., 1991, Kushmr, 1992) 
The warming trend in the North Atlantic during 
the 1970s~ 1990s resembles in many aspects the 
warming of the 1920s-1930s described by Bjerknes. 
In particular, SST changes m the Northeast Atlantic 
in the 1980s and southwest of Newfoundland in 
the 1990s did not correspond to the changes in 
local winds Thus, the observed warming trend is 
possibly driven by changes in the large-scale oceanic 
circulation 

Thus, changes in the winter surface climate of 
the North Atlantic during the past 40 years have 
been characterized by two modes of variability The 
first mode was associated with decadal variations 
in the atmospheric circulation and resulting SST 
changes The second mode of variability in the 
North Atlantic during the past 40 years was 
associated with a gradual northeastward warming of 
surface waters, possibly driven by changes in the 
large-scale oceanic circulation. 
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Temporal switching between sources of the Denmark Strait 
overflow water 
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Meincke, J , and Malkki, P 2003 Temporal switching between sources of the 
Denmark Strait overflow water - ICES Marine Science Symposia, 219 319 325 

The Denmark Strait overflow water derives from several distinct sources Arctic 
Intermediate Water from the Iceland Sea, Atlantic Water of the West Spitsbergen 
Current recirculating in the Fram Strait, and Arctic Atlantic Water returning from the 
different circulation loops in the Arctic Ocean all take part in the overflow Denser 
water masses, such as the upper Polar Deep Water and the Canadian Basin Deep 
Water from the Arctic Ocean and Arctic Intermediate Water from the Greenland 
Sea, are occasionally present at the sill and could contribute the deepest part of the 
overflow plume A comparison between hydrographic observations made during the 
Greenland Sea Project in the late 1980s and early 1990s and during the European Sub 
Polar Ocean Programme (ESOP) and Variability of Exchanges in the Northern Seas 
(VEINS) programmes in the late 1990s shows that the Greenland Sea Arctic Interme
diate Water has largely replaced the Arctic Ocean deep waters In the less dense 
fraction of the overflow the Recirculating Atlantic Water and Arctic Atlantic Water 
carried by the East Greenland Current have become more prominent than the Iceland 
Sea Arctic Intermediate Water If the Denmark Strait overflow were to switch 
between different sources, it would lead to changes in the characteristics of the 
overflow water that add to the variations caused by the vanability of the source 
waters 
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Introduction 

The northernmost part of the North Atlantic - the 
Arctic Mediterranean Sea - is the end and the 
beginning of the global thermohalme circulation 
The strong heat loss, the excess precipitation, and 
the large run-off all contribute to the water mass 
transformations in the Arctic Mediterranean 
Northward flowing Atlantic Water that crosses the 
Greenland-Scotland Ridge becomes transformed, 
partly into low salinity surface water, but mainly 
into cold, dense intermediate and deep waters 
that return as "overflow waters" to the deep North 
Atlantic (Worthington, 1970) The most important 
sites and processes for dense water formation are 
the seasonal cooling of the Atlantic Water in the 

Norwegian Sea, the cooling and brine rejection 
occurring in the Barents Sea and on the shelves of 
the Arctic Ocean, and the winter convection in the 
Greenland and Iceland Seas 

Cooled Atlantic Water flows in the West Spits
bergen Current to Fram Strait, where one part recir
culates and forms the Recirculating Atlantic Water, 
the rest entering the Arctic Ocean and becoming 
the Arctic Atlantic Water Dense waters from the 
Barents Sea and from the Arctic shelves drain into 
the deep Arctic Ocean forming the Arctic Ocean 
intermediate and deep water masses that eventually 
exit through the Fram Strait and, along with the 
Arctic Atlantic Water returning from its loops 
in the different basins, forms the East Greenland 
Current In Fram Strait these waters are joined by 
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the Recirculating Atlantic Water and continue 
southward along the Greenland slope On its route, 
the East Greenland Current interacts with the 
waters of the Greenland Sea. Some deep waters, 
the Eurasian Basin Deep Water and part of the 
Canadian Basin Deep Water enter the Greenland 
Sea (Aagaard el al, 1985) and Arctic Intermediate 
Water is incorporated into the East Greenland 
Current, which continues across the Jan Mayen 
Fracture Zone into the Iceland Sea The dense water 
formed in the Iceland Sea, the Iceland Sea Arctic 
Intermediate Water, does not join the East Gre
enland Current but instead flows directly towards 
the Denmark Strait, constituting a separate source 
of overflow water (Swift el al., 1980). 

Waters too dense to cross the Jan Mayen Fracture 
Zone and the sill in Denmark Strait eventually reach 
the Norwegian Sea and pass through the Faeroe-
Shetland Channel to the North Atlantic. The 
Denmark Strait Overflow Water and the Faeroe-
Shetland Overflow Water supply the North Atlantic 
Deep Water and feed the Deep Western Boundary 
Current and thus the lower limb of the global ther-
mohahne circulation The Denmark Strait overflow 
has a closer connection with the different sources 
than the Faeroe-Shetland overflow, which mainly 
drains the pool of dense water in the Norwegian 
Sea, and reflects more strongly the interplay 
between and the variability of the different sources. 

Observations 

The present discussion is based on hydrographic 
observations gathered by several institutions over 
the past 15 years AWI, Bremerhaven, Finnish 
Institute of Marine Research, Helsinki; Institut fur 
Meereskunde, Hamburg, Marine Research Institute, 
Reykjavik, Norwegian Polar Research Institute, 
Tromso, Royal Danish Administration of Naviga
tion and Hydrography, Copenhagen as part of dif
ferent international projects European Sub Polar 
Ocean Programme (ESOP); Greenland Sea Project 
(GSP); Marginal Ice Zone Experiment (MIZEX); 
World Ocean Circulation Experiment (Nordic 
WOCE), Variability of Exchanges in the Northern 
Seas (VEINS) Only a few representative stations 
are shown and their positions are indicated in 
Figure 1. 

Fram Strait 

During the past 10-15 years the water mass charac
teristics in Fram Strait have changed considerably. 
Rudels et al (2000) compared sections from 1984 
and 1997 and found that the deeper layers had 

become warmer and more saline, indicating a stron
ger presence of Arctic Ocean deep waters In 1984 
the warm, saline Atlantic layer located between 
100 and 600 m, comprising the northward flowing 
and the recirculating part of the West Spitsbergen 
Current, reached across the entire strait from 
Svalbard to the Greenland continental slope In 
1997 the recirculation was less extensive, leaving a 
corridor, about l/5th of the total width of the Strait, 
east of the Greenland slope and allowing an almost 
free passage for the Arctic Atlantic Water exiting 
the Arctic Ocean. This suggests that the recircula
tion in the Fram Strait has weakened and that a 
larger part of the West Spitsbergen Current enters 
the Arctic Ocean. 

Central Greenland Sea 

Figure 2 shows 9-S curves and potential temperature 
and salinity profiles from the centre (75°N, 2°W) 
and the western part (75°N, 7°W) of the Greenland 
Sea gyre taken in 1988, 1993, and 1998 After con
vection deeper than 2500 m in 1988 the convection 
depth diminished, and the penetration of the Arctic 
Ocean deep waters, no longer stirred into the 
Greenland Sea Deep Water by the local convection, 
from the rim towards the centre of the gyre became 
visible First the deep salinity maximum deriving 
from the Eurasian Basin Deep Water grew in promi
nence and then the intermediate temperature maxi
mum of the Canadian Basin Deep Water appeared 
The latter has more or less become the deep bound
ary for the local convection, and the convection in 
the Greenland Sea presently produces Arctic Inter
mediate Water spreading out above the temperature 
maximum rather than deep water The salinity and 
temperature of the deeper layers have gradually 
increased, while the temperature maximum is dis
placed downwards (Budeus et al, 1998) The con
finement of the convection to above the temperature 
maximum could be instrumental in pushing the 
maximum downwards. 

The Iceland Sea 

The Jan Mayen Fracture Zone prevents the densest 
water of the East Greenland Current from entering 
the Iceland Sea. The characteristics of the waters 
that cross the ridge do not display large along-slope 
variations between the Greenland Sea and the Ice
land Sea as compared to the annual variability The 
warm Recirculating Atlantic Water-Arctic Atlantic 
Water core as well as the thermocline above the 
core retained their properties since Fram Strait 
The characteristics of the thermocline correspond to 
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Figure 1 Map of the Nordic Seas The positions of the Greenland Sea stations are shown as dots, and the bars indicate the 
positions of the sections from 1990 and 1998 in the Iceland Sea and northern Denmark Strait The filled bars correspond to 
the blue stations, the open bars to the red stations in Figure 3 JMFZ (Jan Mayen Fracture Zone) 

those of the Polar Intermediate Water (Malmberg, 
1972), and the Arctic Ocean is therefore a probable 
source for the Polar Intermediate Water 

The central Iceland Sea appeared disconnected 
from the western area dominated by the East 
Greenland Current and the year to year variations 
of the Iceland Sea Arctic Intermediate Water, com
prising an upper temperature minimum and a lower 
temperature maximum (Swift and Aagaard, 1981, 
Carmack, 1990), did not follow the advected chan
ges in the East Greenland Current Figure 3 com
pares the waters of the East Greenland Current 
and in the central Iceland Sea just south of the 
Jan Mayen Ridge in 1990 and 1998 The upper 
Iceland Sea Arctic Intermediate Water temperature 
minimum was almost removed by summer heating 
in 1990 but in 1998 its temperature was close 
to freezing The salinity was around 34 6, which is 
considerably more saline than the 34 2-34.4 that 

characterize the knee between the halochne and the 
thermocline m the East Greenland Current and 
supports the notion that the temperature minimum 
IS formed locally in the Iceland Sea The tempera
ture maximum also varied from year to year but it 
was always cooler and less saline than the warm, 
saline Arctic Atlantic Water-Recirculating Atlantic 
Water core in the East Greenland Current 

The salinity in the deeper layer has decreased 
between early and late 1990s (Figure 3) This is 
caused by a change in the water masses crossing the 
Jan Mayen Fracture Zone During the stronger 
convection in the 1980s the convecting waters were 
denser and the less dense Canadian Basin Deep 
Water was forced across the ridge into the Iceland 
Sea In the late 1990s the less saline, and now the 
less dense, Arctic Intermediate Water rather than 
the Canadian Basin Deep Water crossed the Jan 
Mayen Ridge into the Iceland Sea. 
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Figure 3 9-S diagrams (full scale and blow-up) from stations in the East Greenland Current (red lines) and in the central Iceland 
Sea (blue lines) just south of the Jan Mayen Fracture Zone taken m 1990 and in 1998 

Denmaric Strait 

On sections between Greenland and Iceland just 
north of Denmark Strait (Figure 4) the upper layer 
was dominated by low sahnity polar water and no 
temperature minimum that could have originated in 
the Iceland Sea was observed. The temperature of 
the temperature maximum was generally between 

that of the East Greenland Current and the Iceland 
Sea temperature maxima, which suggests mixing 
between the two sources. The temperature was 
higher in 1998 than in 1990, implying an increased 
fraction of Recirculating Atlantic Water-Arctic 
Atlantic Water in the Denmark Strait overflow. The 
trend of decreasing salinity in the deeper layers 
noticed further north in the Iceland Sea was also 
seen in Denmark Strait. 

Figure 2 Profiles of potential temperature, salinity, and Q-S diagrams (blow-up) from stations in the centre (75°N, 2°W) and at 
the western rim (75°N, 7°W) of the Greenland Sea gyre taken in 1988 (blue lines), 1993 (green lines), and 1998 (red lines) The 
water mass classification indicated on this (and on other Q-S diagrams below) is aimed for Fram Strait (see Rudels et al, 1999b) 
PSW (Polar Surface Water), PSWw (Polar Surface Water warm) (ice melt on top of Atlantic Water from the south), RAW 
(Recirculating Atlantic Water), AAW (Arctic Atlantic Water), uPDW (upper Polar Deep Water), CBDW (Canadian Basin Deep 
Water), EBDW (Eurasian Basin Deep Water), NDW (Nordic Deep Water, comprising both Greenland Sea Deep Water 
(GSDW) and Norwegian Sea Deep Water (NSDW)) (/) and (\) indicate the most prominent slope of the water mass in regions 
where the characteristics of two water masses overlap The water mass boundaries are shown as orientation, although the 
classification does not apply outside Fram Strait 
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Figure 4 6-S diagrams (full scale and blow-up) from stations in northern Denmark Strait taken in 1990 and in 1998 

Sections taken at the sill displayed yearly changes 
but even stronger variability over a week are present 
(Ross, 1984, Rudels et al, 1999a) A possible cause 
of these rapid changes could be the encounter bet
ween the East Greenland Current and the Irminger 
Current from the south The two currents contend 
for space in the central part of the Denmark Strait 
and a strong presence of Irminger Current water will 
obstruct the passage of the East Greenland Current 
The overflow shifts westward onto the Greenland 
shelf, and the southward passage of denser overflow 
waters could temporarily become obstructed 

Summary 

The variability of the Denmark Strait overflow is 
manifested on several time scales from a few days 
to more than 10 years The contest between the 

Irminger Current and the East Greenland Current 
will affect the overflow in periods of a week and this 
variability is likely caused by local weather condi
tions The characteristics of the intermediate water 
of the Iceland Sea change from year to year due to 
variations in the wintertime heat loss Changes in 
the wind fields over periods of months to years are 
likely to create conditions favouring either a flow 
of Iceland Sea waters or East Greenland Current 
waters to the Denmark Strait Variability on still 
longer time scales is seen in the Greenland Sea, 
where a change from convective deep water renewal 
to a period of mainly Arctic Intermediate Water 
production occurred in less than 10 years During 
this period the deep Greenland Sea has become 
transformed into a passive "bay" more or less 
dominated by the Arctic Ocean deep waters The 
shallower convection, on the other hand, creates 
an almost direct communication between the 
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Greenland Sea, the East Greenland Current and 
Denmark Strait In 1998 the Greenland Sea pro
duced water for the Denmark Strait overflow rather 
than for the Faeroe-Shetland overflow, which was 
the case in the deep convecting situation The 
prominence of the Recirculating Atlantic Water in 
Fram Strait has decreased during the same period as 
the weakening of the Greenland Sea convection, 
indicating less recirculation and larger exchanges 
between the Nordic Seas and the Arctic Ocean in 
this density range Changes with still longer periods 
are expected for the intermediate and deep waters of 
the Arctic Ocean, where variations m the water mass 
characteristics occur over 10-100 years 

The state of the convection in the Greenland Sea 
could be one key to the 5-10 years variability A 
strong Greenland Sea convection creates a denser 
central dome in the Greenland Sea that intensifies 
the cyclonic circulation This could, m addition to 
keeping the Arctic Ocean deep waters above the 
convecting water and closer to the nm, also force 
the Atlantic Water of the West Spitsbergen Current 
to recirculate in Fram Strait rather than enter the 
Arctic Ocean (Rudels et al, 2000) The inflow to the 
Arctic Ocean would then comprise denser, deeper 
lying water masses formed by convection in the 
Greenland Sea The stronger recirculation restricts 
the outflow of Arctic Atlantic Water and the Rec
irculating Atlantic Water would dominate in the 
East Greenland Current and in the Denmark Strait 
overflow Weaker convection slackens the doming 
(Meincke et al, 1997) and the recirculation in Fram 
Strait would diminish, causing more Arctic Atlantic 
Water and less Recirculating Atlantic Water to enter 
the East Greenland Current Such a shift in the flow 
pattern would change the overflow characteristics 
from the fairly saline flow reported by Dickson 
and Brown (1994) for the 1980s, to the less saline 
overflow observed in the 1990s (Dickson et al, 
1998) The climatic conditions behind these changes 
in convection activity in the Greenland Sea are, of 
course, not answered by speculation like this, but 
must be found by a complete study of the different 
components of the climate system. 
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Flow of Atlantic Water west of Iceland and onto the north 
Icelandic Shelf 

Steingrimur Jónsson and Johannes Briem 

Jónsson, S., and Briem, J. 2003. Flow of Atlantic Water west of Iceland and onto the 
north Icelandic Shelf ~ ICES Marine Science Symposia, 219. 326-328 

The Marine Research Institute in Iceland has been monitoring the inflow of Atlantic 
Water onto the north Icelandic Shelf using Aanderaa current meters on one mooring 
since 1985 In August 1999 three moorings were deployed along the Hornbanki 
section and recovered a year later, and these data are used along with CTD data from 
the section to estimate the flow of Atlantic Water to the north Icelandic Shelf The 
mean transport during this period was found to be 0 95 Sv. This is lower than a pre
vious estimate using a single mooring from the Kogur section No clear seasonal 
variations were found in the transport Interannual variations were studied using data 
from the single mooring at the Hornbanki section for the period 1994-2000. There are 
no significant variations in the velocity, but the temperature shows interannual vari
ability The year 1995 stands out with extremely low temperatures and during that 
year an anomalously small amount of Atlantic Water was found over the north Ice
landic Shelf This may show that current measurements alone do not indicate the flow 
of Atlantic Water, and measurements of the water properties are needed to distinguish 
what kind of water is flowing along the Shelf 

Keywords' Atlantic Water, currents, Iceland, Iceland Sea, Irminger Current. 
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Introduction 

Along the west coast of Iceland there is a flow of 
Atlantic Water (AW) with the Irminger Current. 
Most of this water circulates across the Irmmger 
Sea, but a small branch continues over the Icelandic 
Shelf into the north Icelandic Shelf area. Because of 
its importance for the ecosystem there, the Marine 
Research Institute in Iceland has been monitoring 
this flow since 1985 using Aanderaa current meters 
on one mooring. 

Data 

The mooring was situated on the Kogur section 
from 1985 to 1994, after which it was moved to the 
Hornbanki section (Figure 1). In this article, only 
measurements from the Hornbanki section are dis
cussed; the measurements from the Kogur section 
have been described by Kristmannsson (1998). In 
September 1999 the measurements were extended to 
three moorings, HI shallowest, H2, and H3 deepest, 
with a total of 5 instruments that were recovered in 
September 2000 (Figure 2). During that period the 

Hornbanki section was covered five times using 
CTD. 

Results 

As an example. Figure 2 shows the distribution of 
salinity on the Hornbanki section in November 
1999. The extent of AW is variable in the sections. 
There is usually a core of AW with salinity above 
35. Its position and extent are variable, however. 
The AW does not seem to reach deeper than 200 m. 
Below this depth, colder and less saline water from 
the Iceland Sea is present. It could be argued that 
the fresher water seen close to shore is really AW 
that has been slightly diluted by freshwater run-off 
from Iceland. Determining the outer boundary of 
the flow of AW is difficult with the present data 
set. However, when the CTD measurements have 
extended beyond the five stations, AW has not been 
found at the sixth station. 

Monthly means of the east-west component of 
the velocity have been calculated. The current is 
highly barotropic at both stations H2 and H3, which 
IS in agreement with the findings of Kristmannsson 

mailto:e-mailsteing@unak.is
mailto:e-mailsteing@unak.is
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Figure 1. Map of the area. The large dots denote current meter positions and the small denote CTD stations. Depth contours are 
100, 200, 500, and 1000 m. Also shown are the average currents at 80 m depth at Hornbanki during 1999-2000. 
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Figure 2. Salinity on the Hornbanki section in November 
1999. The positions of the current meters are shown as dots. 
The hydrographic stations are marked at the top. 

(1998) at the Kogur station. The horizontal struc
ture of the currents is more complicated, and while 
the correlations between the monthly means of all 
the current meters are always positive, in some cases 
they are quite small, especially between HI and 
H3, although the spatial separation between these 
moorings is 28 km. Almost without exception, 
the monthly means increase with distance from 
the shore. This is especially evident during spring 
and summer when large values are observed at the 
outermost mooring, H3. 

There is considerable short-term variability in the 
records that is not picked up at all by the CTD sec
tions. For example, the temperature at all current 
meters fell by almost 3°C from the time the CTD 
section was taken in mid-November 1999 until the 
end of that month. Thus the water mass properties 
were probably very much changed during that time. 

The transport of AW through the section can be 
estimated using the CTD sections and the currents. 
The current seems to be largely depth independent 
and it is therefore assumed that at 80 m depth it is 
representative of the current from the surface down 
to 115 m. The current at 150 m is used below that, 
down to 200 m, below which there does not seem 
to be AW. It has been assumed that the velocity 
decreases linearly from the innermost mooring to 
0 cm s"' at 66°20'N, which is where the section plot 
in Figure 2 starts. South of that point, there are very 
shallow areas towards the shore. Determining the 
outer boundary of the current is not obvious and it 
is assumed that the current terminates midway 
between hydrographic stations 4 and 5. Each current 
meter is assigned an area of the section and the 
velocity perpendicular to the section is multiplied by 
the area, thus obtaining a transport. The results for 
the monthly values of the transports are shown in 
Figure 3. The average transport during the whole 
period is 0.95 Sv. Extending the transport estimate 
to station 5 will make the average 1.20 Sv. 

The estimates presented here are lower than the 
1.5 Sv estimated by Kristmannsson (1998) for the 
Kogur section for the period 1985-1990. During 
that period there was also less AW present on the 
north Icelandic Shelf than in 1999-2000. Kris
tmannsson had only one mooring and might there
fore easily have overestimated the current, since it 
is evident from the data presented here that the 
current is not horizontally homogeneous. 

Current measurements have been made almost 
continuously at H2 since September 1994. The 
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Figure 3 Monthly values of the transport The average trans
port during the period September 1999 to August 2000 is O 95 
Sv Also shown is the contribution from each ot the current 
meters 

Figure 5 Monthly means of temperature from the current 
meter at H2 at ca 80 m depth for different years All available 
data have been used 

Figure 4 Monthly means of E W component ot velocity from 
the current meter at H2 at ca 80 m depth for different years 
All available data have been used 
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Figure 6 Salinity at 50 m depth at Siglunes (Si3 in Figure 1) in 
May/June since 1947 

current at nominally 80 m depth can be used to 
study the interannual variability of the flow of water 
along the Shelf The monthly means of the east-west 
component of the velocity is shown in Figure 4 It 
shows very little seasonal and interannual variabil
ity A look at the temperature reveals a different 
story (Figure 5) There is a clear seasonal signal, 
usually with a minimum in March and a maximum 
in September Interannual variability is also present 
in the temperature records, since the temperature 
during 1995 was much lower than average for most 
of the year, especially in winter and spring It was 
also observed on CTD cruises that little AW was 
observed over the north Icelandic Shelf at that time. 
However, no simultaneous decrease in the current 
was observed This may indicate that current mea
surements alone do not indicate the flow of AW and 
measurements of the water properties are needed to 
distinguish the kind of water that is flowing along 
the shelf Since 1996, favorable conditions with 
strong flow of AW have prevailed ofl the north 

coast and thus the current measurements can be 
assumed to measure the flow of AW during that 
period 

To put the results shown here in a longer term 
climate context the salinity measured at 50 m depth 
m May/June from 1947-2001 at Si3 in Figure 1 is 
shown in Figure 6 This illustrates the period until 
1965 when warm and saline AW was dominating 
the north Icelandic Shelf area During the years 
1965-1971 Polar Water and drift ice were frequently 
observed in the area The past few years have been 
characterized by the presence of AW with high 
temperature and salinity almost equalling that of 
the period before 1965 
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Winter mixed layer nutrients in the Irminger and Iceland Seas, 
1990-2000 
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Olafsson, J 2003 Winter mixed layer nutrients in the Irminger and Iceland Seas, 
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The winter mixed layer depth was variable in the Irminger and Iceland Seas in the 
period 1990-2000, but reached much deeper in the Irminger Sea as a halocline limits 
vertical convection in the Iceland Sea. The ranges of the related variations in salinity, 
density, and nutrient concentrations were similar in both regions The nutrient varia
tions were proportionately greater in the Iceland Sea Statistical relationships between 
mixed layer depth and surface water properties were stronger for the Iceland Sea, but 
intcrannual variations in advection had more effects in the Irminger Sea. 

Keywords' Iceland Sea, Irminger Sea, mixed layer, nutrients, winter 
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Introduction 

The Irminger and Iceland Seas undergo strong sea
sonal variations. Relatively warm and saline Atlan
tic Water prevails west of Iceland in the Irminger 
Sea, but northeast of Iceland in the Iceland Sea 
Arctic Water usually predominates but some Polar 
Water influence in the surface layers is common 
(Malmberg and Kristmannsson, 1992). 

Convective mixing is induced in both regions in 
winter by winds and heat loss to the atmosphere. 
The nutrient concentrations in the surface layer that 
result from the winter vertical mixing processes 
may vary interannually. The nutrients from vertical 
mixing and those carried by eddy diffusion into the 
euphotic zone have strong influence on the regional 
scope for new production and uptake of CO2 from 
the atmosphere (Dugdale and Goering, 1967). Adv-
ective processes may also affect the supply of new 
nutrients and horizontal and vertical Ekman trans
fers can supply nutrients for new production in the 
North Atlantic (Williams and Follows, 1998). 

Using data from February 1991 it has previously 
been shown that the preformed nutrient concentra
tions in the Irminger Sea are significantly higher 
than those of the central Iceland Sea (Stefansson 
and Olafsson, 1991). The objective of the present 
investigation was to examine the intcrannual varia
tions in the winter-time nutrient concentrations and 
their relation to surface layer properties and the 
depth of the mixed layer. 

Materials 

Data on water column properties in winter are from 
a station at 1000-m depth (64°20'N 28°00'W) west 
of Iceland in the Irmmger Sea and from a station 
NE of Iceland at 1850-m depth in the central Iceland 
Sea (at 68°00'N 12°20'W). 

Generally the stations have been worked in 
February, but occasionally in January (Irmmger Sea 
1994) or early March. Because meteorological con
ditions prevented occupation of the Irminger Sea 
station in 1993 and the Iceland Sea station in 1998, 
data from adjacent stations, 20-30 nmi distant, are 
used. 

The mixed layer depth (MLD) was evaluated 
from CTD data as the shallowest maximum in 
daO/dz. The surface layer nutrient concentrations 
and oxygen saturation were calculated as the mean 
of all observations in the 0- to 50-m depth interval. 

Results and discussion 

The conditions in the Irminger and Iceland Seas 
differ substantially in winter (Figure 1). The Iceland 
Sea surface is about 6°C colder than the Irminger 
Sea and the salinity about 0.3 lower. 

In the Irminger Sea the winter MLD ranged from 
263 m in 1994 to 765 m in 1995 (Figure 2). The 1994 
early January observation was most likely obtained 
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Figure 1 Vertical profiles from February 1995 The upper three frames show temperature salinity and density in the Irminger 
Sea and the lower profiles the same properties in the Iceland Sea The bottom depth is just over 1000 m in the Irminger Sea, but 
for the Iceland Sea the bottom depth is 1850 m, only the uppermost 1000 shown here 

before winter conditions fully developed In the 
Iceland Sea, the MLD was always less than in 
the Irminger Sea It ranged from 82 m in 1997 to 210 
m in 1993 The reason for these different regional 
characteristics is evident from late summer data 
(J Olafsson, pers comm) Then salinity and tem
perature contributed almost equally to the stratifica
tion of the uppermost 100 m in the Iceland Sea 
However, in the Irminger Sea, the contribution of 
temperature to the stratification is overwhelming 

(about 85"/o) and a halochne offers httle resistance to 
convective mixing caused by surface heat loss 

The dissolved oxygen saturation ranged from 94 
to 100% in both locations, indicating active air-sea 
gas fluxes The oxygen saturation was frequently 
marginally higher in the Iceland Sea than in the 
Irminger Sea 

It IS evident that apart from the MLD in the 
Irminger and Iceland Seas the ranges over which the 
variations of surface layer properties extend were 
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Figure 2. Mixed layer depths in winter in the Irminger Sea 
(grey) and in the Iceland Sea (dark grey) 1990-2000. 

similar in both ocean regions (Figure 3). The winter 
nutrient concentrations in the Irminger Sea were 
around 30% higher than in the Iceland Sea. There
fore, the potential impact of the interannual nutrient 
concentration variations on new production will be 
proportionately greater in the Iceland Sea. 

Statistical linear regressions between the M L D 
and the surface water properties reveal significant 
positive relationships, except for nitrate in the 
Irminger Sea (Figure 3). The slopes of the regression 
lines are higher for the Iceland Sea than for the 
Irminger Sea and the correlation coefficients explain 
greater proportions of the variations in the Iceland 
Sea. For the Iceland Sea r̂  is 0.62, 0.75, 0.68, and 
0.65 for salinity, sigma-t, phosphate and nitrate. 
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respectively, but for the Irminger Sea r^is 0 16, 0 50, 
0 52, and 0 02 respectively, for the same properties 

For the Iceland Sea this suggests that over the 
period examined here, convective mixing has essen
tially reached into subsurface water of relatively 
constant composition In the Irminger Sea, however, 
where mixing extends to far greater depth, there 
were significant variations in the subsurface water 
over this period Thus, in the early years of the 
period, up to 1996, the region was influenced by 
Labrador Sea Water which had spread rapidly from 
its region of formation (Bersch et al, 1999) In the 
latter part of the period more direct influence from 
the North Atlantic Current resulted in higher salin
ity and temperature in the Irminger Sea (Malmberg 
and Valdimarsson, 2002) The effects of these hyd-
rographic changes are quite evident in the years 
1997, 1998, and 1999, particularly in the relations 
between the MLD, salinity, and density (Figure 3) 

Conclusions 

The Irminger Sea and the Iceland Sea are distinc
tively different regions in terms of winter-time pro
perties The MLD is much greater in the Irminger 
Sea, where the salinity and nutrient concentrations 
are higher These winter-time properties do, how
ever, exhibit significant interannual variations, 
which potentially may affect the new production 
in spring and summer The interannual nutrient 
variations are similar in magnitude in both regions 

As the nutrient concentration levels in winter are 
lower in the Iceland Sea, the variations are propor
tionately larger there and therefore likely to have 
greater impact on new production than in the 
Irminger Sea 
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Hydrological processes on the French continental shelf of the Bay of Biscay are 
strongly influenced by the high freshwater run-offs from the Loire and Gironde rivers, 
which are expected to result m high variability of salinity distribution However, this 
variability is poorly understood owing to the lack of field salinity data Although 
some mesoscale structures have been recognized, most have rarely been studied spe
cifically Similarly, specific studies of the interannual and seasonal haline variability 
have not yet been earned out Here, we analyse unpublished hydrological data col
lected during the 1990s We describe several mesoscale structures southern Brittany 
upwelhngs lower salinity lenses (originating from river plume) and the so-called cold 
pool The extent of the interannual and seasonal variability of the low salinity (S < 35) 
surface water is also described, and it is shown how wind and river run-off influence 
variability (mesoscale, interannual and seasonal) 

Keywords Bay of Biscay, cold pool continental shelf, hydrology, low salinity lens, 
seasonal variability, upwelhng 
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Introduction and method 

The salinity distribution over the French continental 
shelf IS strongly influenced by the discharge from the 
Loire and Gironde rivers (~900 m̂  s ')> as well as by 
wind-induced circulation In addition to mesoscale 
variability (horizontal scale 10-100 km, time scale 
days to months), it is assumed that the salinity 
distribution varies seasonally and mterannually in 
response to seasonal and interannual variability in 
river discharge and wind conditions Nevertheless, 
salinity records have been scarce and some mesos
cale structures that have been reviewed in the past 
(e g Koutsikopoulos and le Cann, 1996) have not 
yet been investigated specifically 

Here we analyse previously unpublished in situ 
hydrological data collected during the past decade 
over the Bay of Biscay French continental shelf We 
investigate three main mesoscale physical pheno
mena upwelhngs, lower salinity water lenses, and 
the cold pool The cold pool is constituted by a 
water mass isolated on the bottom between the ~50 
and ~120m isobaths with temperatures varying 

between 11 and 12°C from spring to autumn 
(Vincent and Kurc, 1969, Vincent, 1973) We study 
the interannual haline variability by comparing the 
spreading of the surface low salinity water (S < 35) 
on monthly haline maps from selected years and we 
relate the extent of this water to meteorological 
forcings (river run-off and wind) Finally, the sea
sonal haline variability is assessed by comparing an 
average spring situation (mean salinity from March 
to May) to an average autumn situation (mean 
salinity from September to October) 

Results 

Mesoscale structures 

Past studies have revealed upwelhngs along the 
coast of Landes and Vendee (south of 47°N) Here, 
using in situ temperature measurements, we provide 
the first evidence for upwelhng off southern Brittany 
(Figure 1) We also show an example of a lower 



334 I Puillat et al. 

salinity lens (L, Figure 2), a structure frequently coastal waters offshore (Ekman drift), generating a 
observed in this area. The spatio-temporal proper- coastal upwelling where saltier water is advected 
ties of this structure are: vertical length: ~surface- from the bottom to the surface layer in the coastal 
40 m; horizontal length: ~50-100 km; duration: ~I area (Figure 2). 
week at least. Those two types of structure have Bottom temperature measurements reveal the 
been linked to north-northwesterly winds (over extent of the cold pool (CP in Figures 3 and 4). 
several days) which push the low salinity surface There is significant interannual variability in the 

Figure 1. Surface temperature map calculated from Modycot Figure 3. Bottom temperature map calculated from Modycot 
97-1 data (June 1997, from SHOM/CMO, France) UPW= 98-4 cruise (September 1998, from SHOM/CMO, France), 
southern Brittany upwelling. Windspeed' 8-12 m s"' CP = Cold Pool (T< 12.2°C) 

Figure 2. Surface salinity maps calculated from Modycot 98-4 Figure 4. Bottom temperature map calculated from Modycot 
data (September 1998, from SHOM/CMO, France) L = low 99-3 cruise (September 1999, from SHOM/CMO, France) 
salinity lens. Windspeed 8-12 m s '̂. CP = cold pool (T< 12.2°C) 
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Figure 5. Interannual variability of the low salinity (S<35) 1999, March 2000. 
water extent in the surface layer in April 1992, 1998, and 1999. 

extent of the cold pool between September 1998 and 
September 1999. We assume that in September 1998 
wind-induced mixing down to the bottom reduced 
thermal stratification and hence eroded the cold 
pool. 

Interannual variability in surface salinity 
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We show that the spreading of low salinity surface 
water (S < 35) varies strongly between years (Figure 
5) depending on the winds and river run-off (Figure 46°N 
6). These two forcings can act on different time 
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Figure 8. Autumn (September-November) mean surface 
salinity map. Data from September-October 1992 and 1994, 
September 1998 and 1999. 
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scales from a few days for winds to a few months 
for river run-off In April 1992 the low salinity 
water located closest to the coast corresponds to 
the lowest river discharge recorded over the 1990s 
(Figure 6 500-700 m^ s ' in January April 1992) 
In April 1998, the spread of low salinity water is 
intermediate between that in 1992 and 1999 and 
corresponds to intermediate river run-off In April 
1999, low salinity water spreads furthest offshore m 
response to the synergy of high river run-off (1200 
and 1600 m ' s ' ) and strong northwesterly wind 
( 1 5 m s ') during the first weeks of April In the ver
tical dimension (not shown), this low salinity water 
extends in a ~ 2 0 ^ 0 m layer from the surface 

Seasonal variability in surface salinity 

Average seasonal salinity maps have been constr
ucted by combining 4-6 years of data (Figures 7, 8) 
Although the interannual variability may have dis
torted these seasonal patterns, there are clear dif
ferences between spring and autumn In spring, the 
low salinity water (S < 35) borders the entire French 
coast (Figure 7) in a band 50-100 km wide Minimal 
average salinities of 32-34 are encountered in the 
vicinity of the Loire and Gironde estuaries In 
autumn this band is less marked (Figure 8) it has 
disappeared in southern Brittany and it is half the 
width south of 44°30 N All over the shelf, sahnity is 
greater than 34 

Conclusion 

This study reveals the strong hydrological variability 
encountered over the French continental shelf of 
the Bay of Biscay We show that wind events 

and/or river run-off drive the generation of surface 
mesoscale structures In addition, they are respon
sible for the distribution of the surface salinity and 
contribute to its interannual variability These forc
ings act on a time scale of a few days to ~6 months 
Our results suggest that mesoscale and interannual 
variability can be equal to or greater than seasonal 
variability 
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Aspects concerning the occurrence of summer upwelling along the 
southern Bay of Biscay during 1993-2000 
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The occurrence of coastal upwelling along the southern Bay of Biscay in response to 
easterly winds shows clear seasonal variability, with peak development centred during 
the spring and summer The historical series (1993-2000) of autumn temperatures has 
allowed identification of different patterns of upwelling One of the main conclusions 
deals with the non-permanent character of the upwelling fringe along the Gahcia-
Cantabrian coast This feature is related to the magnitude, time-span and synoptic 
occurrence of the winds The occurrence of westerly winds pushes warm waters onto 
the coastal regions and leads to a reversal of the current pattern over the continental 
shelf This may affect the survival of fish recruits via reduced primary production and 
Its subsequent affect on zooplankton. 
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Introduction 

Meridional displacements of the Azores High 
govern meteorological conditions offshore of the 
Iberian Peninsula. In summer, the Azores High 
drifts towards the north and the trade winds blow 
from the northeast along the Cantabrian and 
Gahcian coast. A conspicuous upwelling appears 
along with an equatorward surface flow. On the 
contrary, the weakening or southward migration 
of the Azores High leaves the western Iberian Pen
insula under the influence of westerly winds. The 
upper layer circulation pattern is characterized by 
a poleward surface flow with absence of coastal 
upwelling. 

In the Cantabrian Sea during summer the water 
mass distributions over the shelf and adjacent areas 
depend on the strength of the upwelling. If upwel
ling is strong and persistent, there is a coastal band 
of cold, upwelled water over the shelf area, an inter
mediate zone of warm-core anticyclonic mesoscale 
eddies, and cool waters along the outer slope. On 
the other hand, if summer upwelling is weak or the 
wind regime is westerly, the picture is different, with 
warm water over the shelf and relatively cool water 
off the shelf break (Sanchez and Gil, 1999). In this 
article the changes in the upwelling strength off 
northern Spain during the 1990s are examined. 

Data and methods 

Data come from the Spanish autumn bottom-trawl 
surveys between 1993 and 2000. Sampling stations 
were distributed throughout the continental shelf, 
slope, and adjacent oceanic area to resolve meso
scale features. The wind data come from a Seawatch 
buoy anchored at 43°44'N, 6°10'W (http//www. 
puertos.es/clima.html). To show the variability in 
upwelling strength, the temperature field at 50 m 
was chosen. At this level, the horizontal temperature 
gradients are maximum and the temperature front 
between the onshore-upwelled waters and warm 
offshore waters is clearly defined. 

Results and discussion 

The early autumn distribution of water masses along 
the Cantabrian Sea depends to a great extent on the 
wind regime prevalent in July and August. Unfor
tunately, buoy wind measurements are available 
only from 1997 onwards. The wind time-series 
shows that in July-August 1997, the u-component 
of wind (east-west) was persistently negative 
(towards the west), clearly under the influence of the 
easterly trade winds. On the contrary, in 1998, the 

http://puertos.es/clima.html
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zonal wind was predominantly westerly from the 
middle of July to the end of August As a result, two 
different oceanographic situations were observed 
in the two years In 1998 (Figure IB) coastal upwel
ling was weak There was general intrusion of warm 
water over most of the Cantabrian Sea shelf area 
A radically different situation occurred in 1997 
(Figure 2B), when a strip of warm water (over 16°C) 
separated the coastal band of cold upwelled water 
from the cool offshore oceanic water 

Three different hydrographic patterns were 
observed between the years 1993 and 2000 The first 
one corresponds to a distribution of water masses 
similar to 1998 and was also observed in 1993, 1999, 
and 2000 (Figures lA-D) The upper homogeneous 
layer was deep and temperatures at 50 m were rela
tively high An intense pycnocline between 50 m and 
100 m was ubiquitous (not shown) The second pat
tern was similar to 1997 and also observed in 1994 
(Figures 2A, B) when a conspicuous temperature 

Figure 1 Temperature at 50 m (A) 1993, (B) 1998 (C) 1999 
and (D) 2000 

Figure 2 Temperature at 50 m (A) 1994, and (B) 1997 

front separated the coastal band of cold upwelled 
water from the offshore warm waters The narrow
ness of the coastal upwelling permitted a succession 
of anticyclonic warm cores eddies to develop over 
offshore areas but relatively close to the shelf 
Finally, in 1995 and 1996 (Figures 3A, B) the width 
of the cold coastal band was considerable, yet it did 
not appear as a continuous feature along the shelf 
area The non-continuous nature of the upwelling 
may reflect wind reversals 

The establishment of any of these hydrographic 
patterns brings about important, ecological con
sequences When upwelling is absent along the shelf 
area, the intense thermocline that separates the 
waters at 50 m (~\TC) from those at 100 m (~12°C) 
limits the vertical diffusion of nutrients onto the 
euphotic layer In contrast, when upwelhng takes 

Figure 3 Temperature at 50 m (A) 1995, and (B) 1996 
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place, the vertical temperature gradients are 
minimized and the vertical diffusion is enhanced 

The importance of the generation of mesoscale 
activity is also important, as shown by Gil (1995) 
and Gil et al (2002) The presence of mesoscale 
structures (cyclonic and anticyclonic rings, meander
ing fronts, filaments) has been observed to enhance 
nutnfication and to affect zooplankton and ichthy
oplankton distributions In the low upwellmg stren
gth years, the mesoscale activity is generally scarce, 
with nearly homogeneous horizontal temperature 
fields (see the 1993 temperature distribution) Con
versely, in years when the upwelling is well devel
oped (1994), there are strong horizontal temperature 
gradients and conspicuous mesoscale ring activity 

Relationships between recruitment of demersal 
fishes (such as European hake) and upwelling have 
been studied elsewhere (Sanchez and Gil, 1999, 
Sanchez et al, 2002) It is proposed that the lack 
of mesoscale generation in years under upwelling 

unfavourable winds may affect the survival of fish 
recruits via reduced primary production and its sub
sequent effect on zooplankton and ichthyoplankton 
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Temperature and salinity fluctuations along the Basque Coast 
(southeastern Bay of Biscay), from 1986 to 2000, related to 
climatic factors 
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and salinity fluctuations along the Basque Coast (southeastern Bay of Biscay), 
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Time-series of oceanographic and meteorological data collected off the Basque 
coast SE Bay of Biscay show tendencies concurring with the anomaly patterns 
described for the NE Atlantic area as a whole during the late 1980s and 1990s Tem
perature and salinity maxima were reached in the early 1990s after a period of dry and 
relatively warm winters related to the dominance of south and westerly winds In the 
SE corner of the Bay of Biscay this atmospheric regime increases the occurrence of 
Eastern North Atlantic Central Water (ENACW) over the continental shelf Other 
maxima were recorded during the second half of the 1990s but the correspondence 
between the increase of temperature and salinity and the occurrence of ENACW type 
waters is lower than in the previous period of observation It would appear that the 
same climatic regime that favours the intrusion of the ENACW into the SE Bay of 
Biscay is also associated with warm and dry weather conditions that maintain the 
temperature-salinity characteristics of the Atlantic Central Waters in this area 
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Introduction 

Oceanographic data collected at 43°30'N 2°W 
over the continental shelf of the SE Bay of Biscay 
(Figure 1) show a significant coupling with the mete
orological data collected in the same region of the 
NE Atlantic Ocean (Valencia, 1993, Valencia et al, 
1996) The monthly time-series of temperature and 
salinity (from surface to 100 m water depth) for the 
shelf waters of the Basque coast from 1986 to 2000 
show tendencies that concur with the general ano
maly patterns described for the NE Atlantic Ocean 
during the late 1980s and 1990s The simultaneous 
increase in temperature and salinity of the surface 
waters from the mid-1980s until 1992 has been 
reported by several authors, both from coastal moni
toring and from oceanic cruises, all around the 
intergyre zone of the NE Atlantic (e g Dauvin et al, 

1991, Ellett and Turrell, 1992, Valencia, 1993, Pin-
gree, 1994) This anomaly pattern has been related to 
local climatic variables (air temperature, precipita
tion minus evaporation balance, river run-off), as 
well as to external driving factors such as the atmo
spheric circulation represented by the North Atlantic 
Oscillation index (Perez et al, 1995, Valencia et al, 
1996, Perez et al, 2000) For other periods, dissimilar 
tendencies have also been reported, e g Lavin et al 
(1998) describe the increase in temperature and the 
strong decrease of salinity during the period 1991-
1995 

Results and discussion 

The Basque coast has some distinctive climatic, 
geographic, and morphodynamic characteristics and 
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Figure 1. Study area. The southeastern Bay of Biscay and the 
Basque coast. Meteorological data and SST daily data are 
from INM and from the Aquarium of San Sebastian. Gironde 
river flow data are from Bordeaux. The vectorial wind data 
are from NOAA (45°N 2°W). In situ hydrographic data are 
from D transect of AZTI starting from San Sebastian. 

is a convergence area. Calculations of the Ekman 
transport along the Spanish (east to west) and 
French (north to south) coasts indicate the domi
nance of onshore transport. Results based on vecto
rial wind data obtained from NOAA for 45°N 2°W 
give an average yearly value of 125 m' s"' km~' for 
the total Ekman downwelling in the area (Valencia 
et al., 1996). The concavity of the SE corner of the 
Bay of Biscay produces a continental influence in 
this region and hence the shelf waters of this area 
are colder in winter and warmer and less saline in 
summer than the waters of the areas located west
ward at equivalent latitudes. Hence, Eastern North 
Atlantic Central Water (ENACW) entering the SE 
Bay of Biscay is modified and frequently loses its 
characteristic T-S relationships, not only in the 
layer above the seasonal thermocline but also in the 
whole water column over the continental shelf out 
to the 120-m isobath (Valencia, 1993). 

Nevertheless, against a background of variability 
within the coastal waters, data series of temperature 
and salinity for the coastal area and the adjacent 
continental shelf reflect the general tendencies 
described for the NE Atlantic. Changes in trends of 
temperature, salinity, residence time, and the pro
portion of the water column occupied by ENACW-
type waters have been observed throughout the 
1986-2000 period. 

The observed changes may have been the result of 
a change in the magnitude of inflow of ENACW to 
the SE Bay of Biscay, or a change in the characteris
tics of that water mass (e.g. Pollard and Pu, 1985; 
Dickson et al., 1988). A combination of climatic 
parameters affecting the T-S signature of the water 

masses (the in situ modification hypothesis) and 
those determining the circulation of the water 
masses (the advective hypothesis) may be considered 
for the assessment of the cause and effect of the 
observed anomaly patterns. 

As a first approximation, the air temperature may 
be considered representative of the main thermal 
atmosphere-ocean interchanges. The precipitation 
minus evaporation balance and the river run-off 
may be considered as the main variables related 
to changes observed in salinity. The eastward and 
northward transport of water can be related to 
upwelling and downwelling, respectively, along the 
Basque and French coasts. 

Monthly averages of the atmospheric temperature 
at San Sebastian correlate significantly with the 
monthly average sea surface temperature (r̂  = 0.90; 
OK 0.0001; d.f = 178). Even if the autocorrelation 
between data sets of time-series is taken into 
account (lag 1 residual autocorrelation = 0.30) the 
relationship between air temperature and SST 
remains statistically significant (a < 0.01). 

Figure 2 shows the accumulated anomalies of 
quarterly average flow of the Gironde River, the 
precipitation in San Sebastian, and the average 
sahnity (100 m water depth) of the shelf waters along 
the Basque coast. The form of the curve of the accu
mulated river flow anomalies is similar to other 
variables related to the thermal and saline balance 
within the shelf waters (e.g. hours of sunshine, rela
tive humidity, evaporation, precipitation minus eva
poration balance), especially in the timing of extreme 
values. 

On the other hand, almost all the points within the 
hydrographic series associated with changes in the 
tendency of the T-S characteristics of the waters in 
the SE Bay of Biscay, and the occurrence of ENACW 

Figure 2. Accumulated anomalies (quarterly) of the Gironde 
River flow (solid dots), precipitation in San Sebastian (dots) 
and salinity in 100 m water column off the Basque coast 
(triangles). 
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in the area, are related to events of intensification or 
moderation of the eastward and poleward transports 
The intensification of these transports is related to 
the dominance of southerly and westerly winds that 
provide simultaneously warm and dry weather in the 
area 

It would appear that the same climatic regime 
favouring the intrusion of ENACW into the SE Bay 
of Biscay is also associated with the warm and dry 
conditions that maintain the T-S characteristics 
of the Atlantic Central Waters in this area The 
anomaly patterns and the relationships between the 
variables considered show similar tendencies to 
those observed in other areas of the intergyre zone 
of the NE Atlantic (Perez et ai, 2000) Hence, the 
series of climatic and hydrographic data for the 
Basque coast reflect the general tendencies described 
for the NE Atlantic as a teleconnected response 
related to general indices of environmental forcing 
such as the NAO 
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A standard hydrographical section in the southwestern Bay of Biscay northward 
from Santander (3°47'W, 43''30 /43°54 N) was sampled monthly from 1991 by the 
"Instituto Espanol de Oceanografia" Changes were observed in the heat content and 
temperature at the surface m the East North Atlantic Central Water (ENACW) and 
also at the Mediterranean Water (MW) layers At the surface, in addition to the typi
cal seasonal cycle that shows rapid warming m the spring and slower cooling in the 
autumn, there was also a suggestion of a warming trend, but it was not statistically 
significant Local and occasional sources of variability, such as coastal upwelhng, 
were also detected Significant warming trends were found for the shallower ENACW, 
where water mass characteristic changes occurred along the temperature salinity dia
gram (around 0 03 to 0 06°C yr '), and also for the Mediterranean influenced water 
mass, where its evolution takes place along the isopycnal surface (around 0 02°C yr ') 
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Introduction 

A standard section northward from Santander 
(43°30'N 3°47'W, 43°54'N 3°47'W) has been sam
pled monthly since 1991 from the RV "Jose Rioja" 
of the "Instituto Espanol de Oceanografia" The 
data were collected at 7 stations, for the first period 
only for upper waters and from 1993 up to 1000 m 
depth (or to the maximum depth in the shallower 
stations) using a CTD profiler (see Figure 1) 

Below the surface waters of the Bay of Biscay, 
there is a broad layer of East North Atlantic Central 
Water (ENACW) Its deeper part is influenced by 
Mediterranean Water (MW) which, after leaving 
the Gibraltar Strait, spreads off into the Atlantic 
Basin and finds its buoyancy equilibrium at this 
position Below that there is a layer of East North 
Atlantic Deep Water formed in the Denmark Strait 
and Labrador Sea (OSPAR Commission, 2000) 

Methods 

The statistical fitting of the data from the mixing 
layer, where a seasonal cycle is present, was perfor
med using annual and semi-annual harmonic terms 
in addition to a linear trend Statistical significance 
was determined using the inverse of the statistical 
F cumulative distribution function, and the confi
dence region calculated for the six fitting parameters 
(independent and linear terms and amplitudes for 
sinusoidal and co-sinusoidal for both annual and 
semi-annual terms) following Jenkins and Watts 
(2000) Such fitting makes the confidence region an 
M-dimensional ellipse and, as the functions used for 
the fitting are not orthogonal, we could not take the 
confidence intervals as the ellipse semi-axes directly, 
so they were calculated following Chelton (1983) In 
regions without a seasonal cycle we have performed 
a simple hnear fitting using the same methodology 
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Figure 1. Chart showing location of the hydrographic section 
northward of Santander, 

Upper water layer variability 

The surface water layer depends on a seasonal cycle 
of solar radiation, but is also highly influenced by 
surface currents, wind regimes, river run-off (mainly 
in the Eastern part of the Bay of Biscay), and 
coastal upwelling events (Lavin et ai, 1998). 

Upper layer water temperature does not follow a 
sinusoidal seasonal cycle but experiences a rapid 
warming period in late spring while the autumn 
cooHng process is usually less abrupt, so the semi
annual term is needed to achieve a correct fitting. 
Our data set reveals a positive warming trend for 
upper water at all stations (around 0.06°C yr"' for 
external stations and less at shelf stations where 
coastal variability is higher), but at none of the sta
tions was the trend statically significant at the 95% 
level. This is similar to the warming trend found by 
Koutsicopoulos et al. (1998) in the Southern Bay of 
Biscay, derived from SST images (0.06°C yr ') from 
1973 to 1993, and is also in accord with the winter 
warming trend shown by Pingree (1994) in the slope 
region in the same area. On the other hand there is a 
clear reduction in trends when comparing with pre
vious analysis of the data for a shorter period (Lavin 
et al., 1998). 

Central water evolution in the 1990s 

Heat content stored in the water column was cal
culated for 100 m layers from the limit of the sea
sonal cycle (200 m) down to 1000 m and fit with 
a linear trend line. At station 8 (the more oceanic 
and best sampled deep station), there was increasing 
heat content through the 1990s in all layers. The 
increases in the 200 to 500 m layers and also the 700 

to 900 m layers (from 100 to 300 kJ m ' yr ' ) were 
significantly different from zero. 

From the heat content, we calculated the average 
rate of increase in temperature for each depth layer 
assuming standard (35, 10, 0) seawater (Figure 2). 
They ranged from 0.02°C yr-' to 0.06°C yr ' in such 
regions with statistical significance, with the largest 
increase in the shallowest (200-300 m) layer and 
almost no trend in the 600-700 m layer. Unfortu
nately, the lack of data at deeper depths prevents us 
from determining whether there were significant 
trends in other water masses. 

For the shallower part of the ENACW there was 
an increase of warmer water quantity. This change 
occurred along the T-S relationship defined by the 
historic water mass characteristics. As reported by 
Perez et al. (2000), analysing the fT„=27.1 kgm"' 
(corresponding to around our 200 to 300 m depth 
branch) ENACW of the eastern North Atlantic res
ponds quickly to climatological forcing and hence 
these variations are highly correlated with the NAO 
index; an especially warm decade at the North 
Atlantic could have caused the observed trends for 
this water mass at the southern Bay of Biscay. 

In the case of the deeper layer (Mediterranean 
influenced seawater) the T-S was in fact transfor
med, showing a clear displacement towards warmer 
and salty regions. Changes were along constant, 
locally defined, density surfaces (Pingree, 1972). 

This surprising behaviour may be explained by an 
increase in outflow of MW at Gibraltar, a stronger 
northward transport of MW, a variation in the char
acteristics of the MW - or the Atlantic waters that 
mixed with it - in the mixing rate between these 
water masses, or perhaps a combination of all of 
these possibilities. In fact the warming and the inc
reasing sahnity of the Mediterranean intermediate 
and deep layers have been reported (Rohling and 
Bryden, 1992). Variations in Mediterranean water 
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Figure 2. Estimated annual increase in temperature by 100 m 
layers derived from the linear fit of the heat content. Vertical 
lines indicate the 95% confidence limits. 
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mass in the Eastern North Atlantic have not yet 
been reported, perhaps because the intense dia-
pycnal mixing which occurs during spreading, and 
the lack of homogenization of the branch until it 
reaches the southern Bay of Biscay renders analysis, 
such as the one performed by Rohling and Bryden 
(1992), difficult, since it involved compihng data 
from several stations from different cruises over a 
wide area 
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Changes in subarctic and subtropical water masses in the upper 
layer of the northern North Atlantic during the 1990s 
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Meincke, J Bersch, M Koltermann K -P , and Sy A 2003 Changes in subarctic 
and subtropical water masses in the upper layer of the northern North Atlantic 
during the 1990s ICES Marine Science Symposia 219 346-348 

Multiple occupations of transatlantic hydrographic sections at 58°N and 46°N 
between 1991 and 1999 reveal a significant redistribution of subarctic and subtropical 
water masses north of 40°N following a sharp drop from extremely high to extremely 
low values of the North Atlantic Oscillation index in 1996 and its slow recovery 
towards the end of the decade This led to significant shifts of the Subarctic Front, 
indicating a contraction and re-expansion of the Subpolar Gyre 

Keywords interannual changes North Atlantic Oscillation Northern North Atlantic 
Ocean Subpolar Gyre 

J Meincke and M Bersch Institute of Oceanography University of Hamburg 
TroploHitzstr 7 D-22529 Hamburg Germany [tel +49 40 42838 5985 fax +49 40 
42838 4644 e-mail memcke@ifm uni-hamburg de bersch@ifm uni hamburg de] K -P 
Koltermann and A Sy Federal Maritime Agency Postfach30 12 20 D-20305 Hamburg 
Germany [lei +49 40 3190 3540 fax +49 40 3190 5035 e-mail koltermann@bsh 
d400 de atexander sy(a)hsh d400 de] 

As a component of the World Ocean Circulation 
Experiment (WOCE), trans-Atlantic sections WOCE 
AlE and WOCE A2 were repeated 7 and 5 times, 
respectively, in the period 1991 1999 (see Figure 1) 
Here we report on changes in the distribution of cold, 
low saline subarctic waters and warm, saline sub
tropical waters in the upper layers of the Northern 
North Atlantic They are separated by the Subarctic 
Front (SAF), which is related to the coldest branch 
of the North Atlantic Current (Sy et al, 1992) The 
period under review is a most unusual one in the 
chmatic history of the North Atlantic, one in which 
the North Atlantic Oscillation (NAO) index evolved 
to extreme positive values until 1995 Following a 
sharp drop to extreme negative values in 1996 the 
index slowly recovered to positive values at the end of 
the decade (Dickson and Meincke, 2003) Since the 
NAO index is related to the regime of the westerlies 
over the North Atlantic, changes have to be expected 
m the North Atlantic gyre circulation 

After the dramatic drop of the NAO index in 
winter 1996 a westward shift of the SAF was 
observed in the Iceland Basin which led to a higher 
salinity of the upper 600m along AlE between 
the Reykjanes Ridge and the Porcupine Bank 
(Figure 2) The salinity increase in the order of 
0 1 is the equivalent of a net evaporation rate of 
4 7 mm day ' over 1 year (Bersch, 2001), which is 
about 5 times the estimated change ot the freshwater 

flux at the sea surface between NAO high and low 
phases (Hurrell, 1995) The temperature increase 
of the upper 600 m amounted to about 0 8°C, the 
density increase was about 0 05 kg m ' 

The westward shift of the SAF was the result of a 
reduced eastward spreading of cold, low saline, and 
dense Subarctic Surface and Subarctic Intermediate 
waters (e<7°C, S<35 0) from the Labrador Sea and 
an increased northward spreading of warm, saline, 
and less dense Subpolar Mode Water from the sub-
tropics These changes suggest a westward contrac
tion of the subpolar gyre Observations by Pollard 
et al (1999) indicate that in October/November 
1996 the 35 0 isohaline of the SAF, which was found 
in the Iceland Basin on AlE until 1995, had shifted 
to 30°W near the Charlie-Gibbs Fracture Zone, 
about 350 km westward of AlE Observations along 
AlE in 1999 show that with increasing NAO index 
the low saline subarctic water masses begin to 
re-occupy the Iceland Basin and the region off the 
Rockall Plateau and the Rockall Trough (Figure 2) 
indicating an eastward shift of the SAF and a 
re-expansion of the subpolar gyre (Bersch, 2001) 

Along A2 (Figure 3), similar temporal behaviour 
was observed east of the Mid-Atlantic Ridge in the 
West European Basin, where salinity increases are 
evidence of a northward expansion of the subtro
pical gyre in 1996 1997 At the western end of 
A2, in the Newfoundland Basin, Figure 3 shows 
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Figure 1 Location of WOCE hydrographic sections AlE and A2 and bottom topography in the northern North Atlantic 
CGFZ = Charlie-Gibbs Fracture Zone, PB = Porcupine Bank, FC = Flemish Cap 
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Figure 2 Temporal changes in the mean salinity of the upper 600 m along section AlE, recorded 7 times between September 
1991 and May 1999 The beginning of each year is indicated on the vertical axis The lower panel shows the bottom topography 
along the section (extended from Bersch et al, 1999) 

evidence of an eastward shift of the SAF in the The redistribution of subarctic and subtropical 
period 1996 to 1998 and was found at 45° W in 1997, water masses north of 40°N, associated with the 
about 200 km farther east than in 1993 A cor- pronounced weakening of the westerlies in 1996 and 
responding southward shift of the north wall of the 1997, resulted in an increase of the mean salinity of 
Gulf Stream at 70°W m 1996 and 1997 was observed the upper layer in the eastern basins and a decrease 
by Rossby and Gottlieb (1998) in the Newfoundland Basin especially west of 45°W 
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Figure 3. Temporal changes in the mean salinity of the upper 1000 m along section A2, recorded 5 times between July 1993 and 
May 1998. The beginning of each year is indicated on the vertical axis. The lower panel shows the bottom topography along the 
section (after Bersch, 2001). 

above the continental slope. A reduced eastward 
spreading of subarctic waters with the North Atlantic 
Current and an intensified southward spreading 
of subarctic waters with the Labrador Current were 
suggested, while the northward spreading of sub
tropical waters was intensified in the northeastern 
North Atlantic. This led to the corresponding shifts 
of the SAF in the different regions and thus a 
change of the shape of the subpolar gyre. 
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During the annual autumn cruises of RV "Walther Herwig" (II and III) to East and 
West Greenland, the vertical distribution of temperature down to 800-m depth was 
measured using XBTs The data presented in the article are transects that cross the 
North Atlantic Ocean at about 60°N from Cape Farewell to the Pentland Firth, taken 
between 1989 and 1999 Interannual variations in the water column are discussed At 
depths of 400 m in the Irminger Sea Proper (60°N SVW) as well as south off Iceland 
m the North Atlantic Current (60°N, 20°W), temperatures range from 3 4''C to 5 5°C, 
and from 7 4°C to 8 9°C, respectively, with 1996 being the warmest year at both sites 

Keywords Irminger Sea, North Atlantic Current, redfish, temperature 
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Introduction 

The structure of the upper ocean thermal field of the 
North Atlantic along 60°N between Cape Farewell 
and the British Isles is significantly influenced by the 
Mid-Atlantic Ridge (Figure 1) Doming of the iso
therms to the west of the ridge (Figure 2) shows the 
Irminger Sea thermal properties a deep reaching, 
nearly homogenous water mass below the upper 
thermocline The upper 1000 m of the water column 
east of the ridge comprises the waters of the North 
Atlantic Current, structured during the preceding 
summer Distribution of fish m the North Atlantic, 
e g the pelagic species redfish (Sebastes mentella) 
in the Irminger Sea, seems to depend on water mass 
fluctuations To estimate thermal variations at 
least on an annual scale, XBT-measurements were 
performed by RV "Walther Herwig" (II and III) on 
her eastbound transects crossing the North Atlantic 
Ocean during autumn 

Material and methods 

After leaving Cape Farewell (the south tip of Green
land) XBT probes were launched every 3 h until 
reaching the continental shelf off Scotland A ver
tical temperature profile was therefore obtained 
about every 30 nmi Data analysis was done in the 
German Hydrographic Office (now the Federal 
Maritime and Hydrographic Agency of Germany) 
using the technique described by Sy and Ulnch 
(1994) Plotting of vertical sections (Figures 2, 3) 

was done using Ocean Data View Software (Schlit-
zer, 2001) To estimate the temporal variation of 
temperature during 1989-1999, two test points were 
taken from the data set at 60°N, 37°W (Irminger 
Sea), and 60°N, 20°W (south of Iceland) The 
approximate locations are indicated in Figure 1 A 
polynome trend line was applied to the data points 
of the time-series to analyse thermal changes over 
the decade of the 1990s (Figures 4, 5) 

Results and discussion 

The 4°C isotherm with a dome-like shape dominates 
the Irminger Sea portion of the transect during 
1989 from a depth of 200 m downwards (Figure 2) 
It indicates upwellmg m the centre of the cyclonic 
gyre which is topographically steered by the Mid-
Atlantic Ridge Ten years later, the water mass 
structure in the centre of the Irminger Sea gyre has 
changed (Figure 3), and the < 4°C water dominates 
the water column only below 400-m depth with the 
top layer temperatures being >6°C The boundary 
between the less stratified Irminger Sea and the 
warm waters of the North Atlantic Current reveal 
temperatures well above 9°C during November 
1989, and they exceed 10°C during November 1999 
Inspection of thermal variation between 1989 and 
1999 at two points of the transect (37°W, 20°W) 
shows considerable changes during the decade of the 
1990s At 400-m depth, temperatures range from 
3 4°C to 5 5°C at 37°W, and from 7 4°C to 8 9°C at 
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Figure 1. Location of XBT stations on Eastbound Transects; rectangles 37°W, 20''W. 
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Figure 2. Vertical distribution of temperature (°C) along Figure 4. Variation of temperature in the Irminger Sea proper 
Eastbound Transect (Figure 1) during 1989. (60°N, 37°W) at 400-m and 600-m depths. 
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Figure 3. Vertical distribution of temperature ("C) along Figure 5. Variation of temperature south off Iceland (60°N, 
Eastbound Transect (Figure 1) during 1999. 20°W) at 400-m and 600-m depths. 
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20°W, with 1996 being the warmest year at both 
sites At 600-m depth the observed changes in the 
Irminger Sea are rather small, ranging from 3 2°C 
to 4 1°C South of Iceland, temperatures at 600-m 
depth range from 6 4°C to 7 8°C (Figure 5) 

The data suggest that coldest conditions were 
encountered during the early 1990s, both in the 
depths of the Irminger Sea (Figure 4) and to the 
south of Iceland (Figure 5) 

Conclusions 

The data indicate that in the main distribution 
area of oceanic redfish (Sebastes mentelld), in the 
Irminger Sea, thermal conditions varied consider
ably during the decade of the 1990s Withm the 
depth range around 400 m thermal changes were 
detected which amount to more than 2°K Whether 
the warm conditions as experienced during 1996 

have initiated the westward movement of the 
oceanic redfish stock remains speculative 
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Alcock, G , Moate, B., and Rickards, L 2003 Climate of UK waters at the millennium: 
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The UK Inter-Agency Committee on Marine Science and Technology (lACMST) has 
produced a report and website summarizing the present status and trends of marine 
physical parameters and plankton in UK waters Parameters included are sea surface 
temperature, salinity, sea level, waves, plankton, and the weather Some of these may 
be indicative of climate change. The report puts recent conditions into the context of 
longer-term trends and wider factors, for example the North Atlantic Oscillation 
(NAO), which IS a significant factor in the variation of marine parameters in UK 
waters. 

Keywords' chlorophyll, climate, NAO, nutrients, plankton, salinity, sea level, sea 
temperature, UK waters, waves, weather. 
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The effective and sustainable management of the 
UK's marine environment needs the comprehensive 
collection and use of marine data in order to assess 
its present state, identify changes, and meet future 
forecasting needs. As a first step towards this, data 
provided by a number organizations have been used 
to produce a document (Alcock and Rickards, 2001) 
for the UK Inter-Agency Committee on Marine 
Science and Technology (lACMST). This describes 
the present (1999/2000) status and trends of weather, 
climate, sea temperature, salinity, sea level, waves, 
and plankton in UK territorial waters. Some data 
from adjacent areas are included to provide a 
regional and global context. There are also some 
representative data sets of chlorophyll and nutrients. 
It is intended that this will be the first of a series of 
ocean climate status and trends reports for UK 
waters. 

This poster presentation summarizes the aims 
of the report and its conclusions; the latter illus
trated by sample time-series plots of temperature 
(Figure 1) and plankton (Figure 2). The general aim 
of the document is to demonstrate the value of 
longterm marine measurements in aiding the effec
tive management of the UK's marine environment, 
thus encouraging their commencement, their con
tinuation, or their restoration. More specific aims 
are to: 

1) stimulate further scientific study of the para
meters and their interactions 

2) increase public awareness of the present status 
and trends in UK waters 

3) enhance marine data inventories 
4) provide reference measurements for the vali

dation of, and assimilation into, operational 
marine forecasting models (EuroGOOS, 1996) 

5) enhance the use of marine indicators of climate 
change (Hulme and Jenkins, 1998; DETR, 1999), 
whether due to natural variability or as a result 
of human activity, and 

6) provide input to a wider study on Environmental 
Indicators and the State of the Seas by the UK's 
Marine Pollution Monitoring Management 
Group. 

The main conclusions of the report are: 

1) Sea surface temperatures at most sites show a 
warming trend during the 20th century, but with 
lower values in 1999 and 2000 compared to 1998. 

2) Salinity (both surface and bottom) records show 
considerable interannual variation, but do not 
indicate any overall long-term trend in recent 
decades. Generally, salinities in 1999 and 2000 
were lower than in 1998. 

3) Mean sea level, relative to the land, rose by about 
1.5 mm per year in the 20th century, but is now 
rising on average less fast than over a base period 
of 1921-1990. Trends in extreme sea levels match 
those of mean sea level closely, but there are no 
significant long-term trends in surge levels. 

4) Although there is large spatial and temporal vari
ability in wave height, there is evidence of an 
increase between the 1960s and 1990s. 

mailto:hdm@bodc.ac.uk
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Figure 1. Annual SST °C (with trend line) at sites around the UK. Note: Rockall shows anomalies from de-seasonalized averages 
over the upper 800 m with no trend line. 

5) The abundance of the zooplankton Calanus 
finmarchicus has declined in the North Sea and 
the NW Approaches since the 1960s. Elsewhere, 
numbers are relatively low and show consider
able interannual variabihty, making it difficult 
to infer any trends. 

6) The abundance of phytoplankton shows an 
upward trend since the 1960s, except in the Irish 
Sea. 

7) Any trends in nutrients, metals, or biological 
parameters are difficult to infer from existing 
measurements, because of short sampling 

duration or interannual variability in the longer 
records. 

8) There is potential to monitor the status and 
trends of chlorophyll from the operational 
SeaWiFS instrument. 

9) Changes in the North Atlantic Oscillation, and 
hence the strength of the westerly airflow, are a 
significant factor in the variation of marine 
parameters in UK waters. 

10) Contemporary data for some parameters are 
not available because measurements have never 
been made or have been discontinued. 
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Figure 2 Annual abundance of zooplankton and phytoplankton from the CPR Dotted lines with squares = colour index, solid 
line with diamonds = dbundance of Calanui fmmarchicus Note changes of scale in zooplankton abundance 

11) Much better use can be made of existing 
data, especially it processing methods are stan
dardized and data dissemination improved, 
including the timely provision ot data to users 
and national, regional, and international data 
banks 

12) The existing observation programmes provide a 
sound basis for a comprehensive observation, 
processing, and analysis programme for UK 
waters This is needed to assess the present state 
and trends of the UK's marine environment, as 
a necessary part of its effective management. 

A web version of the document is available 
(www oceannet org/UKclimate-status), etogether with 
links to other sites containing marine data and 
information 
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Frontal climatology based on advanced very high resolution 
radiometer sea surface temperatures in the eastern North Sea 
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high resolution radiometer sea surface temperatures in the eastern North Sea 
- ICES Marine Science Symposia, 219- 356-358. 

In an attempt to map the distribution of fronts within the North Sea, a two-pass filter
ing technique is used to identify temperature gradients on NOAA-AVHRR SST data 
Even with 8-day, 9-km resolution, seasonal trends in frontal regimes can be identified 
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Introduction Methods 

The remote sensing component of the EU LIFECO 
project (available at http://www.lifeco.dk) involves 
mapping and characterizing frontal conditions in 
the North Sea and Skagerrak from advanced very 
high resolution radiometer (AVHRR) sea surface 
temperature (SST) imagery. The mapped frontal 
distributions are to be used as a basis for the inter
pretation of biomass and fisheries recruitment data. 
This article describes the methodology used to 
identify areas prone to frontal activity as defined 
by steep temperature gradients. 

Materials 

SST data have been obtained from the Physical Oce
anography Distributed Active Archive (PODAAC, 
available at http://podaac.jpl.nasa.gov) and pro
cessed through a suite of spatial tools, including 
Matlab 6.1, ENVI/IDL 3.4, and MFWorks 2.6. The 
daytime satellite passes are processed as 8-day 9-km 
composites from the original GAC imagery (with 
a nominal 4-km spatial resolution) for the period 
1990-1999 and subsetted to cover the area shown 
in Figure 1. For each 8-day period, missing data (or 
cloud contaminated pixels) are removed from the 
analysis. Data are scaled to yield SST values from 
-3°C to 30°C (PODAAC, 1999). 

The present analysis investigates long-term large-
scale patterns as captured by the 8-day averages for 
the 10-year time-series. Interannual variability will 
be dealt with elsewhere. 

Frontal areas are identified using a GIS-based 
two-pass filter method. In the first stage, a low-pass 
filter with a 3 x 3 kernel is used to reduce high 
frequency noise through spatial averaging. In the 
second pass, a standard 3 x 3 Sobel filter based on 
the gradient discontinuity identifies edges and is sen
sitive to changes in both the horizontal and vertical 
directions (Jensen, 1986). 

Prior to running the filter procedure, each data set 
was interpolated landwards using an inverse dis
tance algorithm. This allowed the filter procedure 
to relax smoothly at the shoreline, effectively elimi
nating edge detection at the land/water boundary. 
At the same time, the few remaining cloud-covered 
pixels were also filled. 

Results 

The 46 resultant maps were overlain with bathyme-
tric data. A temporal analysis of the data indicates 
that there are three areas of interest; the area associ
ated with the shelf break around southern Norway, 
Dogger Bank and the inflow through the English 
Channel. These are indicated on Figure 1. In each 
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Figure 1 Location map with bathymetry Deepest (darkest) areas exceed 600 m. Dogger Bank has an average depth of 29 m. 

case, the frontal regime exhibited strong tempera
ture gradients and high variability throughout the 
seasonal cycle. 

At the shelf break, temperature gradients are 
strongest during the winter months (periods 1-16, 
43^6), producing a nearly continuous zone of fron
tal activity. By mid-May the temperature gradients 
have weakened and the appearance through the 
summer is a more confused (or complex) state. 

The inflow through the English Channel varies 
from a bifurcated state during the winter to stronger 
temperature gradients on the north side by period 
10. During the spring and summer, the pattern 
reverses, such that there is a broad zone of intense 
temperature gradients on the south side of the 
channel. 

The area around Dogger Bank shows the most 
complex regime. Frontal activity is most intense on 
the south slope during the winter. By early spring the 
northeast slope shows most activity, after which 
there is a period of calm. The fronts return late May 
on the south and southwest slope. A number of these 

features are illustrated in the frontal distribution 
map from period 6, shown in Figure 2. 

Discussion 

Even at this spatial and temporal scale, patterns 
emerge. The seasonal development of frontal regi
mes is repeated consistently over the decadal analy
sis period. The distribution of fronts through time 
and space is more complex than had been anti
cipated, based on the frontal distribution shown 
in Becker (1981). Future analysis will investigate 
the interannual variability of the distribution and 
intensity of frontal activity. 

SST values inferred from AVHRR may be repre
sentative of only the upper few millimeters of the 
water column; surface effects can mask the hori
zontal structure of temperature through the upper 
layer (Cracknell, 1999). Furthermore, thermal fronts 
are not necessarily dynamical fronts; density will not 
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Figure 2 Sample output from period 6 Areas of high frontal 
activity are shown in grey Other water areas have been 
masked out and appear white Land areas are black 

vary across the front if salinity variations compen
sate for the temperature gradient For these reasons. 
It IS wise to supplement the SST analysis with other 
data sources 
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From 1861 to 1962 daily observations of temperature and salinity were carried out in 
the Marsdiep tidal inlet near Den Helder Since 1947 similar measurements have been 
made in the Marsdiep on the coast of the island of Texel Monthly mean differences 
for temperature and salinity were determined from the overlapping years With these 
differences the Den Helder series could be extended to a homogeneous series from 
1861 until 2001 The seasonal and annual mean salinities and temperatures are 
presented. The years 1999 and 2000 were the two warmest since 1861, and 1996 
was among the five coldest years The mean annual temperatures reflect the West 
European climatic variability and are highly correlated with the annual mean air tem
perature in Den Helder Ice winters with monthly mean temperatures below 0°C occur 
generally in winters with a low NAO index The salinity shows a persistent decreasing 
tendency related to increased river discharge since the beginning of the observations. 
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The Marsdiep is a tidal inlet between Den Helder 
and the island of Texel in the northwestern part of 
The Netherlands (Figure 1). It connects the western 
basin of the Wadden Sea with the North Sea. Up 
until 1932 the large brackish Zuiderzee was con
nected directly with the Wadden Sea. In that year an 
enclosure dyke was built, and the former Zuiderzee 
became the freshwater lake IJsselmeer. The Dutch 
Wadden Sea forms an extensive estuarine environ
ment, characterized by high productivity, high 
energy fluxes, and strong hydrographic variability. 
It is a nursery for several commercial fish species, 
and a feeding ground for a number of seabirds and 
waders. In the western basin of the Wadden Sea 
the main exchange with the North Sea takes place 
through the Marsdiep. The main source of fresh
water in the western basin is the River Rhine and 
its branch, the Ijssel, via the outlet sluices in the 
enclosure dyke. Additional Rhine Water enters the 
Marsdiep via the Dutch coastal waters between 
Hoek van Holland and Den Helder. 

Halfway through the 19th century, scientific inter
est in fisheries emerged in The Netherlands, when 
it was decided to monitor hydrographic parameters 
at a series of coastal stations. One of these stations 

was situated on the Den Helder sea dyke along the 
Marsdiep and has resulted in a 140-year time-series 
of daily hydrographic observations carried out 
successively by different institutes. 

From 1861 to 1962, daily observations of tem
perature and salinity were carried out on the Den 
Helder side of the Marsdiep. Water samples were 
taken with a bucket at 08:00. The temperature 
was determined with a calibrated seawater thermo
meter. For determination of the salinity areometer 
measurements, chemical titration and conductivity 
measurements were used successively. Since 1947, 
similar measurements have been made in the 
Marsdiep on the coast of the Island of Texel, allow
ing determination of a monthly mean offset to relate 
observations on both sides of the inlet. Until 1981 
the data set was quality controlled and described 
by van der Hoeven (1982). In 1982, NIOZ took over 
responsibility for the Marsdiep series. Since March 
2000 temperature and salinity have been measured 
continuously by means of electronic sensors. 

Annual mean values are given in Figure 2. The 
water temperature in the Marsdiep is determined by 
the fast response of the air-sea interaction in the 
shallow Wadden Sea and the slower response in the 
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Figure 1 Map of the western Wadden Sea The observation 
points in Den Helder (DH) and Texel are marked with black 
dots The positions of the outlet sluices in the enclosure dyke 
between Wadden Sea and IJsselmeer are indicated with 
squares 

deeper North Sea The typical thermal response time 
of the Wadden Sea is less than 2 weeks (J Ettema, 
pers comm ) The annual mean temperature cor
relates well with the annual mean air temperature 
in Den Helder The five warmest years were 1999, 
2000, 1868, 1989, and 1863, the five coldest 1888, 
1963, 1879, 1909, and 1996 The mean annual sah-
nity has a significant correlation of -0 72 with time 
This decreasing trend is related to the long-term 
increasing trend in the discharge of the river IJssel 
and the outlet sluices in the enclosure dyke This 
IS due to a changing hydrological management of 
the Dutch waters, since such a trend is absent in 
the discharge of the River Rhine as it enters The 
Netherlands Since the enclosure of the Zuiderzee, 
the interannual variability has increased, probably 
because of the decreased buffer capacity of the 
Wadden Sea following the enclosure 

On average, the lowest temperatures are observed 
in December to March and the lowest salinities 
from January to April Since 1947, ice winters, with 
at least one monthly mean temperature near Texel 
below zero, occurred in 1947, 1954, 1956, 1963, 
1979, 1986, 1996, and 1997, characterized by a 
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Figure 2 Plot of the annual mean sea surface temperature and salinity in the Marsdiep tidal inlet from 1861 to 2000 (dotted line) 
The 10 years running mean is shown with a thick line 
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North Atlantic Oscillation index of -0 54 ± 0 32 In 
comparison, the winter NAO index for the period 
1947 to 2000 was +0 36 ± 0 14 Of 30 months with a 
mean salinity below 25 0 only 4 were not found in 
the period January to April 

The Marsdiep time-series is the last surviving of 
a number of time-series in Dutch coastal waters, 
started in the 19th or early 20th century Other 
series have been terminated because of budget cuts, 
and because responsible institutes lost interest in 
maintaining the series The temperature-salinity 
time-series from the Marsdiep is used regularly for 
biological and environmental research in the western 
Wadden Sea NIOZ intends to maintain this series 
in the future as one of a number of environmental 
time-series in the western Wadden Sea 
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Time series of salinity and temperature from the waters around Sweden have been 
constructed for the period 1960-2000 These show indications of long term variations 
especially for the surface salinity in the Baltic Proper 
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Introduction 

The seas around Sweden (see Figure 1) are charac
terized by large salinity variations In the Skagerrak, 
water masses from different parts of the North Sea 
are present The salinity is high, around 35, except 
along the Swedish and Norwegian coasts, where the 
outflow from the Baltic is transported out into the 
North Sea 

The Kattegat is a transition area between the 
Baltic and the Skagerrak Here the water is strongly 
stratified with a permanent halocline at a depth of 
approximately 15 m The deep water mainly consists 
of Skagerrak Water, while the surface layer is a 
mixture of deep water and water from the Baltic 

The upper part of the Baltic Proper is rather 
homogeneous down to about 80 m The deep water, 
which enters through the Belts and the Sound, can 
be stagnant m the inner basins for long periods In 
the relatively shallow area south of Sweden smaller 
inflows pass relatively quickly and the conditions 
in the deep water are variable The salinity in 
the Gulf of Bothnia varies from about 6 in the south 
down to 2 in the north This area is ice covered 
during winter 

The data 

The map in Figure 1 displays the position of the 
stations used in the study with the respective depth 

m parentheses Time-series of temperature and salin
ity, in the form of 5-year running means, have been 
constructed for the period 1960-2000 The results 
are based on summer measurements (Jun Aug) for 
the Baltic and spring measurements (Mar-May) for 
Kattegat and Skagerrak The reason for this choice 
IS that these seasons had the best data coverage 
for the period in question Since the analysis of the 
time-series is at an initial stage, only preliminary 
results are available at the moment 

Some preliminary conclusions 

In the 1990s the surface salinity has in general 
increased in Kattegat/Skagerrak, while the values 
in the deep water do not indicate any trend The 
temperature variations in the Kattegat/Skagerrak 
deep water show large similarities (see Figure 2) 
After peak values in the early 1990s the temperature 
decreased until 1995, since when it has been 
increasing 

In the Baltic Proper, as well as in the Gulf of 
Bothnia, the surface salinity reached minimum val
ues in the late 1960s and 1990s, as demonstrated in 
Figure 3 This pattern is coupled to the freshwater 
discharge (cf Winsor et al 2001), and its time scale 
is much longer than those associated with NAO 

At stations BY5 and BY 15 the salinity in the deep 
water has increased from a minimum around 1990 
while the temperature is fairly constant 
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kilometer 

Figure 1 Map showing the waters around Sweden and the position of the hydrographic stations The station depths are given 
in parentheses 
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Figure 2 Time-series (5-year running means) of the deepwater temperature in Kattegat and Skagerrak based on spring 
measurements 
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Figure 3 Time-series (5-year running means) of the surface salinity in the Baltic based on summer measurements 
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The long-term trend m the mean sea level of the Baltic Sea is dominated by the rise in 
global sea level and, m the northern part of the area, by land uphft Long-term varia
tions around this general trend are strongly correlated with the long-term changes of 
the North Atlantic Oscillation index (NAO) The short-term, intra-annual variations 
also show long-term changes During the high NAO index of recent decades the 
sea level in the Gulf of Finland has no longer decreased with the land uplift This 
together with the observed increase in the probability of extremely high sea levels has 
resulted m more pronounced erosion of the coastal areas than before 
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Besides the rise in global sea level and land uplift, 
the water balance plays an important role in the 
mean sea level of the Baltic Sea The amount of 
water in the Baltic Sea varies by some 370 km^ on a 
time scale of a few weeks, which corresponds to a 
change of about 1 m in the sea level Short-term 
variations on a scale of days are mainly related to 
wmdstress and differences in air pressure, but on 
a scale of months the water balance of the Baltic 
Sea is important The variability is dominated by the 
exchange of water through the Danish Straits, and 
because the Baltic Sea is nearly enclosed long-term 
variations in the water balance do not average out 
on the annual scale, nor even on a 15-year time 
scale The annual mean sea level may deviate by as 
much as 10 cm from the long-term average 

It IS clear that the water balance should somehow 
be correlated with meteorological factors Corre
lations have been reported with air temperature 
(Lisitzin, 1958) and river run-off of the Vuoksi 
(Launiainen et at, 1987) In Vermeer et al (1988) it 
was shown, however, that high river run-off cannot 
be the reason for a high sea level If that were the 
case, the river run-off would be high earlier or at the 
same time as the increased water level, but m fact 
the high mean sea level precedes a high river run-off 
by about half a year This clearly points toward a 
common external cause - the cyclonic weather dis
turbances passing over Finland and releasing rain 
and snow, and at the same time pushing water from 
the North Sea into the Baltic Sea 

Attempts to explain the water balance in the 
Baltic Sea by local winds or pressure distributions 
have been unsatisfactory When the area was 
extended to include the North Atlantic, a correla
tion between water levels and air pressure patterns 
was observed by Heyen et al (1994, 1996) 

The dominant component of the air pressure pat
terns that influence the Baltic Sea water balance 
seems to be well described by the North Atlantic 
Oscillation (NAO) (Kahma, 1999, Johansson et al, 
2001) The NAO index is defined as the normahzed 
pressure difference between Gibraltar and Iceland, 
and is a measure of the strength of the westerly flow 

The NAO index varies most during the winter and 
the best correlation seems to be between the long-
term mean sea level and the mean of winter-time 
NAO Figure 1 shows the 15-year running mean of 
winter-time NAO index (Jones et al, 1997) and the 
residual water level at Hanko The correlation coef
ficient for these long-term changes is 0 8 At the 
annual level the correlation coefficient is only 0 6, 
but the correlation is statistically more significant 
owin to more degrees of freedom 

The same high correlation between the winter 
NAO index and the residual variations in the sea 
level is evident in all the tide gauges along the 
Finnish coast (Johansson et al, 2001) Using the 
regression equation between NAO and the residual 
long-term variations of the sea level at Hanko, a 
hindcast for the mean sea level can be made 
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Figure 2 The mean sea level in the mouth ot the Gulf of Finland (Hanko) 

1980 2000 

As Figure 2 shows, the apparent steady long-term 
trend from the beginning of the 20th century chan
ged in 1970 This situation continued in the 1990s 
In the Southern Baltic Sea this has meant a rise in 
the mean sea level of about 3 mm year ' In the Gulf 
of Finland, land and sea are both rising at app
roximately the same speed, which means that the 
shoreline has become steady after centuries of slow 
shifting While this is the most conspicuous feature 
of the 1990s in the mean sea level of the Baltic Sea, 
the properties of short-term variations have chan
ged, too The probability distribution of sea levels 
has widened and the probability of extremely high 
sea levels has increased The annual maximum when 
referenced to the annual mean sea level has increa
sed from 1888 to 2000, whereas the minima have 
remained the same This has led to increased erosion 
of vulnerable shores, except in the Gulf of Bothnia 
For example. Kont (2000) has reported that in Esto
nia there has been erosion of sandy beaches almost 
everywhere in recent decades, and in some places the 
sea is advancing again 
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The surface circulation of the Nordic Seas and its variability during the 1990s is inves
tigated using current data obtained from satellite-tracked drifters We find a seasonal 
intensification of the circulation during winter and during the first half of the 1990s, 
both due to the enhanced atmospheric momentum forcing. 
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Introduction 
The near surface circulation of the Nordic Seas is 
cyclonic, with two meridional boundary currents on 
either side, the northward flowing Norwegian Cur
rent and the southward East Greenland Current. 
This general pattern has been known for a long time 
(Pettersson, 1900; Helland-Hansen and Nansen, 
1909) and is based on ship drift observations and 
geostrophic estimates. As more data became avail
able in the course of time, details were added to this 
picture. While Pettersson (1900) showed just one 
large-scale cyclonic circulation regime, Poulain el al. 
(1996) find four cyclonic gyres embedded between 
the boundary currents, tightly locked to the local 
bottom topography. In this article we study the near 
surface circulation of the Nordic Seas and the region 
south of the Greenland-Scotland Ridge using cur
rent data obtained with satellite tracked drifters 
during the 1990s. In addition to the mean flow we 
discuss the variability of the circulation on seasonal 
and interannual time scales. 

Data and methods 
Within the area between 58°N-80°N and 30°W 
.-30°E more than 50 000 buoy days of position data 

were obtained from 266 surface drifters drogued 
at 15 m depth. These drifters were deployed within 
several international programmes during the 1990s, 
such as the World Ocean Circulation Experiment. 
The data distribution in time and space is not 
uniform. During the first half of the decade the 
majority of the data were obtained north of the 
Greenland-Scotland Ridge, while during the second 
half drifters were mainly released south of the ridge. 
This limits the quality of our results, in particular 
with respect to the discussion of interannual vari
ability. Only drogued data are considered here. In a 
first step the position data were interpolated to 6-h 
time intervals and velocities calculated. Then tidal 
and inertial waves were removed from the calculated 
velocity time-series of the individual drifters using 
a low-pass filter with a cut-off period of 2 days. 
Finally we separated the meso-scale variability from 
the time-series by filtering with a cut-off of 18 days 
(Jakobsen, 2000). 

Information about the circulation can be obtained 
directly from the Lagrangian data, as in Figure 1. 
However, for the discussion of variability we trans
formed the data into "pseudo-Eulerian" averages 
(vectors in Figure 2) - a technique discussed 
by Garraffo et ai (2001) for example. This enables 
the calculation of differences between seasons and 
years. 
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Figure 1. Trajectories of the satellite tracked drifters when the 
mean flow exceeded 25 cm s ' Red lines indicate northward 
and blue lines southward movement Numbers refer to the cir
culation features discussed in the text Black lines indicate the 
1000, 2000, and 3000 isobaths. 

Figure 2. Pseudo-Eulerian description of the mean flow. The 
length of the vector scales with the velocity, but vectors in 
excess of 15 cm s ' are held fixed and marked red Numbers 
refer to the circulation features discussed in the text. The 
marking at l°W, 65''45'N represents the minimal westward 
extend of Atlantic Water found by Blindheim ei al. (2000). 

Mean circulation 

Since about half of our data are identical to those 
used in Poulain et al. (1996) we describe the mean 

circulation only briefly. The numbers refer to those 
indicated in Figures 1 and 2. 

(1) There are three branches of the eastern bound
ary current system. The coastal current and the 
two branches of the Norwegian Current, one on 
continental slope and one spreading further offshore 
towards the Greenland Basin. (2) These two outer 
branches continue into the West Spitsbergen Cur
rent, following the shelf edge and the Arctic Front 
Jet east of the Greenland Sea Basin. (3) Two 
branches of the East Greenland Current system are 
seen in the Denmark Strait, a near coastal one over 
the shelf and one on the slope originating from 
the eastern side of the Denmark Strait. Further 
south at 65°N the two branches diverge, indicating 
topographic steering. 

Blindheim et al. (2000) found that the westward 
extent of water with salinity above 35, measured on 
a 65°45'N transect, shifted between 0° and 7°W with 
changing NAO conditions. This led Blindheim et al. 
(2001) to state that a strong western branch of the 
Norwegian Atlantic Current is absent during high 
North Atlantic Oscillation Index conditions. We 
cannot confirm this finding, as our drifter data do 
show such a branch, even though the 1990s are char
acterized by the highest NAO Index conditions of 
the century. To show that our western branch is 
most likely carrying water of Atlantic origin rather 
than recirculated water, we show the minimal west
ward extent of the 35 isohaline measured in the 
study of Blindheim et al. (2000) in Figure 2. 

Seasonal variability 

To examine the seasonal variability we subtracted 
the mean Eulerian summer flow (May to October) 
from the mean winter flow (November to April) 
(Figure 3). Over most of the Nordic Seas and the 
North Atlantic the difference is positive, indicating a 
winter intensification of the circulation. This holds 
in particular for the strong eastern boundary cur
rents and jets associated with topographic features. 
The winter increase of the flow is in the order 
5 cm s"', which corresponds to about 20% of the 
mean flow, but in some areas, such as close to the 
Norwegian continental slope, it may be up to 
15 cm s"' stronger. Such seasonal variability has also 
been observed in long-term measurements with 
moored instruments, for example in the Norwegian 
Current near 63°N (Orvik et al., 1999) and in the 
east Greenland Current near 75°N (Woodgate et al., 
1999). It can be related to the strengthening of the 
wind forcing during winter (not shown), although its 
amplitude is much weaker than a direct Sverdrup 
response to the forcing would suggest. This is likely 
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Figure 3 Seasonal variability of the surface circulation, 
depicted as difference vectors between the winter mean (Nov-
Apr) and the summer mean (May-Oct) circulation. Colours 
indicate the difference in rms values 

Figure 4 Interannual variability of the surface circulation, 
depicted as difference vectors between the 1995-1999 mean 
and the 1991-1994 mean circulation. Colours indicate the 
difference in rms values. 

due to the influence of the bottom topography, 
which upsets a simple Sverdrup balance. In addition, 
the relatively stronger baroclinic forcing during 
summer keeps up the circulation during this period 
of weak wind forcing. 

Interannual variability 

The distribution of the drifter data in time allows a 
comparison of the mean circulation during the two 
periods 1991-1994 and 1995-1999 (Figure 4). The 
distribution of the differences is rather scattered in 
the regions of weak mean currents, but is clearer in 
the Atlantic inflow regime. The west Norwegian and 
West Spitsbergen currents are about 5 cm s ' stron
ger during the first period, which is comparable to 
the seasonal variability. 

For the eastern boundary currents, the weakening 
towards the second half of the decade can be related 
to the wind forcing. The windstress curl over the 
eastern Nordic seas during 1996-1997 was less 
than half of the mean during the rest of the 1990s 
(Figure 5). Our drifter data do not allow separation 
of these 2 years, but the low values could explain the 
weaker Atlantic flow during 1995-1999. 

Annual average of windstress curl 

Ï 1 

0 
1930 

Figure 5. Interannual variability of the windstress curl over 
the area 10°W-10°E, 60°N-75°N. Shown are yearly averages 
in N m 3 derived from the NCEP/NCAR data set (Kalnay 
et al, 1996) during the period 1980-2000. 

Conclusions 

The analysis of 9 years of drifter data from the 
Nordic seas shows substantial variability of the 
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Circulation, in particular within the Atlantic regime 
The variability on seasonal and interannual time 
scales IS related to, and at least partly driven by, the 
wind forcing in the region The wind-driven circula
tion in the Nordic Seas is generally thought to redis
tribute water masses, while the exchanges with the 
North Atlantic are thermohahne driven (Hansen 
and 0sterhus, 2000) However, the latter is depen
dent on the redistribution of water (Dickson et al, 
1996) Since the Atlantic Water provides the heat for 
a mild northern Europe, and the salt for maintain
ing deep convection and the thermohahne overturn
ing circulation, this aspect should also be considered 
in chmate studies in addition to the usual buoyancy 
forcing 
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Introduction 

The Ocean Weather Station Mike (OWSM) at 66°N 
2°E (Gammelsrod et al, 1992) is situated over the 
2000 m isobath on the steep slope from the Voring 
Plateau to the deep Norwegian Basin It monitors 
the deep Norwegian Sea as well as the topographi
cally locked subsurface front between Arctic Waters 
and inflowing Atlantic Water (Smart, 1984) This 
study aims to uncover some of the time dependen
cies of spectral properties in the time-series from 
OWSM, as well as investigating the possibility of 
separating vertical or cross-isopycnal motion from 
advection 

Data and methods 

The oceanic data sampling at OWSM is done 
around standard depths The program has been 
running since 1948 and consists of daily casts down 
to 1000 m and weekly down into the deep, resulting 
m the approximately 10 000 profiles of sahnity and 
temperature which were used in this study The data 
have been interpolated to standard depths by wei
ghted parabolic interpolation (Reiniger and Ross, 
1968) and to chosen isopycnal (CT,) surfaces by 
logarithmic interpolation (Fofonoff, 1962) Average 
profiles are shown in Figure 1 Monthly mean values 
were calculated from months containing more than 
one profile The depths of the chosen isopycnal 
levels were found by linear interpolation on dense 
depth interpolated a, profiles (Figure 2) 

Wavelet transforms of the monthly data have 
been found using a Morlet mother wavelet (Tor-
rence and Compo, 1997) Wavelet transformation 
IS a method of time-frequency localization of oscil
lations in non-stationary records It is similar to 
windowed Fourier transformation, but gives better 
temporal resolution due to the use of basis functions 
that are localized in time and of length according 
to their frequency (Graps, 1995) Before this spectral 
analysis, gaps in the time-series were filled by a 
local variance- and trend-conserving method using 
information from the data neighbouring the gaps 

Long-term trends 

At all standard depths there is a weak negative over
all trend in salinity This trend is stronger in the 
intermediate waters (400-1200 m), where there is 
a pronounced salinity maximum in the early 1970s 
preceding a clear hnear decrease into a fresher than 
mean 1990s (Figure 3B) In deep waters the sahnity 
breaks off from the trend with an increase since 
1997 This late 1990s salinity increase is also seen 
in the shallower waters (25-300 m. Figure 3A) 
There is a similarity between the trends on standard 
depths and those on corresponding isopycnal 
surfaces (Figures 3C, D) The trends on isopycnal 
surfaces below 400 m follow the changes in isopy
cnal depths (Figure 2), i e the freshening since the 
1970s IS accompanied by a deepening of isopycnal 
surfaces 
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Figure 1 Average profiles from OWSM in depth (A) and 
Sigma coordinates (B) Shaded regions illustrate standard 
deviation. As can be seen, these are in the pycnochne and the 
intermediate/deep waters, respectively 

There are no significant temperature trends on 
standard depths of the upper 400 m (Figure 3E). 
Between 400 m and 800 m there is a very weak 
overall cooling trend, with a stronger cooling during 
the 1990s, accompanying the freshening at the same 
depths. Deeper than 1000 m, the overall trend is 
dominated by a strong warming since 1980 (Figure 
3F) making the 1990s significantly warmer than 
average (0sterhus and Gammelsred, 1999). As 
salinity and temperature are closely allied on the 
same isopycnal surface, their time-series are nearly 
identical and temperature trends are the same as the 
salinity trends described above. Thus the abyssal 
warming is not present on the isopycnal surfaces, 
and there is a cooling trend on the shallow isopycnal 
surfaces. 

Interannual variability 

Prior to 1975 there was a pronounced 10-year period 
oscillation in the halocline (Figure 3G). There is also 
a biennial periodicity in the early part of the series 
that weakens and seems to increase its period, pos
sibly towards a persistent 5-year oscillation during 
1980-1995. On the corresponding isopycnal surface, 
this oscillation is more pronounced and shifted 
towards longer periods (Figure 31). More significant 
in this series is a decadal oscillation in the 1960s, 
changing toward a ca. 20-year period in 1980-2000, 
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Figure 2 Time-series of the depth of chosen isopycnal surfaces, smoothed by a simple I -year wide boxcar filter The thick lines 
represent the depths and isopycnal levels analysed m Figure 3. 
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Figure 3. Time-series of monthly salinity at two chosen standard depths (A, B) and at their corresponding isopycnal surfaces (C, 
D), and time-series of monthly temperature at same depths (E, F). Since salinity and temperature are closely allied on the same 
isopycnal surface, isopycnal series of temperature is also represented by (C, D). Dashed lines represent linear trends. Panels 
G-L show Wavelet Power Spectra of variance normalized by 1/CT-. White curves give "Cones-of-Influence" outside which edge 
effects affect the result. White contours enclose regions of greater than 95'/o confidence for a red noise process with a lagl coefTi-
cient of 0.72. The global wavelet spectrum is similar to a "regular" (Fourier) spectrum for the whole time-series, and here plotted 
together with the mean red noise spectrum (dashed line). 

possibly affected by edge effects in the wavelet trans
form but evident in the time series (Figure 3). In the 
deep waters, there are no persistent salinity oscil
lations present at constant depths, but sporadic 
energy is found at periods around 2.5, 4, and 8 years 
(Figure 3H). Deep isopycnal surfaces (CT,= 28.07) are 
dominated by a strong localized (possibly spurious) 
effect of the narrow maximum in the early 1970s 
(Figure 3J). 

In temperature, as in salinity, there is a biennial 
oscillation around 1960, but with a more transient 
character. Temperature series of the intermediate 
waters are dominated by a single 20-year oscillation 
(best seen in Figure 3F), but studies of time-series 

from all levels render this a result of a warm ano
maly from above in the late 1970s and the 1990s 
abyssal warming from below. There are also tran
sient 2 and 4-year cycles at 1000 m (Figure 31) 
localized around the warm anomaly around 1975. 

Discussion 

Although the changes in water properties at con
stant depths cannot be related to those on nearby 
isopycnal surfaces, they can be attributed to water 
movement perpendicular to isopycnals (usually 



374 J E 011 Nilsen 

vertical movement) If on the other hand changes 
occur concurrently on isopycnal surfaces and con
stant depths, one can suspect they are also seeing the 
effects of isopycnal (horizontal) water motion Most 
trends and interannual variability show similarities 
between properties on isopycnal surfaces and at con
stant depth, indicating that these changes are advec-
ted into the area High frequency variability, on the 
other hand, is markedly more pronounced at con
stant depths, and must be attributed to oscillation of 
the isopycnals (Figure 3A, C) 

With the water structures in the pycnocline at 
OWSM (Figure 1), changes in depth of isopycnal 
levels caused by vertical motion should be in 
phase with both salinity and temperature variations 
The overall freshening since 1970 as well as most 
of the interannual variability of salinity are in 
opposite phase with the depth of the isopycnal sur
faces (Figure 2), indicating that changing isopycnal 
depths do not determine the changes in salinity 
Temperature, on the other hand, seems to be 
in phase with isopycnal depth, and not strongly 
related to its counterpart on the isopycnal surface 
(Figures 2 and 3E, F), which is not surprising since 
changes in surface temperature have the strongest 
influence on the mixed layer depth 

Summary and conclusions 

Trends and interannual variability are in most cases 
coherent at constant depths and on isopycnal sur
faces, and thus results of (isopycnal) advection into 
the area High frequency variability can be attri
buted to oscillation of the isopycnal surfaces, and 
thus separated from the advection by this method 
The Wavelet analysis of interannual variability 

shows no clear or persistent periodicity throughout 
the series, but there is evidence of transient oscilla
tions often in a bimodal structure with variability in 
both 2 5 year and 10 20 year bands 
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The transformation rates of upper water into intermediate water (500 to 1600 m) of 
the central Greenland Sea are deduced from annual changes in CFC tracer inventories 
between 1991 and 2000 Transformation was found to be intermittent in time, mainly 
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Introduction 
The Greenland Sea is a prominent site for water 
mass transformation. Its wind-driven cyclonic circu
lation causes a doming of the isopycnals towards 
the gyre center that promotes convection due to 
winter-time buoyancy loss. Convection to interme
diate depth (of the order of 1500 m) was observed 
frequently from the late 1980s, whereas deeper con
vection was never directly observed. The convection 
to intermediate depth forms Greenland Sea Arctic 
Intermediate Water (GSAIW) (Swift and Aagaard, 
1981; Blindheim, 1990). Here we explore formation 
rates of GSAIW for the time interval 1991 to 2000 
combining hydrographic and transient tracer data 
along a 75°N section crossing the Greenland Sea 
gyre. 

Characteristics and formation of 
GSAIW 

The convection process is the first step in the process 
of ventilating the ocean's interior. The intensity of 

atmospheric heat loss is the major driver in the pro
cess, whereas salt fluxes play a role at least in trig
gering convection of surface water (Rudels, 1990). 
Variable surface forcing leads to variable transfor
mation of upper waters in terms of transformed 
volume and tracer characteristics. 

The temporal evolution of temperature and 
CFC 11 (Figure 1) show a deep penetration of trac
ers during the winters of 1994/95 and 1999/2000 as a 
consequence of convection and subsequent transport 
into the interior. In particular, these convection 
events changed the CFC inventories substantially 
(Figure 2). 

Formation rates were calculated as the amount of 
mixed-layer water needed to produce the observed 
change in CFC inventory. As the ocean does not 
lose CFCs through its surface (in contrast to for 
example heat) and atmospheric time histories are 
quasi-constant over the period considered in this 
study (Walker et ai, 2000), inventories can be ass
umed either to increase or remain quasi-constant, 
as upper waters have only weak lateral gradients. 
Thus, our strategy was to calculate the height of a 
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Figure 1 Temporal evolution of potential temperature (°C. left) and CFC 11 (pmol kg"'; right) between November 1991 
and May 2001. Note the convective events in winter 1994/1995 and 1999/2000 bringing cold water with high CFC 11 signals to 
intermediate depths. Contours are produced assuming that the tracer signal is imprinted in March of each year of observation. 
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Figure 2 Change in CFC 11 and CFC 12 inventories 
(1x10 ' mol) considering an area of 4 5 x 10'" m' and a depth 
range from 500 to 1600 m Note the inventory change between 
1994/95 and 1999/2000 

column of upper waters required to yield the obse
rved increases in the CFC inventory over time. We 
assumed that the Atlantic Water layer plays a role in 
the convection process and analyzed the changes in 
inventories in the water column that reaches from 
below the core of this layer (500 m depth) to a depth 
of 1600 m, where no increase in CFC was observed 
during the 1991 to 2000 time interval (Figure 1). 

For CFC 11 we found an increase in the inventory 
of about 30 to 40 kmol in both winters with 
corresponding values for CFC 12 between 20 and 

30 kmol (Figure 2). This translates into replacement 
of a water layer of 100 to 200 m depth, correspond
ing to volumes between 4.5 and 9x lO'̂ ^m', respec
tively (radius of gyre 1.2 x 10'm). These numbers 
assume that the CFCs are completely confined in 
the gyre after convection and only "older waters" 
are removed from the gyre by the addition of rec
ently ventilated, high CFC waters. However, con
sidering a 50% entrainment of "older water" with 
a pre-convective CFC inventory, water equivalent 
to a column of about 300 m thickness has to be 
exchanged to yield the observed increase in CFC 
inventories. 

Export of newly formed water 

The related export of water from the convective site 
(subduction) is most likely caused by isopycnal eddy 
transfer, as shown by Khatiwala and Visbeck (2000) 
for the Labrador Sea. They found a relaxation time 
of the density field in the order of 7 months. Using 
this value we obtain a transport between 0.3 and 
0.6 Sv for both winters, which increases to 0.9 Sv 
using a 50% entrainment. The annual average trans
port is in the order of 0.1 to 0.2 Sv, because only 
two major convection events occurred during the 10 
years for which data were analyzed. The average 
numbers compare well with the findings of Rhein 
(1996) averaging over the 1980s and early 1990s. 

Although a salinification of the intermediate layer 
is observed over the 10 years, interannual salinity 
changes do not appear to be significant. In contrast, 
temperature is affected in a sense that the convec
tion interrupts the general warming trend in the 
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layer (0.02 K yr^') by holding the average tempera
ture at a constant level between successive winters 
Surface heat fluxes calculated from this value yield 
reasonable values of about 20 W m"̂  if averaged 
over 1 month or 75 W m"̂  if averaged over 1 week 

Conclusions 

The transformation of surface water into intermedi
ate water in the Greenland Sea during the 1990s was 
found to be intermittent m time (two mam events) 
and associated with an average transport of about 
0 2 Sv Frequently, the North Atlantic Oscillation 
(NAO) index is used as indicator for the atmo
spheric forcing and thus convection activity A posi
tive (negative) index is related to weak (strong) 
convection activity in the Greenland Sea Since 
the mid-1970s, a generally positive NAO index (with 
a few exceptions) prevailed and the highest values 
were observed in the 1990s Thus, if this correlation 
holds, low GSAIW formation rates are not sur
prising As the GSAIW spreads into the Nordic 
Seas, lower formation rates may have consequences 
for the ventilation of the deeper waters in this 
region However, the present data set is not suf
ficiently dense to provide hard evidence for such a 
conclusion 

Acknowledgements 

We thank the crew of the RV "Johann Hjort" 
as well as all the cruise participants for helping 
to collect the data over the years The study 
was supported by the National Oceanographic 
and Atmospheric Administration through grant 
NA86GP0375. 

References 

Blindheim, J 1990 Arctic Intermediate Water in the 
Norwegian Sea Deep-Sea Research, 37 1475 1489 

Khatiwala, S , and Visbeck, M 2000 An estimate of the 
eddy-mduced circulation in the Labrador Sea Geophysical 
Research Letters, 27 2277-2280 

Rhein, M 1996 Convection in the Greenland Sea, 1982-1993 
Journal of Geophysical Research, 101 18183 18192 

Rudels, B 1990 Haline convection in the Greenland Sea 
Deep-Sea Research, 37 1491 1511 

Swift, J H , and Aagaard, K 1981 Seasonal transitions and 
water mass formation in the Iceland and Greenland Sea 
Deep-Sea Research, 28 1107-1129 

Walker, S J , Weiss, R F , and Salameh, P K 2000 Recon
structed histories of the annual mean atmospheric mole 
fractions for the halocarbons CFC-ll , CFC-12, CFC-I13 
and carbon tetrachloride Journal of Geophysical Research, 
105 14285-14296 



ICES Marine Science Symposia, 219 378 381 2003 

Direct measurements of heat and mass transports through Fram 
Strait 

Eberhard Fahrbach, Gerd Rohardt, Ursula Schauer, Jens Meincke, 
Svein 0sterhus, and Jennifer Verduin 

Fahrbach E , Rohardt, G , Schauer, U Meincke, J 0sterhus S and Verduin, J 
2003 Direct measurements of heat and mass transports through Fram Strait ICES 
Marine Science Symposia, 219 378 381 

To determine volume and heat transports through Fram Strait, an array of current 
meter moorings was maintained in the Strait between 1997 and 2001, with annual 
redeployments The transports obtained by averaging the monthly means from the 
first 2 years were 9 5 Sv to the north and 11 1 Sv to the south (ISv = lO'm's ') The 
net transport over the 2 years was 4 2 Sv to the south, taking into account that there 
IS some recirculation from the eastern to the western side of the transect which has a 
meridional offset of 10 nmi The northward transport consists of about 50% of Atlan
tic Water, of which about 65% recirculates north of the transect The northward heat 
flow, 85% of which is by Atlantic Water, is 16TW (1997/1998) and 41TW (1998/1999) 
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Introduction 

Exchanges between the North Atlantic and the 
Arctic Ocean result in the most dramatic water mass 
conversions in the world ocean warm and saline 
Atlantic waters flowing through the Nordic Seas 
into the Arctic Ocean are separated by cooling and 
freezing into shallow fresh waters (and ice) and 
saline deep waters The outflow from the Nordic 
Seas to the south provides the initial driving of the 
global thermohaline circulation cell, the one to the 
north is of major impact to the large-scale circula
tion of the Arctic Ocean Measuring these fluxes is a 
major requirement to quantify the turnover rates 
within the large circulation cells of the Arctic and 
the Atlantic Oceans and a basic condition for under
standing the role of these ocean areas in climate 
variability on interannual and decadal scales 

Data 
With the aim of assessing the accuracy of the 
transport estimates which can be obtained by direct 

measurements, 14 current meter moorings were 
deployed in Fram Strait from September 1997 until 
August 2001, with replacements m September of 
1998, 1999, and 2000 (Figures 1, 2) The recovery of 
the present array is planned for 2002 after a 2-year 
deployment period From 1999 to 2000 the 3 central 
moorings (F7, F8, and F9) were omitted The 
moored instruments covered the water column from 
10 m above the seabed to approximately 60 m below 
the surface Three moorings in the East Greenland 
Current were equipped with upward-looking Dop-
pler Current Meters reaching to the sea surface 
In the horizontal the measurements extend from 
6°5rw (the eastern Greenland shelf break) to 
8°40'E (the western shelf break off Spitsbergen), on 
a line along 78°50'N on the eastern part and along 
79°N on the western part of the transect The flow 
field through the Strait was compiled by interpo
lation based on the records of 40 current meters 
for the first year and 45 for the second The tem
perature and salinity distributions were obtained 
with significantly higher spatial resolution by CTD 
measurements during the cruises 
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Results 

Monthly volume transports were calculated from 
the velocity field interpolated over the cross-section 

W 15' 15' E 

Figure 1. Map of Fram Strait with the positions of moorings 
deployed during VEINS and until 2001. 

of Fram Strait. Because of the superimposed eddy 
field, 1 month is the shortest period for sufficient 
averaging to reduce aliasing by eddies and still to 
resolve the seasonal variation (Fahrbach et al., 
2001). The transports obtained by averaging the 
monthly means from the 2 years were 9.5 Sv to the 
north and 11.1 Sv to the south (1 Sv= 10''m's"')-
However, it has to be taken into account that the 
eastern and western parts of the section are meri-
dionally shifted by 10 nmi (Figure 1). The average 
recirculation across this 10-nmi-wide section is 2.6 
Sv to the west on. Taking into account this recircu
lation, the net transport over the 2 years is 4.2 Sv to 
the south (Fahrbach et al. 2001). The monthly trans
ports reveal an intensive seasonal variation with 
large northward transports in winter and weaker 
ones in summer. This is reflected in the net transport 
time-series with southward transports in May/June 
and northward ones in February and April. Strong 
semi-annual fluctuations are superimposed. The 
results of transport calculations depend strongly on 
the applied schemes, which take into account the 
non-linear character of transports with a variable 
regional extent. Uncertainties due to different inter
polation schemes and the way gaps caused by failing 
instruments are closed in the time-series are in 
the range of 1 to 2 Sv. This uncertainty affects the 
estimates given below in the range of 20%. 

Forty-five percent (1997/1998) and 55% (1998/ 
1999) of the northward transport across the transect 
consists of Atlantic Water defined by water with a 
temperature above 1°C. From the Atlantic Water 
80% (1997/1998) and 50% (1998/1999) recirculates. 
The northward heat flow of Atlantic Water (rather 
temperature flow relative to -0.1 °C due to the 
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Figure 2. Vertical transect across Fram Strait with the moored instruments deployed from September 1997 to September 1999. 
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Figure 3. Monthly averages of volume transports through 
Frain Strait by Atlantic Water (temperature above 1°C) and 
of associated temperature transports (relative to -0.1 °C) 
determined from the data of the moored instruments as an 
indicator of the heat transport 

unbalanced volume flow) across the complete sec
tion results as 16TW (1997/1998) and 41TW (1998/ 
1999) (Figure 3). In both years, 85% of the heat 
transport is caused by the flow of Atlantic Water. 
The reference temperature of -0.1 °C was selected 
in agreement with Aagaard and Greisman (1975) 
and Simonsen and Haugan (1996) to obtain results 
which can be compared with earlier work. The 
obtained range of heat transports suggests an inter-
annual variation of 50%. During both years the 
transport was within the range of previous estimates 
(e.g. Simonsen and Haugan, 1996). The transport 
has its maximum in winter and varies by about 50% 
within the annual cycle. The variance is mainly due 
to volume transport variability and only to a minor 
extent to temperature fluctuation. The time-series 
IS still not long enough to address decadal time-
scales. However, it gives a hint on the effort which 
IS needed to eliminate seasonal and interannual 
variations before longer time-scales can be assessed 
properly. 

It is planned to continue the measurements to 
obtain a reliable estimate of the interannual vari
ability of the transports and the effect on the Arctic 
Ocean. Different possibihties will be examined to 
reduce the number of instruments and moorings. 
Since the currents are highly barotropic, measure
ments with bottom pressure recorders, after careful 
calibration, might allow better estimates of trans
port variations. Bottom pressure variations related 
to transport variations can be expected under the 
assumption of a geostrophically balanced barotropic 
current. Their seasonal range is derived from current 
meter records by calculating the horizontal profile 
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Figure 4 Monthly averages of the barotropic velocities (solid 
line) along the transect across Fram Strait determined from 
the moored instruments for February (top) and August 1999 
(bottom) and the associated northward (left) and southward 
(right) volume transports given as numbers (ISv = lO'm's '). 
The dashed line indicates the equivalent bottom pressure 
profile, which is derived from the barotropic currents relative 
to the western end of the transect and expressed in sea-
level elevation (cm) under the assumption of geostrophic 
equilibrium. 

of bottom pressure relative to western end of the 
transect for two seasons (Figure 4). It is in the range 
to be measured by available pressure recorders, 
which were deployed in the meantime. Omitting 
moorings in the recirculation area in the centre of 
the Strait does not seem promising, since 30% of 
the volume transport will then not be captured. 
Correlation of transport time-series with monthly 
mean zonal current velocities at selected locations 
seems promising. However, results based on 2-year 
long time-series cannot simply be transferred onto 
longer periods, since the present time-series are 
dominated by the annual cycle. Consequently a 
longer evaluation period is needed. 
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Interannual variability in hydrobiological variables in the coast of 
A Corufia (NW Spain) from 1991 to 1999 
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Gonzalez N Bode A Varela M and Carballo R 2003 Interannual variability 
in hydrobiological variables in the coast of A Coruna (NW Spain) from 1991 to 1999 
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Results of monthly sampling al a 70 m deep shelf station off A Coruna (NW Spain) 
trom 1991 to 1999 illustrate the relationships between changes in biological producti 
vity seasonal upwelling and interannual changes in the composition of Eastern North 
Atlantic Central Waters (ENACW) During most ot the 1990s the North Atlantic 
Oscillation (NAG) index was positive resulting in warm and wet weather off NW 
Spain It also produced a subsurface poleward current which transported ENACW of 
high salinity and low nutrient content In contrast negative NAO index values in 1995 
and 1996 coincided with the return of low salinity nutrient rich ENACW 

Key words North Atlantic Central Water North Atlantic Oscillation nutrients 
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Introduction Interannual variability in upwelling 
waters 

Biological productivity in the Gahcian Shelf (NW 
Spain) strongly depends on the seasonal upwelling 
of nutrient-nch Eastern North Atlantic Central 
Waters (ENACW) driven by northeasterly winds 
from spring to autumn (Blanton et al, 1987) The 
intensity and duration of the upwelling period is 
known to vary between years but there is limited 
information on other sources of variability such as 
the nutrient load of the upwelled waters Here we 
report results trom monthly sampling from 1991 to 
1999 at a 70-m-deep shelf station off A Coruna 
Water properties were measured with a CTD and 
dissolved nutrients and chlorophyll concentrations 
were analysed from water samples collected with 
bottle casts (Casas et al 1997) An upwelling index 
was calculated following Blanton (/«/ (1987) Vari
ability in large-scale atmospheric processes in the 
study area was taken to be reflected in the North 
Atlantic Oscillation index (NAO), as calculated by 
Hurrell (1995) Our objective is to illustrate inter
annual differences in the physical and chemical pro
perties ot the upwelling waters and of concurrent 
changes in biological production 

Episodic upwelling events, indicated by relatively 
cold, high-chlorophyll surface water and nutrien-
trich subsurface water were clearly identified in 
all years of the study Temperature at 70-m depth 
and the upwelling index follow similar patterns 
(Figure 1) However the characteristics of the 
upwelled water were fairly variable (Figure 2) For 
instance, in 1992 and 1993 upwelling during the 
spring was characterized by water of high salinity 
(>35 8 psu) and low nutrients (5 |iM NO,) This type 
of ENACW was associated with persistent south
westerly winds, which also leads to a subsurface 
poleward current along the western Iberian Penin
sula (Fiuza et al 1998) Low-sahnity nutrient-rich 
(12nMN0,) ENACW returned m 1995 and 1996 
when the spring chlorophyll concentrations remain
ed high and even increased during the summer (i e 
August 1995) Such conditions usually accompany 
northerly winds (Dickson el al, 1988) Also the 
unusual persistence of harmful algal blooms in 1995 
suggests that these nutnent-rich ENACW might 
favour blooms of toxic phytoplankton species 
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Figure 1. Upwelling Index (m-s"'x 1000) and the 70-m depth temperature (°C) during the sampling period. 

1991 1992 1993 1994 199S 1998 1997 199B 1999 

Nitrate (MM) 

C North Atlantic Oscillation (NAO) 

Figure 2. Decadal distribution of: (a) Nitrates (ng-at. N 1'), 
(b) salinity, and (c) North Atlantic Oscillation Index. 

Interannual climatic variability 

Positive NAO values are associated with more 
frequently southwesterly winds that bring warm and 
wet weather off northwestern Spain and produce 
a warm, high salinity poleward current. Negative 
NAO values lead to more northerly winds that 
result in cold, dry air and an equatorward current 
carrying cooler, lower salinity water. Values of 

NAO from 1990 to 1999 exhibited considerable vari
ability with a tendency to be positive over most of 
this period. As a consequence, episodic upwelling 
events were often associated with the high salinity 
ENACW and only between 1995 and 1996 when 
there was persistent upwelling associated with 
negative NAO values was low-sahnity ENACW 
observed, consistent with Dickson et al. (1988). We 
postulate that the origin of the ENACW, which 
upwells near the coast, influences biological produc
tion in the study area through differences in nutrient 
inputs, along with variable water stability gradients 
induced by differences in salinity between water 
layers in the upper water-column. 
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Inter- and intra-annual variations in the stratification, timing, and 
intensity of phytoplankton blooms in the Central North Sea in the 
1990s 
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Nielsen, M. H., and St. John, M. 2003 Inter- and intra-annual variations in the strati
fication, timing, and intensity of phytoplankton blooms in the Central North Sea in 
the 1990s. - ICES Marine Science Symposia, 219- 384-386 

A model for thermal stratification has been coupled with a biochemical model includ
ing one nutrient (dissolved inorganic nitrogen) and one type of phytoplankton (dia
toms) The coupled model has been applied to the central North Sea for the period 
1990-2000 The results show considerable variations within and between years as a 
function of differences in meteorological forcing In terms of total primary produc
tion, outstanding years of the 1990s are 1991. 1998, and 1999. Most prominently, 1991 
has both a high peak in net primary production and a spring bloom of long duration. 
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Introduction 
The spatial and temporal dynamics of the North Sea 
ecosystem are dependent upon vertical mixing 
processes which modify the availability of light and 
limiting nutrients for phytoplankton production. 
In order to examine the effects of inter and intra-
annual variations in stratification on ecosystem 
dynamics in the 1990s we coupled a model for 
thermal stratification and a biochemical model with 
variables for hmiting nutrients and phytoplankton 
biomass. The coupled model was then used to study 
the historic conditions in the central North Sea 
(roughly at 56.5°N 2°E - see the map in St. John 
et ai, 2003), where the influence of frontal (i.e. 
horizontal) processes can be neglected. 

Materials and methods 

The model for thermal stratification (thoroughly 
described in Nielsen and St. John, 2001) is a poten
tial energy model based on the energy equation for 
turbulence (Bo Pedersen, 1986). It is driven by heat 
input from the atmosphere and input of mixing 

energy from tidal current and wind. The boundary 
data are obtained from meteorological observations 
from the Ekofisk oil platform located near the study 
area. Examples of the boundary data can be found 
in Nielsen and St. John (2001). 

The biochemical model is as presented by 
Sharpies and Tett (1994) and is based on dissolved 
inorganic nitrogen (DIN) as the limiting nutrient 
and utilizes the rates of uptake and growth typical 
for diatoms as the modelled phytoplankton. The 
biological model is driven by the availability of light 
and nutrients as calculated from the stratification 
model. 

Results 

Figure 1 shows the model output for 1997 (the 
boundary data for this year can be found in St. John 
et ai, 2003), a year that is characterized by a rapid 
build-up of stratification starting on 25 April and 
leading to a high chlorophyll peak in the surface 
layer of almost 20 mg m"\ A mixing event, due to 
cold and dry air around 5 May, accounts for entra-
inment of nutrient-rich bottom layer water into the 
euphotic zone causing a bloom that persists for a 
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Figure 1 Model output for 1997 Top stability of the water 
column Second from top upper layer temperature (thick solid 
line) lower layer temperature (thick, dashed line) observed sea 
surface temperature (thin solid line) Third from top upper 
layer DIN Bottom upper layer chlorophyll concentration 
(thin, solid line), depth-mean chlorophyll concentration (thick 
line) 

couple of weeks However, owing to the strong sta
bility of the water column the depth-mean chloro
phyll concentration amounts to only 7 mg m ' The 
fall bloom commences in the middle of August 
owing to two strong wind events and is fed by more 
entramment due to wind as well as cooling 

Figure 2 shows the model output for 1998, a year 
characterized by a month-long period beginning on 
20 March, during which stability exists but is weak 
This allows for both the building up of the phy
toplankton biomass as well as a continuous input of 
nutrients, thereby leading to a very high depth-mean 
chlorophyll concentration This year is also char
acterized by a strong wind event in July, causing a 
small midsummer bloom, and a relatively calm fall 
leading to a prolonged and not so intense fall 
bloom 

Figure 3 shows the calculated depth-integrated 
chlorophyll concentration for 1991 and 1997, two 
contrasting years of the 1990s, compared with the 

Figure 2 Model output for 1998 See legend for Figure 1 
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Figure 3 Calculated depth-integrated chlorophyll for 1991 
(dashed line), 1997 (dotted line) and as daily mean from 1990 
to 2000 (thick, solid line) 
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mean situation in the 1990s Other outstanding 
years of the 1990s in terms of high productivity are 
1998 and 1999 

Conclusions 

Timing, intensity, and duration of phytoplankton 
blooms are important aspects that can influence the 
transfer of biomass to higher trophic levels of the 
food chain Resolution of inter and intra-annual 
variations in phytoplankton blooms, a necessity for 
resolving the effects of chmate variability on ecosys
tem dynamics, requires consideration of the tempo
ral variation of heat input and mixing by wind and 
tide as well as the build-up of biomass Following 
our coupled modelling approach we have identified 
years of highly variable climatic forcing during 
the spring period which are associated with high 
total primary production, prominent examples being 
1991, 1998, and 1999 

In particular we find 1991 to be the outstanding 
year in the 1990s, having both a high peak in net 
primary production as well as a spring bloom of 
long duration Future research in the EU funded 
LIFECO programme will examine the variations 

in higher trophic level dynamics resulting from 
variation in North Sea mixing processes 
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Increased phytoplankton production in the Gullmar Fjord, Sweden, 
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duction in the Gullmar Fjord, Sweden, 1985-1999. - ICES Marine Science Symposia, 
219 387-389 

We analyse a 15-yedr time-series comprising 280 single in situ measurements. Using the 
'''C-incorpordtion technique, the study was carried out at a station in the mouth area 
of the Gullmar Fjord on the western coast of Sweden. Primary production estimates 
show a general increase between 1985 and 1999 of approximately 2 7 gC m ^ year"', 
representing approximately 1 1% of the total annual production The possible causes 
behind this and some of the resulting ecological effects are discussed. 

Keywords Gullmar Fjord, North Atlantic Oscillation (NAO), primary production, 
Skagerrak, time-series. 
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Introduction 

The pelagic ecosystem of the Gullmar Fjord and 
adjacent waters on the west coast of Sweden has 
been studied since the late 1970s, principally in rela
tion to oceanographic variability in the Skagerrak 
and the possible influence of climatic forcing on this 
area (Lindahl and Hernroth, 1983; Andersson and 
Rydberg, 1993; Heilmann et al, 1994; Lindahl et al., 
1998; Belgrano et al., 1999). The hydrographic 
features of the waters along the Swedish west coast 
are strongly influenced by low salinity Baltic water, 
which causes stratification in the Kattegat and 
coastal waters of the Skagerrak. 

Phytoplankton productivity has been measured 
at the mouth of the Gullmar Fjord since 1985. 
While elevated values of primary production are 
observed during spring (March-April), the highest 
contribution to annual production occurs during 
May-September (Lindahl, 1995). 

In this article we examine whether the primary 
productivity increased during the period 1985-1999. 

Materials and methods 

Primary productivity was measured in situ by the 
'**C-incorporation technique at 10 depths (0, 1, 2, 3, 

4, 6, 8, 10, 15, and 20 m), following the recommen
dations of the Baltic Marine Biologists (Baltic 
Marine Biologists (BMB), 1976). A total of 280 sets 
of measurements were taken between 1985 and 1999 
with the annual number varying between 12 and 24. 
There was an increase in sampling frequency during 
the summer half of the year. Dark-bottle incuba
tions were performed at 0 and 20 m. The incuba
tions were carried out during a 4-h period around 
noon and the results were transformed into daily 
production by the light factor method (BMB, 1976). 
The annual production of each year was calculated 
using linear interpolation between measurements. 

Linear regression analysis was employed to deter
mine the presence of a trend in the moving averages 
of the monthly mean productivity time-series as well 
as of the annual production time-series. Use of the 
slope of the linear regression line to test for trends 
requires that the residual observations (the differ
ence between observed values and values predicted 
by the regression function) are random, normally 
distributed, and uncorrected. We applied a runs 
test to analyse for randomness, the W and normal
ized W statistics devised by Royston (1982) to test 
for normality (this method is in turn based on the 
Shapiro-Wilk non-parametric procedure), and the 
Durbin-Watson test to test for correlation between 
consecutive residuals. In case these assumptions are 
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not fulfilled, the non-parametric Kendall x test 
has to be used instead (Kendall, 1948, Kendall and 
Ord, 1990) This test considers the time-series as 
a whole rather than just the differences between 
neighbouring values (Legendre and Legendre, 1998) 

Results 

The monthly mean productivity (Fig 1), calculated 
from measured 1-day productivity values, showed 
no significant trend However, using 12-month 
moving averages of the monthly mean productivity, 
the presence of a significant trend (T = 0 250, 
p = 0 1%) was found, suggesting that the monthly 
mean productivity had increased during the period 
1985-1999 (the residuals were not normal and were 
correlated, so we had to re-utilize the Kendall test) 

Furthermore, the 3-year moving average of the 
annual production was also tested for a trend using 
linear regression analysis (here the residuals are 
random, normal and uncorrelated) The slope of the 
regression line was found to be 4 02 and significant 
at the 2% level for 11 degrees of freedom 

The mean annual increase in production during 
1985 1999 was estimated by taking the difference 
between the mean production of the first 5 years of 
the time-series (P„ „g, „89= 224 gC m ') and the last 
5 years (P^ 1995 1999= 265 gC m ') This difference of 

Figure 1 Monthly means of I-day measured primary 
productivity 1985 1999 
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Figure 2 Calculated annual primary production 1985 1999 
Line shows trend indicating an annual increase of I 1'/ 
corresponding to an increase of 2 7 gC m year ' 

41 gC m ' corresponds to an increase of 2 7 gC m ' 
year ', which is 1 1% of the annual mean production 
of the whole time-series (?„, „j, ,999 = 248 gC m -) 
This increase in annual production corresponds 
approximately to the production of two summer 
days each year, or the production of one summer 
month during the whole period 

Discussion 

Several studies have examined the effect of weather/ 
climatic forcing on physical chemical processes in 
relation to primary productivity of the Gullmar 
Fjord Their results suggest the presence of an 
indirect link between the North Atlantic Oscillation 
index (NAO), the supply of nutrients to the Kat
tegat, wind direction, and primary production 
(Lindahl et al, 1998, Belgrano et al, 1999) Statisti
cal models suggest that with no lag winds play an 
important role through mixing and the subsequent 
availability of nutrients to the euphotic zone Winds 
and the NAO index were important to primary pro
duction at lags of 1 month (Belgrano et al, 2001) 
Another study carried out just outside the mouth 
area of the Gullmar Fjord showed that deep water 
nitrogen concentration was the most important 
factor determining chlorophyll concentrations of the 
surface water, but the exact transport mechanism 
IS unknown (Hagberg, 2002) 

Although phosphate supply to the Kattegat/ 
Skagerrak area has decreased, nitrate supply has 
been unchanged or decreased since 1985 (Forum 
Skagerrak, 2001) These results indicate that the 
nutrient supply did not cause the observed increase 
in primary production A hypothesis to be tested 
in the future is whether the availability of deep-
water nutrients has changed over time as a result 
of the climate forcing caused by the strong positive 
NAO index during the late 1980s and especially 
during the 1990s (http//www cgd ucar edu/cas/ 
papers/science 1995/Figl_update html) Long-term 
changes in macroalgal vegetation of the inner parts 
of the Gullmar Fjord (Eriksson et al, 2002) have 
been shown to be related to the effects of large-scale 
climate variability (NAO) linking Baltic Sea and 
Kattegat water transport and nutrients dynamics A 
plausible mechanism for the observed changes in 
primary production may be related to an increase in 
the entrainment of deep water as a result of changes 
in the intensity of the coastal (Baltic) current due to 
the forcing associated with the NAO 

An analysis of the relationship between primary 
phytoplankton production and sedimentation of 
particulate material from the boreal coastal zone of 
the North Atlantic, including the Gullmar Fjord 
(Lindahl, 1988), has been compiled by Wassman 
(1990) A regression analysis indicated that the 
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sedimentation ( = export production, Pp) was posi
tively and non-hnearly correlated with total pro
duction PT ( P E = 0 049PT"", r̂  = 0 94) Using this 
relationship, it is estimated that the sedimentation 
(PE) in the Gullmar Fjord may have increased from 
approximately 120 gC m - year ' in the mid-1980s to 
almost 150 gC m"- year ' by the end of the century 
(more or less out of range of the relationship) This 
would correspond to an increase in the organic 
load to the deep part of Gullmar Fjord below the 
photic zone of about 20% A decrease in oxygen 
concentration in the deep water of the Gullmar 
Fjord was observed during the last decades of the 
1900s (Forum Skagerrak, 2001) and an increased 
sedimentation may be one of the main causes 

Ultimately our results suggest that the seasonal 
growth of phytoplankton has been extended during 
a positive phase of the NAO and warmer sea surface 
temperature conditions observed from the late 1980s 
on the Swedish west coast (Belgrano et al, 1999) A 
similar pattern has been observed in the Continuous 
Plankton Record data, indicating a particularly 
steep increase in the phytoplankton biomass in the 
North Sea during the high NAO years from the late 
1980s (Reid era / , 1998) 
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Interannual correlation between hemispheric climate and northern 
Norwegian wintering stocks of two Calanus spp. 
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Skreslet, S., and Borja, A 2003. Interannual correlation between hemispheric climate 
and northern Norwegian wintering stocks of two Cukmus spp - ICES Marine Science 
Symposia, 219- 390 392. 

Calanus fmmarchicus and Calanus hyperhoreus were sampled by five replicate Juday 
net tows from bottom to surface in February and October 1983 2000 in two deep 
fjord basins with different sill depths. C finmarchicus was an order more abundant 
than C Inperhoreus in both fjords Seasonal stock changes probably expressed the 
difference between rates of mortality and immigration The interannual variability in 
abundance was about an order of magnitude Only C Jinnuirchuw, was positively 
correlated with North Atlantic Oscillation, in opposite phase with its abundance in 
the North Sea, possibly due to changing winds that generated latitudinal shifts in the 
C fmmanhuw, base population of the Northeast Atlantic However, latitudinal shifts 
in westerly storm tracks possibly also forced vernal river flow from Norway to regu
late the neritic plankton productivity and growth in the population of C fmnianhuus 
Positive correlation between Arctic Oscillation and both species may be due to forcing 
of advected recruitment Arctic Oscillation possibly also regulated population size in 
C hyperhoreus. 

Keywords' Arctic Oscillation, Calanus Jlnmarchuus. Calanus Inperhoreu!,. ecology, 
immigration, mortality. North Atlantic Oscillation. 
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Introduction 

Calanus fmmarchicus and Calanus hyperhoreus 
form wintering stocks in Norwegian coastal waters 
(Figure 1). This study tests the hypothesis that 
their stock sizes reflect effects of climate on their 
population systems. 

Material and methods 

Saltfjord and Misttjord (Figure 1) were selected for 
sampling. They are 382 and 297 m deep, and sepa
rated from the Vestfjord by 220 and 34 m deep sills, 
respectively. At one station in each fjord, twice each 
year in 1983-2000, five replicate vertical tows from 
about 10 m above the bottom to the surface were 
made using a 180|^m 0.1m- Juday net. Calanus 
helgolcmdicus and Calanus glacialis were not distin
guished from C fininarchkus and C. hyperhoreus, 
respectively, but represent little contamination of 
our abundance estimates (Skreslet et al., 2000; K. 
Olsen pers. comm.). 

We correlated abundance estimates from stereo-
microscopic counts with indices of North Atlantic 
Oscillation (NOA) (Lamb and Peppier, 1987) and 
Arctic Oscillation (AO) (Thompson and Wallace, 
1998) obtained from http;//www.cgd.ucar.edu/jhur-
rel/nao.html and http://jisao.washington.edu/data/ 
annularmodes/Data/ ao_index.html. Though there 
was no autocorrelation, we corrected the degrees of 
freedom according to Quenouille (1952). 

Results 

Differences in abundance between replicates of both 
species were within an order of magnitude, while the 
interannual variability exceeded an order of magni
tude (Figure 2). C fimnarchiciis was more abundant 
than C hyperhoreus in both fjords. Their abundance 
usually declined from October to February. C. fm
marchicus was usually more abundant in Saltfjord 
than Mistfjord, and C hyperhoreus the opposite. All 
significant correlations of abundance with either 
NAO or AO were positive (Table 1). C hyperhoreus 

http://www.cgd.ucar.edu/jhurrel/nao.html
http://www.cgd.ucar.edu/jhurrel/nao.html
http://jisao.washington.edu/data/
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Figure 1 The Vestfjord area, north Norway (68"N 14°E) The 
200 m depth contour is indicated Dark- Wintering habitats 
of Calanus finmarchicus and C hyperboreus, and spawning 
habitats of C hyperboreus Hatched. Main spawning of C 
fminarchuus and post-spawning of C hiperhoreus in April. 
Sea surface isotherms for 3, 3.5, and 5°C m Mar Apr 1922 
(after Somme, 1934). Arrows: sampling stations 1983-2000. 

was significantly correlated only with AO. C. fin-
marchtcus was significantly correlated with both, but 
its Mistfjord abundances in October and February 
were inconsistent, being correlated with AO in dif
ferent years. In both fjords, the October abundance 
of C finmarchicus was correlated with NAO aver
aged over March-July of the same year. Its Febru
ary abundance in Mistfjord was correlated with the 
same average. In Saltfjord, the October abundance 
of both species was correlated with the average AO 
of July-September. In Mistfjord, the abundance of 
C. hyperboreus in both October and the next Febru
ary was correlated with the same annual average of 
AO. 

Discussion 

Shelf water advects C finmarchicus into the Saltfjord 
during September-October (Skreslet et al, 2000). 
The accumulated stock is part of a larger population 
system in the Nordic Seas (Heath et al., 2000). That 
may also be the case with C hyperboreus. 
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Figure 2. Abundance of Calanus finmarchicus and C hyperboreus per square meter sea surface in five intended replicate samples. 
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Table I Significance levels (p) of correlation (r) between the abundances of two Cakmw; spp in October and February and the 
best average North Atlantic Oscillation and Arctic Oscillation indices ot different seasons or the whole year The lag indicates 
whether the abundance refers to an average index of the same (0) or the previous (-1) year NS = No significant correlations with 
any season or year 

Species/site 

C fmmarchicus 
Sahfjord 

Mistfjord 

C hyperboreus 
SaltQord 

Mistfjord 

Abundance 
month 

Oct 
Feb 
Oct 
Feb 

Oct 
Feb 
Oct 
Feb 

Season 

Mar Jul 

Mar Jul 
Mar Jul 

-
-
-

NAO 

Lag 

0 

0 
1 

-
-
_ 
-

r 

0717 

0 738 
0 723 

-
-
-

P 

0 01 
NS 
0 01 
001 

NS 
NS 
NS 
NS 

Season 

Jul Sep 

Jul Sep 
Oct-Dec 

Jul-Sep 
-

Year 
Year 

AO 

Lag 

0 
_ 
-1 
~1 

0 

0 
-1 

r 

0 587 
-

0 833 
0 586 

0 832 
-

0 687 
0 602 

P 

0 05 
NS 
0 01 
0 05 
NS 
0 01 
NS 
0 01 
0 05 

In both fjords, both species had a patchy distribu
tion that may have been caused by predation or 
predator avoidance The winter season change in 
abundance was probably a function of both import 
and mortality rates 

Positive correlation between NAO and abundance 
of C jmmarihuus in both fjords contrasts with 
negative correlation in the North Sea (Fromentin 
and Planque, 1996), probably due to a common pro
cess Positive NAO forces westerly winds to advect 
seawater northwards along the Norwegian shelf 
(Dickson et al, 2000), and may shift the copepod's 
base population towards the north During negative 
NAO, northerly winds develop over the Northeast 
Atlantic and may favour accumulation of C 
fmmarchicus in the North Sea In Scandinavia, posi
tive NAO also increases the winter precipitation 
(Dickson et al, 2000) and accumulation of snow 
that causes meltwater discharge in early summer 
Thus, the observed correlation with March July 
NAO is in accordance with a model where vernal 
river flow generates proportional production in 
plankton communities along the coast of Norway 
(Skreslet, 1997) 

It IS possible that AO exerted independent influ
ence on both Calanus spp , preferably by effects on 
processes that advected them into their wintering 
habitats In C hyperboreus the absence of any cor
relation with NAO may indicate that its population 
system was weakly affected by Atlantic forcing, 
while Its correlation with annual AO in Mistfjord 
suggests Arctic forcing on the population level 
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The influence of mixed-layer depth variations on primary production in the open 
ocean was investigated by field observations and numerical process studies Cruises 
were conducted in late winter 1999 to investigate the relationship between oceanic 
convection and phytoplankton development in the North Atlantic/Nordic Seas The 
phytoplankton concentration was closely related to the depth of the convectively 
mixed layer By using a coupled convection-primary production model the oceanic 
convection was found to influence the contact duration and return frequency of a 
plankton cell within the euphotic zone 

Keywords field observations numerical process studies oceanic convection primary 
production 
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Introduction 

The development of phytoplankton has been the 
subject of intensive studies, mostly focused on the 
spring bloom and summer conditions Investigations 
of their evolution m winter are rare An exception 
was Dale et al (1999), who presented a summary 
of the seasonal development of phytoplankton at 
Ocean Weather Ship M To date, there is no con
vincing explanation for the availability of phy
toplankton in the open ocean water column in 
winter 

The aim of this study is the extrapolation of 
the recently published findings about "Phyto-
Convection" (Backhaus et al, 1999) from the shal
low polar seas to the open ocean The hypothesis 
is that due to the orbital motions caused by con
vection the plankton cells are dispersed within the 
convectively mixed part of the water column The 
simultaneously existing upward and downward 
motion cause a repeated return of the plankton 
cells to the euphotic zone (EZ), thereby enabling 
the plankton to grow prior to the establishment 
of a seasonal thermoclme A schematic view of the 
annual evolution of the convectively mixed layer 
(CML) and the plankton dispersion within the 
water column is shown in Figure 1 To test the hypo
thesis, 1 e to prove whether increased phytoplankton 
concentrations can be found in the CML, field 

observations were undertaken Furthermore, a 
coupled convection-primary production model was 
used to study the effect of varying heat loss and 
windspeed on the contact duration and return fre
quency of plankton to the EZ To my knowledge, 
such numerical studies have not been earned out 
previously 

Field observations 

Cruises with RV "Valdivia" (Cruise V176-V179, 
February May 1999) were conducted to investigate 
the relationship between oceanic convection and 
phytoplankton development A total of 201 CTD 
Stations were taken 

Results from a quasimeridional transect from 
57°N to 75°N are shown to illustrate the increased 
phytoplankton biomass within the CML (Figure 2) 
The penetration depth of oceanic convection varied 
considerably from station to station along the tran
sect In the Icelandic Basin, the penetration depth 
varied from 300 m in the south to about 800 m in 
the north, i e to the south of the Iceland Faroe 
Ridge (~63°N) North of the Ridge, i e in the Ice
landic and Norwegian Seas, a meridional gradient in 
convection depth was not observed, and the depth 
was generally confined to depths less than 300 m 
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Summer Winter Summer 

Perennial 
thermocline / H~10, ,~ 1000 m 

Figure 1 Schematic diagram of the annual evolution of the 
convectively mixed layer (CML) The dots represent plankton 
cells that drifted within the convective motion (J Backhaus 
pers comm ) 

Results from the field experiments support the 
validity of the Phyto-Convection hypothesis as 
elevated chlorophyll a concentrations were found 
within the CML (Figure 2) Below the perennial 
thermocline, i e the penetration depth of the CML 
chlorophyll u concentrations were always insigni
ficant and a sharp decline in chlorophyll tended to 
occur at the thermocline The phytoplankton con
centrations generally were higher with shallower 
CMLs Nevertheless, the integrated biomass within 
the water column was not influenced by the CML 
thickness 

Numerical process studies 

Numerical process studies were carried out to inves
tigate the potential influence of the CML thickness 
on the return frequency of phytoplankton to the 
EZ and the duration of the contact of the phy
toplankton with the EZ Their aim was to obtain 
quantitative estimates of contact duration of tracers 
with the EZ The studies were conducted for a strati
fied open ocean and an unstratified shelf water col
umn to highlight the similarity of a homogeneous 
water column and d CML of simildr depth Further
more the modificdtion to the frequency and dura
tion of contacts of plankton with the EZ under 
variable wind and thermal forcing was investigated 

A non-hydrostdtic convection model was coupled 
to d Ldgrdngidn primary production model The 
physical model is based on the non-linear primitive 
equdtions The 2 5-D model uses dn isotropic grid 
size with d resolution of 5 m Phytopldnkton are 
introduced as Lagrangian tracers For each tracer a 
simple model predicts changes to the phytoplankton 
stock due to gross primary production respiration 
mortality, and grazing A detailed description of the 
coupled model is given m Wehde (2001) and Wehde 
and Backhaus (2000) 

A sharp density gradient (open ocean) and a 
homogeneous water column (shelO are used as ini
tial conditions The tracers are homogeneously dis
tributed within the CML/water column All process 
studies cover a period of 10 days The studies show a 
strong dependence of mean contact duration of the 

64 66 68 70 
Latitude [deg N] 

Figure 2 Chlorophyll ci concentrations (mg m ') and mixed layer depth (m) (solid line) along the quasimeridional transect 
(Srn 75°N) 
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Figure 3 Average contact duration of cells with the euphotic 
zone (EZ) depending on varied physical environment/forcing 
A. Variation of the depth of the convectively mixed layer 
(CML) or the ocean bottom in the case of a homogenous 
water column over the shelf under different wind forcing B 
Influence of heat flux on the number of contacts and the 
duration of a single contact of a cell with the euphotic zone 

tracer with the EZ on the depth of the CML or the 
total depth in the case of the homogeneous shelf 
(Figure 3A). The density gradient in the open ocean 
plays the same role as the bottom on a shelf. There 
is no significant change in the average contact dura
tion of a tracer with the EZ under variable wind 
velocities (Figure 3A) or heat fluxes (not shown) 
for the simulation period. Nevertheless, for longer 
simulations the effect of CML deepening caused by 
increased heat losses led to a decrease of contact 

duration. Focusing on the single contacts instead 
of the mean contact duration increased convective 
activity caused by increased heat flux shows an 
immediate influence on the duration of each con
tact. The decrease of contact duration is compen
sated by the increased frequency of the return to the 
EZ (Figure 3B) so that the average contact duration 
during the simulation period is not influenced. For 
higher latitudes, the higher frequency of returns 
to the EZ may be important, i.e. due to frequent 
returns to the EZ, the chance of reaching the EZ 
during daytime, and thus to receive light necessary 
for production, increases. 
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Commercial landings data for Atlantic cod (Gaclus morhuu) and haddock (Melano-
grammus aegkfmus) were examined along with historical conductivity, temperature. 
and depth (CTD) data to demonstrate an approach for assessing seasonal, annual, 
and interannual relationships between fish stocks and their environment, and to 
develop predictive models for the distributions of stocks over Georges Bank. A spa
tially explicit analytical/numerical model was used to demonstrate the predictive 
capability of such relationships. Results show that bottom temperature alone accounts 
for up to 40% of the spatial variance within the smoothed monthly catch distributions. 
Less than 20% is explained by bottom sediment type and bottom depth. The same 
model accounts for a much smaller percentage of the observed catch variance in 
individual years. 
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Introduction Materials and methods 

Several studies have related environmental variables 
to fish distributions and abundances in the North
west Atlantic (Smith et al, 1991; Mountain and 
Murawski, 1992; O'Brien and Rago, 1996). Others 
have examined how such relationships can be used 
to predict distributions and abundances of com
mercial fish stocks over a variety of time and space 
scales (Bertignac ct al.. 1998; Stefansson and 
Palsson, 1997). The present study is an analysis of 
environmental indicators of commercial fish stocks 
in the Northwest Atlantic, specifically, Georges 
Bank. We build on previous results in two ways. 
First, we use commercial landings data to extend 
results of previous regional studies based on sea
sonal bottom trawl surveys. Second, we use a spa
tially explicit analytical/numerical model to test the 
predictive skill of empirically based correlations. 

Historical data sets 

Cod and haddock commercial landings data for 
1982-1992 were obtained from the US National 
Marine Fisheries Service. The data included the 
landed weight and total fishing time per fishing sub-
trip, from which we compute catch per unit fishing 
effort (c.p.u.e.). Historical CTD data were obtained 
from a variety of sources including the National 
Oceanographic Data Center; the Atlantic Fisheries 
Adjustment Program; the Marine Resources Moni
toring, Assessment and Prediction Program; the 
Global Ocean Ecosystems program; and numerous 
smaller field programs. Bottom sediment grain size 
over Georges Bank was obtained from published 
data by Twichell et al. (1987; republished from 
Schlee, 1973). 

mailto:m.sundermeyer@umassd.edu
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A spatially explicit numerical model 

An analytical/numerical model was used to demon
strate the predictive capability of empirically derived 
correlations. The model represents the concentration 
of fish by a continuous tracer, and uses an adv-
ection/diffusion parameterization to describe tactic 
searching behavior of fish towards preferred 
environmental variables (e.g. Grunbaum, 1999). 

The model solves the advection/diffusion: 

öC/5t - d/8x({,Q ~ d/dy({yQ 

= Kd^Odx' + Kd^Cldy', (1) 

where C represents the fish concentration, 

f,(x,y,t) = Sa/^x(e^/2), (2) 
fy(x,y,t) = Sa/öy(eV2), (3) 

e2 = (T-T^ , (4) 

implies a greater swimming speed. The horizontal 
diffusion term in (1) can be thought of as a para
meterization of random searching behavior, and 
of the tendency of the fish to avoid aggregating 
to arbitrarily high concentrations at any given 
location. 

Equations (l)-(4) formally represent the verti
cally integrated abundance of cod or haddock, 
i.e. number of fish per unit area; or, alternatively, 
the number of individuals per unit volume near 
the bottom. While the precise relationship between 
c.p.u.e. and abundance is a widely debated topic, 
for the purpose of the present study we assume 
that c.p.u.e. is proportional to abundance, and use 
c.p.u.e. as a proxy for fish abundance (to within a 
constant of proportionality) both in (l)-(4) and in 
our discussion. 

Results 

T represents bottom temperature, T^ is the preferred 
temperature, and K IS an effective horizontal 
diffusivity. 

Advection terms in (1) represent fish's swimming 
tendency towards a preferred value of bottom tem
perature, or any variable for which they have an 
affinity. Here f, and f̂  can be thought of as fish 
swimming velocities such that the further the fish 
are from their preferred temperature, the faster they 
swim towards it, and the larger the temperature gra
dient, the faster they swim. The scalar parameter, S, 
sets the overall strength of this affinity; a larger S 

Empirical correlat ions 

Mean bottom temperatures and weighted mean 
catch temperatures over Georges Bank were 
computed by month by multiplying the temperature 
at each catch location by the natural log (In) of 
c.p.u.e. for that location. Results show a seasonal 
cycle in mean bottom temperature and weighted 
mean catch temperature, as well as a tendency for 
ln(c.p.u.e.)-weighted temperature to be consistently 
less than mean bottom temperature for large bottom 
temperature (Figure lA). To assess variations in 
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Figure 1 (A) Cod (squares) and haddock (triangles) ln(c p u e )-weighted bottom temperature versus mean bottom temperature, 
and bi-monthly average values of the same for cod (shaded ellipses) Regression statistics for a straight line fit through the cod 
data are cited in the figure Time-series of (B) monthly averaged cod ln(c p u e ) over each sediment type and (C) cod ln(c p u.e )-
weighted bottom depth over Georges Bank from 1982-1992 Error estimates for the curves in panels (B) and (C) are shown by 
shading and dashed lines, respectively. 
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c.p.u.e. over different sediment types, we further 
computed the average ln(c.p.u.e.) over each of three 
sediment grain size classes as defined by Twitchell 
et al. (1987): 1/16-1/4 mm (fine sand), '/4-I mm 
(medium-to-coarse sand), and > 1 mm (gravel). 
Time-series of monthly averaged ln(c.p.u.e.) over 
Georges Bank showed that for all three sediment 
classes, cod and haddock follow an annual cycle 
of higher values in winter/spring and lower values 
in summer/fall. Furthermore, throughout the year 
both species tend to yield significantly higher 
c.p.u.e. over coarse sand and gravel compared 
to fine sand (Figure IB). Finally, we computed 
ln(c.p.u.e.)-weighted monthly average depth. This 
showed a tendency by both species towards shal
lower waters during winter/spring and deeper waters 
in summer/fall. 

Numerical model results 

A spatially explicit model was used to evaluate the 
predictive skill of these correlations. For each 
month (1H4) were integrated until a steady state 
was reached. Per equation (1), this is equivalent 
to the assumption that fish are in equilibrium 
with their preferred environment. Integration was 
repeated for each environmental variable by replac
ing T and T̂  in (4) by their appropriate counter
parts, and for all three environmental variables 
combined by adding respective terms of the form 
(2)-(3) to (1). Integration was on a 3 km x 3 km grid 
spanning Georges Bank. 

Comparison between model predictions and 
observed monthly c.p.u.e. indicates that temperature 
alone accounts for between O'Ki-40% and 0'/o-15% 
of the total variance in the observed monthly In 

(c.p.u.e.) fields of cod and haddock, respectively. 
Sediment type and bottom depth account for 
between 0'!^^15% and 0'M^20% of the variance, 
respectively. The three environmental variables 
combined account for approximately the same or 
slightly greater variance than any one individually 
(Figure 2A, B). 

To assess model performance on interannual 
time-scales, the procedure was repeated for monthly 
distributions of the full 11-year time-series. Rather 
than using monthly mean spatial distributions 
of bottom temperature, each month's temperature 
was adjusted by an amount equal to the mean 
temperature anomaly of that month of that year. 
This time, the percentage variance accounted for by 
the model in either species ranged from less than 
zero (the model over-predicted the observed vari
ance) to as much as 60% (Figure 2C, D). (Note that 
the percent variance explained is computed as the 
[(observed variance) - (variance of the (predicted -
observed fields))]/(observed variance). Hence the 
percentage variance explained is negative if the vari
ance of the predicted-observed fields exceeds the 
observed variance.) 

Discussion 

In the context of the models (l)-(4), bottom tem
perature can account for up to 40'̂ !) of the spatial 
variance in the observed monthly ln(c.p.u.e.) fields 
of either cod or haddock over Georges Bank. 
Bottom sediment type and bottom depth account 
for up to 15'Mi of the observed variance in either spe
cies. This suggests that bottom temperature, bottom 
sediment type, and bottom depth are all significant 
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Figure 2. Monthly time-series of percentage variance accounted for in (A) cod and (B) haddock distributions over Georges Bank 
by (l)-(4) using bottom temperature, sediment type, and bottom depth combined (solid) and optimal interpolation of the data 
(dashed): percentage variance accounted for in 11-year time-series of (C) cod and (D) haddock by bottom temperature, sediment 
type and depth combined. 
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indicators for distributions of cod and haddock on 
Georges Bank That bottom temperature preference 
accounts for more of the observed variance than 
do bottom type and bottom depth may indicate that 
temperature has a greater effect on the distribu
tions of these species over the Bank However, 
variations in the variance accounted for by each of 
these variables also suggest that the dominance of 
temperature as an indicator may vary seasonally 
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Influence of oceanographic parameters on recruitment of megrim 
{Lepidovhombus whiffiagonis) and four-spot megrim (L. boscii) 
on the Northern Spanish continental shelf (ICES Division VIIIc) 
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graphic parameters on recruitment of megrim (Lepulorhornhus whijjiagoms) and 
four spot megrim (L hosiii) on the Northern Spanish continental shelf (ICES Division 
VIIlc) - ICES Marine Science Symposia 219 400^02 

Over the past decade recruitment processes of the two species of Lipidorhomhus that 
overlap in the southern Bay of Biscay seem to respond to similar patterns This 
appears to be partially explained by density independent factors Before summer 
egg and larval drift by the currents over the continental shelf play a key role After 
summer the upwelling strength seems to influence survival of juveniles through food 
availability 

Keywords Cantabrian Sea Lepidorhombui optimal environmental window 
recruitment 
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Introduction 

Spawning of megrim and four-spot megrim occurs 
in the Cantabrian Sea during March (BIOSDEF, 
1998) Recruits appear geographically distributed 
along the shelf break, preferentially east of 7°W 
(Sanchez e/a/ 1998) These species are bathymetri-
cally segregated but the recruitment process seems 
to respond to similar forcing, since recruitment 
indices have experienced similar year-to-year varia
tions over the past decade Two seasonal driving 
agents dominate the local oceanography the winter 
Poleward Current (PC) and the spring autumn 
upwelling (Sanchez and Gil 2000) In this article 
relationships between recruitment of both species of 
megrim and environmental variables are explored 

Ddtd and methods 

Data are derived from Spanish autumn bottom-
trawl surveys during 1993 2000 Normalized indices 
of megrim and four spotted megrim recruitment 
have been estimated following the procedures of 
Sanchez et al (1998) These are based on displaced 
age-1 class abundance indices, since the age-0 year 

class IS poorly sampled by the gear Upwelling 
strength in early autumn was evaluated calculating 
the percentage of shelf planar area ('/iPA) occupied 
by negative temperature anomalies at 50 m The 
anomalies are temperature differences between the 
individual surveys and the 1993 2000 mean Winter 
and spring conditions were evaluated by the salinity 
in January at 100 m and temperature in April at 
10 m, from a time-series of oceanographic record
ings at a fixed station on the shelf in the central 
Cantabrian Sea 

Resuhs and discussion 

Recruitment indices for both species of megrim were 
strongly correlated (r = 0 95) and responded simi
larly to abiotic factors Recruitment indices were 
associated with April temperatures by a non-linear 
parabolic relationship (Figure lA) Moderate tem
peratures coincided with best megrim recruitment 
Such a relationship was also observed between rec
ruitment indices and January subsurface salinities 
These define an optimal environmental window 
(OEW) ot winter (subsurface) salinities and spring 
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Figure 1. Scatter plots of megrim recruitment versus: (a) April 
temperature at 10 m at the shelf in the Central Cantabrian Sea 
and (b) shelf area occupied by negative temperature anomalies 
at 50 m with respect to the 1993 -2000 mean (representative of 
the summer autumn upwelling area) 

(surface) temperatures for megrim recruitment in 
the Cantabrian Sea (Figure 2). 

The main warm and saline input into the Bay of 
Biscay in the winter at the time of megrim spawning 
is introduced by the Iberian Poleward Current (IPC) 
(Pingree and Le Cann, 1990). The link between 
winter subsurface salinity and megrim recruitment 
is thought to occur through the IPC with the non-
seasonal subsurface salinity signal considered a 
proxy for the residual poleward transport. Thus, 
moderate IPC development is hypothesized to set 
up adequate winter transport of ichthyoplankton 
towards nursery grounds along the eastern Canta
brian Sea. Excessive transport would bring about 
loss of eggs and larvae from the shelf habitat. 

April surface temperatures may be considered 
as an estimator of upwelling intensity at the time 
of megrim recruitment. Recruitment of pelagic 
species has also been found to have an OEW for 
upwelling intensity in Ekman-type upwellings (Cury 
and Roy, 1989). Upwelling could exert the control 
of the megrim biological response by 'bottom-up' 
processes controlling the survival of larvae at low 
upweUing rates (enrichment hypothesis). Excessive 
upwelling, on the other hand, could lead to offshore 
advection of larvae from the shelf 

Recruitment indices and percentage of PA 
(autumn upwelling) were positively correlated 
(r = 0.71) (Figure IB). It is inferred that 'bottom-up' 
processes control the survival of recruits after settle
ment. This response is different from that for hake 
recruitment, which shows an OEW with respect to 
autumn upwelling (Sanchez et al., 2003). 

Figure 2, Surface plot of normalized megrim recruitment versus January salinity at 100 m and April temperature at 10 m in the 
central Cantabrian Sea. 
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Time-series (1967-1997) of environmental variables such as air and sea surface tem
perature (SST), precipitation, wind, Ekman transport, and mean sea level, as well as 
time-serics (1985-1997) of recruitment of horse mackerel, were studied in Atlantic Ibe
rian waters All timc-series were analysed for autocorrelation. The results indicate a 
statistically significant relationship between the North Atlantic Oscillation and air 
temperature in Santander In western Iberia, winter Ekman transport is significantly 
correlated with the annual Gulf Stream position and sea level with the winter Gulf 
Stream position Horse mackerel recruitment is negatively correlated with the annual 
and spring values of air temperature in the Cantabrian Sea and SST and air tempera
ture in western Iberia Correlation between recruitment and upwelhng index is signifi
cant in spring and summer Recruitment is also negatively correlated with the annual 
and winter Ekman transport After multicolinearity analysis, a multivariate regression 
model of non-correlated variables (air temperature in Vigo and upwelhng index) from 
April to September has been applied and explains 81 63% of the variance 

Keywords Atlantic Iberian waters, environmental conditions, factor analysis, horse 
mackerel recruitment, regression model 
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Introduction 

Time-series (1967 1997) of some environmental 
variables, such as air and sea surface temperature 
(SST), precipitation, wind, and mean sea level in the 
north (Santander) and in western Iberian (Vigo), 
Ekman transport off Vigo, as well as time-series 
(1985-1997) of the recruitment of horse mackerel, 
an important commercial fish, were studied in 
Atlantic Iberian waters. The aim of this work was to 
determine the relationship between the variability 
observed during recent decades, and establish 
whether the North Atlantic Oscillation (NAO) index 
(Hurrell, 1995) or the position of the Gulf Stream 
(GULF index; Taylor, 1996) is a good proxy for the 
climate regime over this area of the North Atlantic. 
Our study also describes the environmental condi
tions observed during the past decades and their 
influence on the horse mackerel population of ICES 
Divisions VIIIc and IXa (Figure I). 

Methods 

From monthly values, the quarterly and annual 
means were obtained for all environmental variables 
given in Table 1. In the case of Ekman transport 
during the upwelhng season, (April-September), the 
upwelhng index (Ekman transport) value was also 
used (Lavin et ai, 1991, 2000). The study of the 
relationship between variables was made using the 
Pearson correlation coefficient. Significance levels 
were p < 0.05, and all the variables were normalized 
by removing resting the average and dividing by 
the standard deviation. Prior to analysis, each series 
was first-differenced to reduce autocorrelation and 
hence increase statistical reliability of the results 
(Thompson and Page, 1989). In the multiple regres
sion analysis, variables were first searched for 
multicolinearity. The methodology used to find 
the best sequence of variables in the regression 
equation was the sequential inclusion or elimination 

mailto:cahanas@vi.ieo
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of independent variables as a function of the degree 
of significance to the regression as a whole (forward 
stepwise) The estimates from the historical series 
of the recruitment of the southern stock of horse 
mackerel come from the application of the Extended 
Survivor Analysis (XSA) method (ICES, 2001) 

Results and discussion 

Results indicate a statistically significant relation
ship between the NAO and air temperature in 
Santander and with air temperature in Vigo but at a 
lower significance (Table 2A) Winter Ekman trans
port at Vigo IS significantly correlated with the 
annual Gulf Stream position, while sea level is cor
related with winter Gulf Stream position Although 
significant, the correlation between NAO index and 
temperature decreases southwards from the region 
of the North Sea Jones (200^) suggests that 40°N is 
the latitude of transition from positive to negative 
correlation Rodwell et al (1999) suggest that a 
small area covering the Bay of Biscay exhibits 
significant correlation with the NAO Although 
the present study suggests significant correlations 
values are too low to permit prediction using our 
results 

Table 1 Environmental variables used in this work Location 
and data originsource ( INM stands for Institute Nacional 
de Meteorologia C O A D S for Comprehensive Ocean A t m o 
sphere Data Set and lEO toi Institute Espanol de 
Oceanografia) 

Environmental variables Location Data source 

Air temperature 

Rainfall 

Sea surface 
temperature (SST) 

East component 
wind (U) 

North component 
wind (V) 

Scalar windspeed (W) 

Turbulence (W ) 

Sea level 

Air temperature 

Sea surtace 
temperature (SST) 

East component 
wind (U) 

North component 
wind (V) 

Scalar windspeed (W) 

Turbulence ( W ) 

Sea level 

Ekman transport 

Santander 
(43 5°N 3 8°W) 
Santander 
(43 5"N 3 8 W) 
Off Santander 
(45''N 4 W) 
Oft Santander 
(45°N 4°W) 
Off Santander 
(45»N 4°W) 
Ofl Santander 
(45<'N 4°W) 
Off Santander 
(45»N 4''W) 
Santander 
(43 5°N 3 8°W) 
Off Vigo 
(43°N 11°N) 
OtT Vigo 
(43°N 11°N) 
Off Vigo 
(43 N 1 l°N) 
Off Vigo 
(43"N l l -N) 
Off Vigo 
(43°N i r N ) 
Off Vigo 
(43''N 11°N) 
Vigo 
(42 2°N 8 7°N) 
Off Vigo 
(43''N 11°N) 

INM 

INM 

COAD 

COADS 

COAD 

COADS 

COADS 

lEO 

COADS 

COADS 

COADS 

COADS 

COADS 

COADS 

lEO 

Lavin 11 al 
1991 2000 

Table 2 Correlations of environmental variables with the 
annual ( G U L F annual) and the December March Gulf 
Stream value ( G U L F | , F I M ) and North Atlantic Oscillation 
index (A) and horse mackerel recruitment (B) (Correlations in 
bold are significant al p < 0 05) 

A G U L F annual 

Air temperature 
Santander 

Air temperature 
off Vigo 

Sea level Vigo 
Winter Ekman 

transport 
Autumn air temperature 
Santander 
Autumn air temperature 

oft Vigo 

B 

Air temperature Santander 
SST off Vigo 
Air temper iture off Vigo 
Annual Ekman transport 
Upwelling Index (Apr Sep) 
Winter Ekman transport 

0 34 

0 32 

-Ü27 
- 0 61 

0 28 

041 

Spring air temperature Santander 
Spring ir temperature off Vigo 

GULFoEfM N A O 

0 17 

0 06 

0 60 
- 0 18 

- 0 08 

0 06 

0 63 

0 57 

- 0 46 
0 36 

0 6 4 

0 54 

Recruitment 

- 0 74 
- 0 80 
- 0 73 
- 0 87 

0 69 
- 0 71 
- 0 87 
- 0 82 
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Figure 2 Time-series of ICES Divisions VIIIc and IXa horse mackerel recruitment (A) SST and air temperature off Vigo and 
(B) annual Ekman transport at 43°N, 11°W 
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Table 3 Statistics of the regression analysis R multiple correlation coefficient R' coefficient of multiple determination 
Adjusted R =1 [(Residual SS/d f )/(Total SS/d f)] SS error sum ot squares d f number of degrees of freedom F I-test B 
unstandardized coefficients BETA standardized coefficient I value and resulting p level value are used to test the hypothesis 
that the intercept is equal to 0 S d Error standard error 
Regression Summary for Dependent Variable RECRUITMENT 
R = 0 9203 R^ = 0 847 Adjusted R^=0 8164 
F(2,10) = 27 674 p < 0 00008 sd Error of estimate 2199 xio^ 

BETA 
Std erroi 
of BETA B 

Std error 
of B t(lü) p level 

Intercept 12387808 8 1727936 22 7 1691 3 0351E 05 
Air temperature off Vigo 0 8299 0 1237 770445 642 114878 438 6 7066 5 3207E 05 
Upwelling mdex (Apr Sep) 0 3775 0 1237 1806 473 592 115 3 0509 0 0122 

Horse mackerel recruitment is negatively cor
related with annual air temperature in the Canta-
brian Sea and SST and air temperature in Western 
Iberia (Figure 2A), and also with the spring air tem
perature values (Table 23) Correlation between 
recruitment and upwelling index is significant in 
spring and summer Recruitment is also negatively 
correlated with the annual and winter Ekman 
transport (Figure 2B) 

The considerable and sustained changes in the 
magnitude of recruitment from year to year are 
due to two factors changes in egg production and 
changes in survival (Cushing, 1995) Horse mackerel 
IS a serial spawner with an extended spawning 
period, which in Iberian waters covers approxi
mately the first 8 months of the year (Arruda, 1984, 
Sola et al, 1990) In general, the relationship 
between water temperature and the spawning of 
marine animals is widely recorded The eggs of horse 
mackerel are pelagic and temperature is one of the 
fundamental factors influencing their development 
and viability (Pipe and Walker 1987) Temperature 
IS also related with other changes in physical factors 
on the climatic scene, such as wind strength and 
upwelling processes that finally have influence on 
recruitment The growth of fish larvae is nearly 
always food limited (Blaxter 1988) Upwelling pro
cesses are connected with high primary productions, 
and therefore also with the availability of food for 
horse mackerel larvae 

Owing to the large variability explained by the 
abiotic components, multiple regression analysis 
has been applied The regression takes four vari
ables air temperature in Vigo, upwelhng index 
during the upwelling period (spring and summer), 
air temperature in Santander, and Offshore Ekman 
transport in autumn Variables were searched for 
multicolmearity and then only two of these variables 
were considered in the regression model air tem
perature in Vigo and upwelling index in spring 
and summer The regression explains 81% of the 
variability Table 3 gives the statistics 

Conclusions 

Temperature and the spring summer upwelling 
index explain the large variability in the envir
onmental parameters, and are also significantly 
correlated with horse mackerel recruitment Low 
values of upwelling index and high temperatures 
are related to poor recruitments (1997) High values 
of upwelling index and low temperatures are associ
ated with good recruitment, as in 1986 and 1991 
Recruitment is negatively correlated with Ekman 
transport in autumn and winter (1990, 1995, and 
1997) The multivariate regression model proposed 
explains 81% of the variance in the recruitment 
time-series 

The fit of the multivariate regression model pro
posed to explain horse mackerel recruitment vari
ability IS surprisingly good This model includes 
temperature and upwelling related variables and 
provides a very useful tool for estimating recent 
recruitment strength and predicting that ofthis for 
the near future 
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Annual variations in the prey of demersal fish in the Cantabrian 
Sea and their implications for food web dynamics 
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fish in the Cantabrian Sea and their implications for food web dynamics - ICES 
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Using data from 72 372 stomach contents of 24 demersal fish species from the 
Cantabrian Sea, decadal variability of trophic levels (TLs) of each of the predators 
was studied No clear trends were observed throughout the decade of the 1990s, but a 
relationship between TL variability and upwelling index was observed TL variability 
suggests that it may not be as conservative an attribute of marine species as previously 
thought 

Keywords: Bay of Biscay, Cantabnan Sea, decadal variability, demersal predators, 
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Introduction 

Marine trophic level (TL) is a numerical representa
tion of an organism's place in the marine food web. 
There is some evidence that average TLs in the 
world's fisheries have been declining at a rate of 
0.1 per decade (Pauly et al, 1998). One effect of the 
overall biomass depletion in marine ecosystems is 
that sealife is now relatively more concentrated in 
the lower TL. The aim of this study is to investigate 
possible changes in the TL of the most abundant 
demersal fish species in the Cantabrian Sea (south
ern part of the Bay of Biscay, North Spanish coast) 
during the past decade. 

Material and methods 

TL was calculated by predator species, length, and 
year using the equation given by Christensen ct al. 
(2000) that estimates TL as the average TL of the 
preys plus 1, weighted by the share of each prey in 
the predator diet. Prey were grouped into 28 catego
ries and initial estimates of TL were obtained from 
the trophodynamic model for the Cantabrian Sea by 
Sanchez and Olaso (2001). The diet composition of 
the fish comes from the analysis of 72 372 stomachs 

carried out from autumn bottom-trawl surveys bet
ween 1990 and 2000 in the Cantabrian Sea following 
the methodology described in Olaso et al. (1998). To 
study TL evolution throughout the decade, it was 
estimated by species, length, and year and compared 
with the decadal average by species and length 
range. Predators were grouped by their feeding pre
ferences into planktonic, megabenthos, and ichthy
ophagous predators. Within each of these groups 
the number of species with a TL larger/smaller than 
the average ± confidence limit (95%) was studied. 
Upwelling index (only available for the Cantabrian 
Sea from 1993 to 2000 from Sanchez et al, 2003) 
was evaluated as the percentage of shelf planar area 
occupied by (negative) temperature anomahes at 
50 m depth with respect to the 1993-2000 mean. 

ResuUs, discussion, and conclusions 

Our results show no clear trend throughout the 
1990s in the TLs of any of the species examined. 
Nevertheless, comparing TL decadal evolution with 
upwelling indices in the area from 1993 to 2000, 
there are clear associations between years with 
high upwelling indices and years in which many 
predators of all ecological niches increase their TL 
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(Figure 1) The percentage of predators with TL 
higher than the decadal average plus confidence 
limit was largest in the years 1994 1997 (Figures 
2A C) In addition, TL deviations from the average 
were larger in those years than in others (Figure 1) 
On the other hand, years with weak upwelling, 
1 e 1993 and 1998, led to a general decrease m pre

dator TL (Figures 1,2) This association between 
upwelhng indices and predator TLs does not hold 
up in 2000, when, despite the low upwelling indices, 
TL figures were similar to those ot former years with 
higher upwelling indices (PCI Pearson correlation 
indices between TL deviations from the average and 
upwelling index in 1993-2000 for each predator 

90 91 92 93 94 95 96 97 98 99 00 90 91 92 93 94 95 96 97 98 99 00 

100% 
80% 
60% 
40% 
20% 

0% 
20% 

-40% 
-60% 
-80% 

-100% 

c 

— 

• 1 n 1 Inn " D D 
— 

nn 
• 

90 91 92 93 94 95 96 97 98 99 00 

Figure 2 Annual percentage of predator species with trophic level (TL) out of TL decadal average confidence limits (a) 
Planktonic predators (b) megabenthos predators (c) ichthyophagous predators In black and positive percentage of predator 
species with TL higher than decadal average plus confidence limit empty squares and negative percentage of predator species 
with TL smaller than decadal average minus confidence limit 
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guild are planktonic 0 45, megabenthic 0 61, and 
ichthyophagous O 63) If we do not consider the 
anomalous year 2000, correlation indices are much 
higher (PCI planktonic 0 79, megabenthic 0 78, 
and ichthyophagous 0 70), and associations are 
more marked in planktonic predators than in those 
feeding mainly on megabenthos and even less so in 
ichthyophagous predators 

An unsolved question is why higher upwellings, 
and therefore higher abundances of plankton, lead 
to an increase in TL Possible explanations to be 
investigated should be included in the "Bottom-Up" 
control mechanisms, that is to say due to the effect 
of variations in the abundance of groups with low 
TL on predators' prey selection behaviour, and may 
be different for different ecological groups 

Variability in TL and the changes observed from 
year to year suggest that TL may not be as conserva
tive an attribute of marine species as has previously 
been thought 
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Data were collected during autumn groundfish surveys carried out on the eastern con
tinental shelf of the Bay of Biscay from 1987 to 2000. The spatial organization of the 
demersal fish assemblages is examined using multitable factorial analysis It shows the 
species assemblages are organized according to three major spatial structuring factors. 
Two are orientated mainly along a bathymetric gradient, while the third is linked to a 
large muddy bottom area near 100 m depth. These features fit well with the 11 surveys 
analysed Of the 49 species considered in this study, 11 exhibited limited temporal 
variations in their abundance and spatial distributions. The variabihty of mesoscale 
hydrodynamic features has no measurable effect on the scale of species assemblages, 
but large-scale hydroclimatic changes seem to affect those species that are at the limit 
of their distribution range m the Bay of Biscay 
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Introduction 
The spatial pattern of groundfish distribution is 
influenced by the physical, environmental, and habi
tat characteristics. In the case of shelf and upper-
slope demersal assemblages, depth is often the main 
gradient along which faunal changes occur. 

Data collected during annual autumn surveys are 
used to analyse the spatial organization of species 
assemblages on the eastern continental shelf of the 
Bay of Biscay in the period 1987-2000. The study of 
the multispecies spatial structures over time requires 
the combined analysis of different tables of species 
density sampled at different stations. This is done 
using muUitable factorial analysis. 

Available data 

Data were collected during the 11 groundfish surveys 
carried out by IFREMER since 1987 in the Bay of 

Biscay from October to December (ICES, 1997). The 
survey area is between 48°30'N and 43°30'N. The 
sampling scheme is stratified according to latitude 
and depth. A 36/47 GOV trawl is used with a 20-mm 
mesh codend liner. Haul duration is 30 min at a tow
ing speed of 4 knots. Fishing is mainly restricted to 
daylight hours. 

Three changes occurred in the sampling procedure 
beginning in 1997: (a) a stratified random scheme 
replaced the fixed station sampling strategy used 
since 1987; (b) the number of hauls made per survey 
decreased from about 120 to 80; and (c) operations 
were carried out from a different research vessel. 

The data obtained from 1163 hauls were analysed. 
A total of 209 fish species were caught but only 49 
demersal fish species, present on average in at least 
5% of the tows, were included in the analysis. The 
numbers per tow were log-transformed before con
ducting the analysis to minimize the dominant effect 
of exceptional catches. 
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Data analysis 

The analysis methods used are described in Gaertner 
et al. (1998). The table of the total number of indi
viduals per survey and per species (matrix with 11 
surveys and 49 species) was used as input in a 
between-class correspondence analysis (CoA) to test 
the existence of a survey effect in the overall species 
composition. The significance of between-survey dif
ferences was checked by means of a permutation 
test. 

The CoA version (Gaertner et al., 1998) of the 
STATIS multitable method (Lavit, 1988) was then 
used to describe the stable part and the variable part 
of the spatial structuring of the assemblages. The 
first stage of the STATIS method consists of calcu
lating a distance matrix between species for each 
survey. This allows comparison between surveys by 
calculation of a distance matrix between surveys. 
The 11 elements of the first eigenvector of the dia-
gonalized between-survey distance matrix are then 
used to weight the 11 species distance matrices to 
construct a mean table of maximum inertia (com
promise table). The analysis (correspondence ana
lysis) of the compromise table defines axes and 
components, which express the stable part of the 
spatial structures. In addition, the projection of the 
11 matrices into the compromise space allows a plot 
of the species trajectories. These represent the tem
poral variations of each species with respect to the 
common structure and identify the relative location 
of the samphng stations. 

Results 

The inter-survey CoA demonstrates the occurrence 
of weak but significant temporal variations (p<0.05) 
in overall species composition between the surveys 
at the scale of the Bay of Biscay. 

Table 1. STATIS analysis: contribution of each survey to the 
construction of the compromise table (weight) and fit of each 
survey to the compromise (Cos-). 

Survey 

1987 
1988 
1989 
1990 
1992 
1994 
1995 
1997 
1998 
1999 
2000 

No. of sampled stations 

127 
132 
139 
135 
105 
101 
112 
89 
74 
70 
79 

Weight 

0..TO 
0.32 
0.30 
0.31 
0.30 
0.30 
0.31 
0.31 
0.29 
0.29 
0.29 

Cos-

0.61 
0.75 
0.66 
0.71 
0.63 
0.66 
0.77 
0.74 
0.63 
Ü.65 
0.61 

Figure 1. Map of the stable structure of the demersal fish 
assemblages and of the factorial scores of the sampling sta
tions on the first three axes (A to C) of the correspondence 
analysis of the STATIS compromise table. 
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Table 2. Main indicator species defining the first three compo
nents of the stable structure of the spatial organization of the 
assemblages from the STATIS compromise table analysis. 

Axis 

1 

2 

3 

Species 

Spondyliosoma cantharus 
Mullus surmuletus 
Trachmus draco 
Argentina silus 
Gadiiulus argenteus 
Capros aper 

Tnsopterus minutus 
Caproi aper 
Aspitrigla cuculus 
Galeus melastomus 
Argentina silus 
Chimaera monstrosa 

Trachmus draco 
Boops hoops 
Liza ramada 
Merlangim merlangus 
Pomatoschistus minutus 
Lesueuriogobius friesii 

Coordinate sign 

+ 
+ 
+ 

-
-
-

+ 
+ 
+ 

-
-
-

+ 
+ 
+ 

-
-
-

The STATIS results (Table 1) show that the con
tribution of the different surveys to the construction 
of the compromise table is well balanced. The fit of 
each survey to the compromise table is relatively 
constant and does not exhibit temporal trends. 

The first three axes of the correspondence analysis 
of the compromise table explain more than one-
third of the inertia of the stable part of the spatial 
structuring of the assemblages. They represent the 
main spatial organizational directions of the species 
assemblages. Axis 1 (Figure lA) shows that the 
depth gradient is the main structuring factor over 
the survey area. In the shallower part of the con
tinental shelf (less than 100 m) a weak latitude gra
dient also exists. The indicator species of gradient 
extreme values are listed in Table 2. On axis 2 
(Figure IB), positive scores demarcate the central 
part of the continental shelf. High positive scores in 
the northern part of the shelf are associated with 
Aspitrigla cuculus and Capros aper. High negative 
scores on axis 3 (Figure IC) are closely related to 
the spatial distribution of Lesueuriogobius jriesii 
and encompass the muddy bottoms, which occur 
between 60 and 120 m depth. 

Eleven species mainly contributed to the inter-
survey variations (Figure 2). Their positions with 
respect to the gradients and in relation to other spe
cies show, however, that variations were confined 
to species natural ranges. Five species were widely 
distributed over the outer part of the continental 
shelf, while the spatial distributions of the six other 
species were restricted to shallower waters. Changes 
m abundance or spatial distribution patterns were 
identified. They were temporary for some species 
and exhibited time trends for others. 

Axis 1 
4987^ 

1 

2000 

Axis 3 
1987 

1998 

1987 

• Dicologoglossa cuneata 

• Gadiculus argenteus 

• Boops boops 

Figure 2. Details of the projection of the trajectories over time of some of the 11 characteristic species on the factorial plane 
1-3 of the STATIS compromise 
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Synthesis and conclusion 

The demersal fish species assemblages on the Bay of 
Biscay eastern continental shelf are spatially orga
nized according to depth, latitude, and substrate 
type represented by the large muddy bottom area 
near the 100 m depth contour A common structure 
IS identified over the 11 autumns sampled in the 
period 1987 2000 Small inter-survey variations are 
shown They are linked to changes occurring in the 
abundante or the spatial distribution patterns over 
time of 11 species 

The relative stability of the demersal fish commu
nities throughout the study period contrasts with the 
strong variability of some mesoscale hydrodynamic 
features (upwellings, lower salinity water lenses, and 
cold pool) encountered on the French continental 
shelf of the Bay of Biscay (Puillat et al, 2003) These 
changes seem not to have measurable effects at 
the scale of the demersal fish species assemblages 
because they were too short in duration, not intense 
enough, too small spatially, or some combination of 
these 

On the other hand, large-scale hydrochmatic 
changes, as indicated by increases in sea surface tem
perature (Planque et al, 2003), seem to affect species 
that are at their limit of distribution range m the Bay 

of Biscay Dicologglossa cuneata and Boops hoops. 
two shallow-water species having their northern 
distribution limit in the Bay of Biscay, show increas
ing abundance trends and increases in theirareas of 
distribution over the study period in response to the 
observed warming 
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Biological-physical variability in the Cantabrian Sea is examined from data collected 
between 1993 and 2000 High hake recruitment occurs during years of high but not 
maximum upwelling in autumn and intermediate subsurface salinities in winter. These 
results define an optimal environmental window for successful hake recruitment. The 
variability in the subsurface salinities is believed to be related to the strength of the 
wmter Poleward Current, which in turn is considered to influence hake recruitment 
through Its etTect on aggregation and dispersion of pre-recruits. Recruitment is also 
hypothesized to be negatively affected through insufficient food resources at low 
upwelling levels and through offshore transport at extremely high levels 

Keywords. Bay of Biscay, hake recruitment, optimal environmental window. 
Poleward Current, upwelling. 
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Introduction 

In the Cantabrian Sea, the geographical distribution 
of hake recruits is generally constrained to 25-30 
km- patches in areas near the main capes, but with 
year-to-year variability of aggregation densities. 
Much of the recruitment variability may be attri
buted to density-independent factors. Two seasonal 
driving agents set the local oceanography: the 
spring summer upwelling and the winter Poleward 
Current (PC) (Sanchez and Gil, 2000). In this arti
cle, the relationship between recruitment and these 
two environmental features is explored. 

Data and methods 

Fisheries and environmental data come from the 
autumn bottom-trawl surveys carried out by the Ins-
tituto Espafiol de Oceanografia (lEO) in the period 
1993-2000. Hake recruitment has been estimated 
following standard procedures as described in San
chez and Gil (2000). Upwelling strength was eva
luated by calculating the percentage of planar shelf 
area (%PA) at 50 m depth occupied by negative tem
perature anomalies. Higher percentage PA indicates 
stronger upwelling. The anomalies are defined as 

differences between the survey temperatures and 
the 1993-2000 mean values. Winter oceanographic 
conditions are evaluated from January salinities at 
80 m recorded at a fixed station on the slope in the 
central Cantabrian Sea. 

Results and discussion 

High hake recruitment occurs during years of strong 
upwelling (80%PA) but declines rapidly with incre
ased upwelling (> 80%PA; Figure 1 A). It can be seen 
that moderate winter salinities are required for 
hake to recruit successfully (Figure IB). Thus, hake 
recruitment indices are associated with autumn 
temperatures and winter salinities by a non-linear, 
dome-shaped relationship (Figure 2). This defines 
an optimal environmental window (OEW) for hake 
recruitment in the Cantabrian Sea. 

The warm and saline input into the Bay of Biscay 
during the winter is introduced by the Iberian Pole
ward Current or IPC (Pingree and Le Cann, 1990). 
The variability in the subsurface salinity is consid
ered an estimator of the strength of the residual 
poleward transport by the IPC with higher transport 
producing higher salinities and lower transport. 
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Figure 1 Scatter plot of hake recruitment (numbers hour ') versus (a) planar shelf area (PA) occupied by negative temperature 
anomalies at 50 m with respect to the 1993 2000 mean (representative of the summer au tumn upwelling area) and (b) January 
salinity at 80 m at the central C a n t a b n a n Sea fixed station (representative of the relative strength of the Poleward Current) 

lower salinities The link between winter subsurface 
salinity and hake recruitment is thought to be thr
ough the IPC This shelf edge flow is believed to 
play a key role in transporting hake eggs from their 
winter spawning areas and also in their subsequent 
larval development (Sanchez and Gil, 2000) In add
ition to the large-scale transport of hake eggs and 
larvae, mesoscale eddies pinched off the main cur
rent bring about large offshore advections of neritic 
material (Fernandez et al, in press) This is thought 
to be a key density-independent factor negatively 
affecting recruitment offish species spawning during 
the wintertime 

The Cantabnan Sea experiences seasonal upwel
ling and an associated upwelling front The front 
separates freshly upwelled cold, high salinity and 

nutnent-nch water from warmer, nutrient-depleted 
oceanic waters An alongshore equatorward jet plus 
associated eddy activity develop along the front 
(e g Smith, 1995) Negative temperature anomalies 
appear along the inner shelf during periods of stron
ger than normal upwelling Absence of upwelling 
brings about the reversal of the current pattern plus 
the weakening of mesoscale eddy activity (Sanchez 
and Gil, 2000) We propose the following hypo
theses to account for the relationship between hake 
recruitment and upwelling as indicated by the '^PA 
The control of hake recruitment by the upwelling 
could be exerted first by establishing an appropriate 
aggregation pattern of hake larvae 'Bottom-up' 
processes associated with food availability could 
reduce the survival of larvae at low upwelling rates 
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Figure 2. Surface plot of hake recruitment (in numbers hour"') versus January salinity at 80 m (Poleward Current index) and the 
%PA (autumn upwelling index). Note the dome-shaped peak in recruitment that defines the optimal environmental window. 

(enrichment hypothesis). Extreme upwelling sug
gests the possibility of excessive offshore transport 
and loss of hake larvae from the coastal habitat. The 
optimal situation requires adequate development 
of a moderately upwelled fringe over the shelf, as 
previously noted by Sanchez and Gil (2000). 

Finally, it is interesting to note that the OEW for 
upwelling we observed for hake recruitment is simi
lar to that for recruitment of several pelagic species 
found by Cury and Roy (1989). 
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Effect of recruitment, individual weights, fishing effort, and 
fluctuating longline catchability on the catch of Faroe Plateau 
cod {Gadus morhua L.) in the period 1989-1999 
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weights, fishing effort, and fluctuating longline catchability on the catch of Faroe 
Plateau cod (Giuius morhuu L ) in the period 1989-1999. - ICES Marine Science 
Symposia, 219-418420 

The catch of Faroe Plateau cod fluctuated more in the 1990s than during almost any 
time in the previous 90 years, and one main aim of this study was to investigate 
whether the behaviour of cod was anomalous (e g large-scale migrations) during these 
years It was found that the behaviour of cod was normal in the 1990s (except possibly 
in 1996) and that variations in recruitment, individual fish weights, fishing effort, and 
catchability (catch per unit effort divided by stock abundance) were the most impor
tant factors that determined the catch of cod The fiuctuating catchability especially 
applied to longlines where a negative relationship between catchability and individual 
growth rate of cod was found, indicating that cod preferred longline baits when 
the abundance of natural food organisms, was scarce The study also shows that cod 
production was highly correlated with primary production This indicates that 
primary production was the driving torce behind recruitment and individual growth 
and hence the collapse of the cod stock m 1991 as well as its rapid recovery in 1995 

Keywords' catchability, cod production, Gailus morhua, growth, individual weights, 
primary production, recruitment. 

Pelur Steingrund, Lise Helen Ofslad. and Dagunn Hilda Ohen Faroese Fisheries 
Laboratory. Noalm I, PO Box 3051. FO-110 Tórsharn. Faroe Islands [tel +298 31 50 
92. fax +298 31 82 64. emad pelurs@frs.JoJ 

The catch of the Faroe Plateau cod has normally 
fluctuated between 20 and 40 thousand tonnes 
(Jakupsstovu and Reinert, 1994). During the period 
1991-1994, however, catches were less than 10 
thousand tonnes (ICES, 2001). The stock recovered 
rapidly thereafter (23 and 40 thousand tonnes 
landed in 1995 and 1996, respectively), and this 
study investigates the possible causes behind these 
large fluctuations. 

An index of primary production was taken from 
Gaard et al (2002). Fisheries data on fish weights, 
recruitment, and fishing mortality were taken from 
ICES (2001). Age disaggregated catch per unit effort 
for pair trawlers and longliners (taking the majority 
of the cod catches) was provided by the Faroese 
Fisheries Laboratory, Faroe Islands. 

When illustrating why the annual catch of cod 
in a particular year was lower or higher than the 
average level, four scenarios were performed using 
different input values for recruitment, fish weights 
(W), and fishing mortalities (F). The resulting catch 
in each scenario was calculated and the change in 

catch between scenarios was taken as a measure of 
the factor that was changed. In Scenario I, the input 
values were held on a constant (average) level, and 
gave, of course, a constant catch using the formula 
W,N,(l-exp(-M-F))(F/(M + F)), and summing 
for all ages. The stock numbers were calculated 
according to N,+| = N,exp(-M-F), starting with the 
number of recruits. In Scenarios 2-A, the recruit
ment, fish weights, and fishing mortalities, respec
tively, were changed to the values obtained in the 
assessment in ICES (2001). The effect of fishing 
mortality (EF = Catch in Scenario 4-Catch in 
Scenario 3) was split into four components. 
1) The effect of fluctuating catchability of longlines 

(Q). First, adjusted longline catchabilities 
were calculated that corresponded to average 
fish growth: adjusted catchability = observed 
catchability-slope x (average growth - observed 
growth), where the slope was obtained from a 
simple linear regression of catchability at age ver
sus growth. The effect on catch was calculated as 
individual weights x observed catch in numbers 

mailto:pelurs@frs.JoJ
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for longliners x (adjusted catchability - observed 
catchability) / observed catchability, and summed 
for all ages 

2) The effect of unexplained catchability for 
longliners (UL) In the regression between 
longline catchability and growth, the difference 
between observed and predicted values was taken 
as a measure of unexplained error of catch-
abilities (probably indicating cod migrations) 
The catch corresponding to this error was calcu
lated as individual weights x observed catch in 
numbers for longliners x (predicted catchability 
observed catchability) / observed catchability, 
and summed for all ages 

3) The effect of unexplained catchability for 
pair trawlers (UP) Since there was no cor
relation between pair trawler catchabihties 
and growth, the regression lines had a slope 
of zero The catch corresponding to the error 
was calculated as individual weights x observed 
catch in numbers for pair trawlers x (predicted 
catchability - observed catchability) / observed 
catchability, and summed for all ages 

4) The effect of fishing effort, which was quantified 
by EF-(Q + UL + UP) 

Cod production, resulting from the primary pro
duction in year t, was defined as weight increase 
of the cod population (Pitcher and Hart, 1982) 
P,= N,+,x(W,+,-W,), where W,+,-W, denotes the 
individual weight increase from summer in year t to 
the next year N,+, (stock population numbers at 
1 January) was used as a proxy for the average 
number of cod in the time period The contributions 
from the ages 2-6 were summed to give the total cod 
production 

The results show that the low catch at the 
beginning of the 1990s was caused by a combination 
of recruitment failure, low individual weights, and 

low fishing effort (Figure 1) The rapid increase in 
catch was caused by good recruitment combined 
with increased growth and fishing effort In 1996 
a substantial part of the catch was caused by high 
unexplained catchabihties, probably indicating ano
malous cod behaviour that particular year Poor 
growth m 1997 gave a high catchability with 
longlines, whereas the opposite occurred m 1995 
Figure 1 should be interpreted m a qualitative way, 
since the results to some extent depended on the way 
of calculation, e g the sequence of the four scen
arios, and which longline sets or pair trawler hauls 
were selected for the c p u e calculations 

Recruitment and individual weights often co-
varied (good recruitment and large weights the same 
year, Figure 1), corresponding to periods of low and 
high cod production, respectively Cod production 
was highly correlated with primary production 
(Figure 2), suggesting a direct relationship between 
primary production, production of food organisms, 
and cod production The species composition of 
food organisms may vary considerably from year to 
year (unpublished data), making an opportunistic 

—•— Primary production —D— Cod production 

Figure 2 Index of potential new primary production on the 
Faroe Shelf and corresponding production of 2 to 6 year old 
Faroe Plateau cod 

• Unexpl change in pair trawl 
catchability 

• Unexpl change in longline 
catchability 

@ Growth dependent longline 
catchability 

p Fishing effort 

B Individual weights 

D Recruitment 

89 90 91 92 93 94 95 96 97 98 99 

Figure 1 Illustration of the importance of recruitment individual fish weights fishing effort and catchabihties on annual catch 
of Faroe Plateau cod (deviation from mean) 
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feeding behaviour necessary in order to capture the 
energy flow Also the competition from other fish 
species, e g saithe and haddock, may be limited, 
since the diet is quite different (unpublished data) 

Since the total cod production (production of 
recruiting cod and older cod) is fixed by the primary 
production, the recruitment is constrained to certain 
limits, as the recruiting cod and the older cod are 
competing for limited food resources Even if the 
maximum possible recruitment in a given year is 
rather well defined (recruiting cod contributing 
100% to the total cod production), the actual recru
itment is hard to predict, since this depends on early 
life history of recruiting cod and the outcome of 
the competition with older cod Thus both stoch
astic processes in early life, e g match-mismatch 
(Cushing, 1990), and deterministic processes (eg 
density-dependent mortality) seem to determine 
recruitment, as found for different cod populations 
in southern Norway (Fromentin et al, 2001) 
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Hydrobiological variability on the northwest European continental 
shelf during the 1990s and its relation to changes in fish stocks 
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Multidisciplinary survey data have been obtained from the first quarter ICES Interna
tional Bottom Trawl Surveys from 1986 to 1999 The data include estimates of the 
number of young demersal fish by ICES Square (based on numbers caught per hour 
ot research vessel fishing), along with near-bed temperature, salinity, and water depth 
The database forms a near-synoptic picture of the winter distribution of young fish in 
the North Sea, particularly m relation to hydrographic conditions Two species have 
been selected for examination, cod and haddock Their average distribution over the 
observation period with respect to temperature indicated that the young haddock had 
a more restricted temperature range, centred on approximately 8°C and were not 
found in waters with a temperature of less than 5°C Young cod were iound in a wider 
range of temperatures, from less than 1°C to 9°C, but with a maximum at approxi
mately 6°C This IS partly explained by their different geographical distributions, with 
young haddock confined to the deeper northern North Sea, and young cod to the 
shallower southern areas The data have also been used to examine the interannual 
variability of both temperature and young fish numbers The influence of the Atlantic 
inflow IS clear when looking at data from the northern North Sea, as interannual vari
ability of temperature was less than in the shallower southern areas In the south, tem
peratures were closely associated with the variability of the North Atlantic Oscillation 
index (NAO) The 1990s was a decade of warming in the North Sea However, 1996 
was a particularly cold year, which may have influenced the large catch of young cod 
in the following winter 

S L Hughes W R Turrell and A Nenton FRS Marine Laboratory PO Box 101 
Aberdeen AB119DB Scotland [tel +44 1224 29 5429 fax +44 1224 29 5511 e-mail 
hughess@marlab ac uk] Correspondence to S L Hughes 

Keywords climate change, cod, haddock, NAO, North Sea 

Introduction 

The multidisciplinary data from the ICES Interna
tional Bottom Trawl Surveys (IBTS) undertaken in 
January/February each year 1986 to 1999 (IBTS, 
Quarterl) form a near-synoptic picture of the winter 
distribution of young fish in the North Sea, parti
cularly in relation to the hydrographic conditions 
(Turrell, 2000) Heesen and Daan (1994) have 
undertaken an analysis of the IBTS dataset in rela
tion to cod distribution for the period 1977-1991 
The data presented here extend this analysis through 
the decade of the 1990s 

Two species, cod and haddock, were selected for 
initial examination from the IBTS dataset The 
spatial distribution and relationship with near-bed 

temperature of these two species have been 
examined The data have also been used to examine 
interannual variability of temperature and numbers 
of young fish caught 

Data 

The annual IBTS Quarter 1 survey is usually under
taken in February, for the purpose of stock assess
ment Standardized trawl hauls and plankton net 
tows are taken in each ICES box along with near-
bed and near-surface temperature, salinity, and 
nutrient measurements At some sites, including the 
fishing grounds marked in Figure 1, winter tempera
tures are available from 1970 to 1999 For this 
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Young Cod 

Figure 1. The average winter distribution of young cod and haddock in the North Sea, 1986-1999. The shaded areas indicate 
where young fish of each species were caught. The intensity of shading indicates the number of young fish caught; a darker 
shade indicates a higher catch. The location of the following fishing grounds are marked on the map: VB - The Viking Bank, 
DG The Dogger Bank, and GB German Bight. 

Study, corresponding catch data were only available 
from 1986 to 1999. A variety of methods have been 
employed during the multi-national surveys, but 
have basically employed fish sampling using 
standardized demersal trawls, and hydrographic 
sampling using reversing water bottles and, more 
recently, CTDs. In this study, the numbers of year 1 
cod and haddock are investigated. The winter North 
Atlantic Oscillation index (NAO) has been obtained 
from http://www.cgd.ucar.edu/~jhurrell/nao.html 
(Hurrell, 1995). 

Results 

The waters of the northern North Sea are modified 
by inflowing Atlantic Water and so, in winter, are 
warmer and less variable than the waters of the 
southern North Sea. Winter near-bed temperatures 
from three North Sea fishing grounds (Viking Bank-
VB, Dogger Bank-DG, and German Bight-GB) 
are shown in Figure 2. In the deep northern fishing 

grounds of the Viking Bank, winter near-bed 
temperatures only fell below 6°C on one occasion 
between 1970 and 1999. In the shallower southern 
grounds of the German Bight, the winter near-bed 
temperatures during the same period were rarely 
higher than 6°C. During the study period, the win
ters of 1989, 1990, and 1991 were warmer for the 
whole of the North Sea, for these years the winter 
temperatures in the German Bight were between 
6.2 and 6.5°C. The winters of 1986, 1987, and 1996 
were particularly cold. The winter of 1996 stood out 
as the coldest of the study period; during this year 
winter temperatures in the German Bight reached 
-0.2°C. During the winter months the waters of 
the North Sea are generally well mixed and so the 
near-bed temperature is indicative of temperature 
throughout the water column. 

The period 1976-1999 has been identified by 
the Intergovernmental Panel on Climate Change 
(IPCC) as one of warming for the whole of the 
Northern Hemisphere. To identify the trends in the 
winter near-bed temperature of the North Sea over 

http://www.cgd.ucar.edu/~jhurrell/nao.html
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Dogger Bank 

Gennan Bight 

Figure 2. Winter near-bed temperatures at selected North Sea 
fishing grounds (VB, DB, GB); the locations of these fishing 
grounds are marked in Figure 1. The figure also shows the 
changes in the North Atlantic Oscillation (NAO) during this 
period. The dotted line on each graph is the linear trend of 
temperature for the period 1980 to 1999. Left axis (thick line) 
is winter near-bed temperature (°C); right axis (fine line) is the 
NAO winter index. 

this period (1976 to 1999), a linear fit was applied 
to the data (Figure 2). These data show warming 
of between 0.5°C and 0.8°C per decade at all 
sites, a warming trend that has been observed at 
sites throughout the North Sea (Turrell, 2000). The 
interannual variability of temperatures of the North 
Sea is known to be well correlated with that of the 
winter NAO index, with warmer winter tempera
tures associated with positive NAO index values 
(Becker and Pauly, 1996). 

The spatial distribution of catches of young cod 
and haddock showed a marked difference between 
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Figure 3. The relationship between catches of young cod and 
haddock in the North Sea and the near-bed temperature at 
which they were caught. The catch numbers refer to the total 
number of young fish caught per hour of fishing during the 
Quarter 1 International Bottom Trawl Surveys 1986 to 1999. 

the species. Young haddock were found mainly in 
the deeper northern North Sea, whereas young cod 
were found in the southern North Sea (Figure 1). 
Over the study period, catches of young cod were 
concentrated at particular sites such as the German 
Bight, and to the north of the Dogger Bank. In 
contrast, young haddock appear to have been more 
evenly distributed. 

The difference between the distribution of the two 
species is also evident when comparing the fre
quency of catches to the near-bed temperature. Over 
the period of study (1986 to 1999), young haddock 
were only caught in waters warmer than 4°C, with 
the highest catches occurring in waters close to 7°C, 
whereas young cod were caught in waters with a 
much larger temperature range, the highest catch 
occurred in water between 5°C and 7°C (Figure 3). 
Heesen and Daan (1994) present the frequency of 
catch data by year compared to the temperatures 
'available' to the fish in that year. Figures 4 and 5 
illustrate this relationship for cod and haddock 
between 1986 and 1999. 

Catches of both cod and haddock were low 
during the cold winter of 1996. However, it is inter
esting to note that in 1997 there was a marked 
increase in the catch of 1-year-old cod (these fish 
would have spawned during the colder winter of 
1996). If lagged by 1 year, the annual catches of 
young cod since 1986 show some correlation with 
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Figure 4 The numbers of young haddock caught by temperature at which they were caught for each year 1986-1999 Catch data 
are numbers of young fish caught in each \°C temperature band (left axis) The grey line (right axis) represents the 
percentage of the total survey area characterized by each temperature band 

winter near-bed temperatures on the Dogger Bank 
(Figure 6) 

Discussion 

The cod spawning-stock biomass in the North Sea 
IS estimated to have been below the ICES preca
utionary level since 1984 (ICES, 2001) The decade 
of the 1990s was a period of warming for the North 
Sea, with warming trends of between 0 5 and 0 8°C 
per decade Heesen and Dann (1994) analysed the 
relationship between cod distribution and tempera
ture in the North Sea using IBTS data from 1977 
to 1991 They looked at the temperature of water in 
which young cod were caught and dismissed the pos
sibility that juvenile cod had a specific preference to 
lower or higher temperatures or that the distribution 
of cod in the North Sea was significantly affected by 
a gradual increase in temperature However, they 
did acknowledge that there is a possibility that 

temperature would have an effect on the larval and 
early 0-group phase 

It IS possible that climatic factors such as tem
perature have been more important during the 
1990s, while cod stocks have been low This may 
be reflected in the relationship between catches of 
year-1 cod and the NAO in the previous year, which 
IS representative of the conditions they encountered 
while in their early stages (Figure 6) However, a 
longer time-series of data would be needed to 
quantitatively examine a correlation between these 
parameters 

There are many biological and physical factors 
determining the survival of young fish and these 
have not been investigated here The variation of 
water temperature and catches of young cod and 
haddock throughout the 1990s have been presented, 
and the suggested correlation between winter tem
peratures and catches of young cod is worthy of 
further investigation An ability to predict winter 
temperatures in the North Sea may prove to be a 
useful tool for fisheries management 
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Figure 5 The numbers of young cod caught by temperature at which they were caught for 
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Figure 6 The total number of young cod caught during the 
Quarter 1 International Bottom Trawl Surveys 1986 to 1999 
(fine black line with dots) For comparison, the winter near-
bed temperature at Dogger bank (grey line) and the winter 
NAO index (shaded light grey) are plotted on an inverse axis 
Catch data have been lagged by 1 year (i e 1986 catch plotted 
as 1985) 
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Sustainable use of marine waters has a high priority as part of international and 
national agendas The quality of marine ecosystems reflects both the level of human 
pressures and natural environmental processes Knowledge is key to making efficient 
policy recommendations regarding ecosystem management In the past decade the 
development of indicators has played an important role in enabling policy makers to 
understand ecosystem changes while helping them make concrete recommendations 
towards improvement of their marine environments Such indicators should describe 
the quality of the ecosystem have strong scientific basis and have the advantage of 
simplicity This article presents the steps taken to develop ecological indicators for 
The Netherlands section of the North Sea Among the current set of indicators used 
in The Netherlands two are presented to illustrate how they are used in ecosystem 
management 

Keywords ecological indicator, ecosystem approach ecosystem management GONZ 
SOVON 
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Introduction 

The Netherlands has implemented various projects 
to improve the level of knowledge of the ecosystem 
of The Netherlands section of the North Sea 
(Kabuta and Duijts 2000) The GONZ project 
(GONZ IS the Dutch acronym for indicator devel
opment for the North Sea) was designed to use 
monitoring data in the development of ecological 
indicators to evaluate the level of human impact on 
the quality of the ecosystem Ecological indicators 
are used to measure ecosystem integrity and may 
incorporate multi-dimensional information Those 
developed in the GONZ project are based on 
biological components of the ecosystem including 
information on species, groups of species and com
munities Associated with these components are 
various organizational levels and functional ele
ments of the ecosystem that include productivity, 
predation and reproduction 

The development of indicators in the GONZ 
project started by integrating the relevant ecological 
components of the National policies for Water 
Management and Nature Conservation in The 

Netherlands (Duel et al, 1997) Two main policy 
themes were selected the conservation of biodiver
sity and the sustainable use of the ecosystem Eco
system indicators were identified for each of these 
two themes (Table 1) Biodiversity covers diversity 
of species, community, and habitat, while sustain-
ability is linked to various uses of the ecosystem (e g 
fishing, shipping sand extraction) as well as ecologi
cal processes (e g production and predation among 
ecological groups) The indicators were selected 
based on the following criteria 

• representative of a functional response of the 
ecosystem 

• easy and inexpensive to monitor or be based on 
modelhng results 

• relevant to existing policy recommendations 
• sensitive to the changes in the ecosystem 
• sensitive to specific human activities 
• availability of long-term time-series 
The final list of indicators was screened by a 

committee of scientists, policy-makers, stakeholders 
and managers (Duel et al, 1997) Information 
about changes in the ecosystem were obtained 
using long-term data on the indicators (Kabuta and 
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Table 1. The current set of ecosystem indicators. 

427 

Parameters/ecological 
groups 

Species diversity 

Population density 
Community structure 

Primary production 

Secondary production 
(grazers) 
Tertiary (somatic) 
production 
Food web 
Top predator density 

Size of food storage 

Trophic structure 

Zoo and 
phytoplankton 

No. of species 
(SW) 

Ratio flagellates/ 
diatoms 
Production level 
C gr cm^ / year 
Copepod density 

Macrozoobenthos 

No. of species 
(SW) 
Density / m̂  
r/k strategy 

Biomass 
benthos g / m^ 

Prey organism 
spisula (m-) 
Types of feeders 
(IT index) 

Marine fishes 

No. of species 
(SW) 
Density per species 
Length / weight 
per species 

Biomass commercial 
landings per species 

Population size and 
distribution 
Prey organism 
(herring) 

Sea mammals 

No. / km-

Individual 
biomass 

Population size 
and distribution 

Coast and sea birds 

Breeding population 

Population size 
and distribution 

Types of feeders 

SW = Shannon-Wiener index; empty boxes indicate no ecosystem indicator yet selected. 

Duijts, 2000). In the remainder of the article we 
discuss two ecosystem indicators. 

Example 1. Changes in breeding populations of 
the sandwich tern (Sterna sandvicensis) as an indica
tor for coastal and marine habitat conservation. -
Policy recommendations for habitat conservation 
in The Netherlands stress the need for nature con
servation regions in both marine and coastal areas. 
The increase in breeding populations of birds in 
these areas form one of the elements for assessing 
the success of this poHcy. 

The sandwich tern is a coastal seabird often found 
foraging (up to depths of 20 m) in the Dutch Coastal 
Zone and estuaries (Delta and Wadden Sea) (Stone 
et al., 1995). Their food comprises mainly small fish 
such as sprat, young herring, and sandeel. The 
breeding population is affected by water quahty and 
the accessibility of food. The tern lives in large 
groups on the beach during the breeding season and 
at sea when not breeding. At all times of the year, 
the tern shows a high sensitivity to various forms of 
human influences, including recreational activities, 
toxic substances, and fisheries. The size of the popu
lation is strongly associated with the richness and 
availability of nesting grounds (Stone et al., 1995). 

Data on sandwich tern populations are collected 
primarily through an annual monitoring programme 
conducted by the National Institute for Coastal and 
Marine Management (RIKZ). Additional data are 
collected by various voluntary study groups special
izing in nature conservation in The Netherlands. 
The data on breeding birds are managed by 
SO VON. The breeding success of the sandwich tern 
is determined annually in a number of colonies in 
the Delta estuary and in the Wadden Sea. 

Following a minimum in 1991, the number of 
breeding pairs of sandwich terns in the Delta 
increased (Figure 1). This trend is directly related 
to management policies. In 1991, high intensity of 
recreational activities in the Delta area disrupted the 
breeding population of terns, causing them to 
migrate in huge numbers to the nearby coast of 
Zeebrugge, Belgium (Meininger et al, 1999). As a 
direct result of policies to severely limit human 
encroachment on the breeding birds, there was a 
major decrease in recreational activity in 1993 and 
a large number of the breeding sandwich terns 
returned to the Delta region. 

Example 2. Changes in the structure of macro
zoobenthos infaunal communities in the North Sea 
as an indicator of disturbances on the seabed. -
Fishing and sand extraction in the North Sea affect 
benthos fauna communities in various ways. These 
communities are often removed from their habitats, 
buried under organic matter, or killed directly. 
Demersal fisheries activities are also considered 

6000 

Figure 1. Changes in the breeding population of the sandwich 
tern. 
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responsible for major changes in both the functional 
and the organizational structures of the local 
benthos communities. 

From the point of view of sustainability in The 
Netherlands North Sea, management actions are 
being directed towards reducing the negative effects 
of human activities, such as fisheries, on the ecosys
tem. Monitoring data have long been used to calcu
late diversity indices as a measure of the quality of 
the benthos communities. These indices, in principle, 
describe the level of species richness in the various 
parts of the Dutch section of the North Sea (Holt-
mann, 1997). Besides these diversity indices, few 
other indices are used to describe the impact of 
human activities on benthos communities in the 
North Sea. One exception is the Infaunal Trophic 
(IT) index (Word, 1979). 

Word (1979) characterized the coastal waters of 
South California using the IT index, which selects a 
number of species within a given area based on their 
frequency of occurrence and dominance (>40%) 
in the samples collected during monitoring. Omni
vorous, predatory, and herbivorous species are 
excluded. The selected species are divided on the 
basis of their feeding strategies. Group 1 consists of 
organisms that feed by capturing suspended par
ticles drifting into their mucous traps or filter sys
tems. These "suspension feeders" tend to dominate 
areas where sediment levels of BOD are relatively 
low. Group 2 comprises "interface feeders" with 
most of the male organisms feeding on suspended 
particulate matter while the females feed on surface 
detritus. Group 3 species feed on detritus on the 
seabed and are called "surface deposit feeders". 
They dominate where BOD levels are slightly 
increased due to anthropogenic activities. Group 4 
feed on detritus found under the surface of the 
seabed. Significant amounts of mud pass through 
the guts of these "subsurface feeders". The values of 
the IT index for Groups 1 through 4 are between 
100 and 75, 74 and 49, 48 and 25, and 24 and 0, 
respectively. 

The IT index is measured by using the selected 
number of species belonging to each of the four 
groups. The index is calculated by using the formula: 

IT index = 100 - (100 x (On, +ln2 + 2x1^+ 3n4))/3n, + 
nj + n, + n4 

where n,, n,, n,, and n^ are the numbers of individu
als in Groups 1, 2, 3, and 4, respectively. The value 
of the IT index lies between 0 and 100. The closer 
the number is to 100, the less disturbed the seabed, 
and suspension feeders dominate. When the index is 
closer to 0, the seabed is relatively highly disturbed 
and subsurface feeders dominate. 

The IT indices for The Netherlands section of the 
North Sea between 1991 and 1998 show the highest 
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Figure 2. The time-series of the Infaunal Trophic (IT) index 
for four regions of The Netherlands section of the North Sea. 

index, indicative of less seabed disturbance, to 
the north of the oyster grounds (Figure 2). In the 
offshore regions of the North Sea, lower indices 
were observed, although they were slightly higher in 
1994 and 1995, indicating less seabed disturbances 
in those years. The indices in the coastal region 
lie between 30 and 60, indicative of continuous 
disturbance during the study period. 

Conclusions 

A suite of indicators is presently being used to evalu
ate nature policy objectives for The Netherlands sec
tion of the North Sea. The techniques learned within 
the GONZ project have served as input to the devel
opment of ecological quality objectives (ECOQO) 
for the North Sea. The development of ecological 
indicators is far from complete. Future work inclu
des the development of scientifically sound and 
politically acceptable reference values for the indica
tors. Further efforts should be geared towards inte
grating different sets of indicators (socio-economics, 
governance, physical and morphological) and to link 
the indicators with specific human activities. 
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Eutrophication and herring reproduction success in the northern 
Baltic Sea 
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We analysed a 14-year (1982-1995) data set of age-0 herring taken with a littoral 
beach seine during June August in three adjacent bays off Helsinki in the Gulf of 
Finland in the Baltic Sea In all three bays, the abundance of littoral age-0 herring was 
lower with higher primary production (270-3800 mg C m"' d"') Age-0 herring catches 
also showed a significant negative correlation with turbidity Eutrophication level 
explained 40% of the 0-t- herring catches. 
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Introduction 

Nutrient levels in Baltic Sea Water vary greatly 
within a year; in general, however, they are highest 
in nearshore areas. In some coastal areas, nutrient 
levels peaked in the 1970s and 1980s, although rela
tively high discharges of nutrients continue to enter 
the Baltic Sea through land drainage and river 
run-off These coastal areas serve as excellent sites 
for studying the response of fish reproduction to 
eutrophication. The larval profit theory of fish pro
duction states that not only the extent of larval and 
nursery areas but also the conditions prevailing in 
them determine overall survival and hence popula
tion size (Urho, 2002). In this artile, we examine 
whether a relationship exists between water quality 
parameters and 0+ herring abundance. 

In the Archipelago Sea, a known area of eutrophi
cation, Kaaria et al. (1988) observed that herring 
catches in 1973-1986 increased in the outer areas 
of the sea and decreased in the areas nearer to shore. 
Correspondingly, in the Helsinki region, Anttila 
(1973) reported that herring had started spawning 
farther offshore. In the 1980s, Urho and Hildén 
(1990) found that herring larvae hatching outside 
the shallow bay areas shifted inshore annually to take 
advantage of warmer waters in areas where waste 

water treatment had already started to improve the 
quality of the water. As an indication of this local 
remedy, Lappalainen and Pesonen (2000) caught 
herring, even at spawning time, when conducting test 
fishing in an inshore bay (Laajalahti) off Helsinki 
in 1997. We use a 14-year (1982-1995) continuous 
data set on age-0 herring abundance in three adjacent 
inner bays off Helsinki, each with a slightly different 
eutrophic status, to study changes in the reproductive 
success of herring at different eutrophication levels. 
We hypothesized that age-0 catches could be linked 
to primary production capacity. 

Materials and methods 

To study the effects of wastewater effluent, annual 
samphng of the nearshore abundances of 0+ fish was 
started in three bays off Helsinki in 1982. The bays, 
Laajalahti, Vanhankaupunginlahti and Vartioky-
lanlahti, in the Gulf of Finland, are shallow (mean 
depth 1.4-2.4 m) and brackish (salinity < 6%o). Of 
the three, Laajalahti is the largest, 5.3 km-, and 
artiokyliinlahti the smallest, 3.3 km-. Better sewage 
treatment has gradually improved the water quality 
of the most eutrophic bays (Table 1) (Pellikka and 
Viljamaa, 1998). 
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Table 1 Summer phytoplankton primary production capacity 
{mgCm"'d~') and turbidity (FTU) for three bays (Laa = 
Laajalahti, Van = Vanhankaupunginlahti, and (Var = Vartio-
kylanlahti) off Helsinki, in the Baltic Sea 

Year/ Primary production Turbidity 

1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

Laa 

1700 
1800 

1800 
1400 
780 

1200 
1000 
970 

680 

580 

Van 

3800 
3800 
2100 

1600 

1350 
1700 
1200 
1400 
730 
740 
720 
890 

Var 

590 
560 

570 

270 
500 
520 
460 

450 

Laa 

76 
5 45 

7 25 
12 1 
76 
9 55 

14 5 
12 

91 

11 

Van 

26 1 
10 7 
17 5 

21 

22 
12 5 
12 5 
12 
9 

18 
75 
7 

Var 

4 25 
5 15 

27 

4 35 
4 25 
46 
68 

64 

The aim of this study was to relate age-0 herring 
catches to the eutrophication level. The majority of 
the fish samples were taken in July, but also some in 
June (first sample 10 June) and August (last sample 
24 August). In all three bays, the fish monitoring 
was carried out with similar beach seines: arms 9-
10.5 m long, depth 2.5 m, and mesh size 5 mm in the 
arms and 1 mm in the codend. The age-0 fish were 
sampled and analysed as catch per haul (c.p.u.e.) by 
pulling the seine by hand towards the beach or an 
anchored boat (4-5 m in length) with 20 m ropes. 
The intention was to haul 10 stations in one day in 
each bay, 3 ^ times per summer. The same stations 
were used every year. Mean daily In-transformed 
catches (c.p.u.e.+ l) were used to calculate mean 
annual catches. These age-0 herring catches were 
related to the annual summer phytoplankton pri
mary production capacity and turbidity (Pellikka 
and Viljamaa, 1998) of each bay (Table 1). 

Results 

Herring larvae appeared in all three bays every 
year from 1982 to 1995. Catches of age-0 herring 
decreased with increasing primary production (270-
3800 mg Cm M ') in all three bays. Furthermore, 
the age-0 herring catches were significantly nega
tively correlated with turbidity, and turbidity posi
tively correlated with primary production (Table 2). 
However, there was no significant partial correla
tion (r = -0.08, p>0.10, n = 30) between turbidity 
and age-0 herring catch when the effect of primary 
production was considered for both herring catches 
and turbidity. Because turbidity was not partially 
correlated with herring catch, we did not include 
turbidity in any of our later analyses. 

Table 2. Correlation coefficient (rp) and corresponding Bon-
ferroni corrected probabilities in parentheses among age-O 
herring catch, primary production capacity (PP), and turbidity 
(FTU) for three bays off Helsinki, 1982-1995 (n = 30) 

ln(catch + 1) In(PP) 

In(PP) 
In(FTU) 

-0 62 (0.00) 
-0 44 (0.04) 0 63 (0 00) 

Primary production and bay as covariates account 
for the bulk of the variability in the herring age-0 
catches in the shallow nearshore areas (GLM. full 
model, r-=0.43, p<0.01, n = 30). The crossed vari
able, bay * ln(primary production) and bay, did not 
contribute significantly to the function. Primary pro
duction alone accounted for 38% of the age-0 herring 
catches (Figure 1) but indicated that the mean catch 
in Vartiokylanlahti in 1990 was an outlier. Excluding 
this outlier did not change the results, however. 
Primary production was still the only significant fac
tor affecting herring O-i- catches (r-= 0.369, p<0.01, 
n = 29). 

Discussion 

Aneer (1985) was probably the first to consider the 
possibility that increased nutrient levels might pose a 
problem for the early stages of herring. In a review 
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Figure 1 Relationship between reproductive success, as littoral 
catches of agc-0 herring, and phytoplankton primary produc
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Baltic Sea, 1982 1995. The regression outlier is encircled 



432 L Urho et al. 

article on the effects of eutrophication on fish stocks 
in the Baltic, however, Hansson and Rudstam (1990) 
concluded that young herring were more numerous in 
the eutrophic Himmerfjarden than in a nearby refer
ence area in the northern Baltic proper. This is well 
in line with the finding of Boehlert and Morgan 
(1985) that slight turbidity increases the feeding 
success of herring larvae. 

The negative relationship we found between eut
rophication and age-0 herring abundance does not 
necessarily conflict with the positive relationships 
reported by Hansson and Rudstam (1990) and Boehl
ert and Morgan (1985). It may be a question of eutro
phication level. Boehlert and Morgan (1985) found 
that slight turbidity enhances feeding success. With 
an increase in turbidity, however, the success starts 
to diminish. We recorded the lowest age-0 herring 
catches when the phosphorus content exceeded 20 or 
even 50 mg PO4-P dm '. The water phosphate level 
during the growth season in the immerfjiirden area 
(http://www.ecology.su.se/dbhfj/h5start.htm) seems 
to correspond to the lower values of the Helsinki 
area. Thus, it could be that Hansson and Rudstam 
(1990) recorded the rising left limb, and we the dec
lining right limb, of the bell-shaped eutrophication 
- reproductive success function. 
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environmental changes 

Tiit Raid, Ahto Jarvik, Olavi Kaljuste, Ain Lankov, and Tenno Drevs 

Raid, T , Jdrvik, A , Kaljuste, O., Lankov, A , and Drevs, T. 2003 Principal develop
ments in the structure and dynamics of main fish stocks in the northeastern Baltic in 
the 1990s within the context of environmental changes - ICES Marine Science 
Symposia, 219-433^36. 

The mean weight-at-age of herring and sprat has shown a decreasing trend, following 
a decrease in the marine component of the zoöplankton during an extended period of 
absence of large inflows to the Baltic Sea Simultaneously, the open-sea herring stocks 
have decreased m abundance, while some gulf stocks of herring and sprat stock have 
increased The changes observed have had an effect not only on relationships within 
the ecosystem, but also on the assessment and exploitation of fish stocks in the Baltic 
Sea. 

Keywords cod, herring, mean weight, salinity, sprat, zooplankton. 
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Introduction 

As a result of a prolonged period (1977-1993) with
out major inflows from the North Sea, the salinity 
of the northeastern Baltic Sea decreased signifi
cantly in the 1980s to early 1990s. At the same time 
the mean water temperature increased in the early 
1990s because of the series of mild winters. The aim 
of the present study was to elucidate possible links 
between these environmental factors and copepod 
abundance, and the recent trends in fish stocks. 

Material and methods 

The available time-series of stock size and mean 
weight-at-age of herring and sprat in recent decades 
were scrutinized against temperature and salinity 
as well as abundance of zooplankton. The studies 
were focused on the northeastern Baltic, particularly 
on the Gulf of Finland and the Gulf of Riga. The 
following parameters were analysed: 
• Surface temperature and salinity at 0-60 m in the 

Gulf of Finland, 

• Abundance of copepods, Limnocalanus grimldii 
and Pseudocalanus elongatws in the Gulf of 
Finland and the Gulf of Riga, 

• Mean annual consumption rate of herring in the 
Gulf of Finland. 

• Mean weight-at-age of herring in the Gulf of 
Riga and in the Gulf of Finland. 

• Mean weight-at-age of sprat in the Gulf of 
Finland. 

• Abundance of herring in the Gulf of Riga. 
• Abundance of sprat in the Baltic. 

Results and discussion 

The species composition of the catches of the major 
commercial fishes in the Baltic has changed signi
ficantly in the 1990s, while the total catch has re
mained steady or shghtly increased. Cod and herring 
were dominant in the 1980s but both started to 
decHne rapidly in the second half of the 1980s, while 
sprat catches increased. In the 1990s, sprat was the 
major contributor to total catch, while the share of 
cod fell to below 20% (ICES, 2001). The changes in 

mailto:olavik@sea.ee
mailto:ainparnu@hotmail.com
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abundance indices essentially followed the trends in 
catch composition with cod abundance decreasing 
by a factor of 5, while sprat increased six-fold by the 
1990s Herring stocks in the Baltic Proper have also 
decreased, while some local herring stocks in gulfs, 
e g the Gulf of Riga, have gained in abundance m 
the 1990s (ICES, 2001) 

The changes in abundance have been accompa
nied by decreasing mean weight-at-age for herring 
since the mid-1980s and for sprat since the early 
1990s (Figure 1) Since the second half of 1990s, 
the mean weight of herring has stabilized in the 
northeastern Baltic 

Decreases in mean weight-at-age of herring brou
ght about decreases in its market value and also 
complicated the perception ot biomass estimates 

Simultaneously to the changes mentioned above, 
the mean salinity of the euphotic layer decreased 
almost four times both m the Baltic Proper and m 
gulfs of the northeastern Baltic by the early 1990s 
(HELCOM, 1997) In addition, the amount of heat 
accumulated in the sea increased significantly due to 
mild winters (Toompuu 1998) 

The results ot observations show temporal coin
cidence of trends in salinity and the abundance of 
traditional food items of herring such as copepods 
Lmmocalanus gnmaldii and Pseudocalanus elongalus 
(Sidrevics et al 1991 Ojaveer (/ a/, 1998) (Figure 
2) expressed as a strong positive correlation At the 
same time, the abundance of those copepods is nega
tively correlated with temperature (Table 1) These 
facts suggest that environmental changes of the late 

1980s and early 1990s had a negative effect on feed
ing conditions for herring This is supported by the 
observed decrease of mean consumption rate of 
herring and the increase in the percentage of the 
total number of individuals without food in their 
stomachs (Figure 3, Table 1) 
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Table 1 Estimated correlations between different Baltic fish stock parameters, zooplankton temperature and salinity in 1980s and 1990s Significant correlations (not adjusted 
for autocorrelation) are in bold 

oi. 

e 
.J 

Temperature Fin 
Salinity Fin 
Copepods Fin 
Pseudocalanus Fin 
Limnocdlanus Riga 
Copepods Riga 
Her Consumption (g/ind) 
Weight Her Fin 
Weight Her Riga 
Weight Sprat Fin 
Numbers Her Riga 
Numbers Sprat 22 32 

1 000 
-0 336 
-0 296 
-0.613 
-0 485 

0 050 
0 184 

-0 124 
-0 118 
-0 009 
-0 009 
-0 081 

1 000 
0412 
0.803 
0.756 
0 090 
0 472 
0.606 
0.588 
0 034 

-0 621 
-0 416 

1 000 
0 574 
0.727 
0.774 
0 379 
0.508 
0 321 
0 167 

-0 429 
-0 207 

1 000 
0.777 
0 095 
0 353 
0.649 
0.639 

-0 347 
-0 677 
-0 720 

1 000 
0519 
0 489 
0 481 
0 435 

-0 368 
-0 588 
-0 428 

1 000 
-0 184 
-0 290 
-0 294 
-0 484 

0 177 
0 361 

1 000 
0.866 
0.787 
0 690 0.733 0 616 1 000 
-0 934 -0 945 -0 893 -0 709 1 000 
-0 802 -0 809 -0 747 -0 764 0.866 1 000 

1 000 
0.908 
0.733 
0 945 
0 809 

1000 
0 616 

-0 893 
-0 747 

Her- Herring 
Fin- Gulf of Finland 
Riga- Gulf of Riga 
22 32- Subdivisions 22 32 
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The increased abundance of copepods, after a 
slight increase in salinity resulting from the moder
ate inflow of 1993, seems to have had a positive 
effect on herring feeding in the second half of the 
199()s, despite low abundances of both Limnocalanus 
and Pseudoculanus Grazing on copepods has proba
bly been the main reason for the increased con
sumption rate and the decrease in the number of 
starving herring after 1995, as well as for the stabi
lized mean weight (Figures 2, 3) Also, the list of 
herring prey has been supplemented by new items, 
such as the locally abundant non-indigenous cla-
doceran Cercopagis pengoi, which appeared in the 
herring diet in the late 1990s (Ojaveer, el al, 1999). 

The mean weight-at-age of sprat seems to be 
driven by the same factors as in herring, i.e copepod 
abundance (Table 1). However, a high negative cor
relation between the mean weight-at-age and stock 
size of both herring and sprat implies that the latter 
cannot be ruled out as a factor influencing the mean 
weight (Table 1) 
The recent changes in the prey of herring, which 
overlaps that of sprat, has probably increased 
food competition between these pelagic species. 

particularly during the present high abundance of 
sprat 
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Baltic Sea benthos in the 1990s: a comparison of the distribution of 
oxygen deficiency and macrozoobenthos communities 

Laine A O and Unverzagt S 2003 Baltic Sea benthos in the 1990s a comparison 
of the distribution of oxygen deficiency and macrozoobenthos communities ICES 
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Semi-permanent oxygen deficiency characterizes large areas of the Central Baltic Sea 
In this study changes m the depth and area of hypoxia and anoxia and consequent 
variability in macrozoobenthos are described for the 1990s The early 1990s are 
characterized by the end of a long stagnation period with relatively restricted but 
severe anoxia in the very deep areas The inflow events in 1993 1994 caused a tempo
rary improvement but led quickly to stronger stratification and consequent expansion 
of the area suffering oxygen depletion Consequently the state of the macrofauna 
communities had deteriorated by the end of the 1990s compared with the beginning 
ot the decade Different communities (abundance species composition) were found 
between areas with different oxygen states indicating the ecological importance of 
oxygen conditions in the deep Baltic 

Keywords anoxia Baltic Sea hypoxia macrozoobenthos oxygen deficiency 
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Introduction 
Owing to the permanent salinity stratification and 
restricted water exchange, deep-water oxygen defi
ciency prevails in large areas of the Baltic Sea, an 
exception is the Gulf of Bothnia (e g Fonselius, 
1981, Matthaus, 1995) This strongly affects the 
distribution of benthic animal communities The 
hypoxic areas (dissolved oxygen concentration 
< 2 ml 1 ') occasionally cover up to 77 000 km\ cor
responding to 36% of the Baltic Proper and western 
Gulf of Finland area Toxic hydrogen sulphide is 
formed m areas of anoxia (no oxygen), covering up 
to 14 000 km' of bottom (Unverzagt, 2001) How
ever, the extent and severity of oxygen depletion 
varies strongly between years, depending on the 
climate-related hydrography (Hanninen et al, 1999, 
Zorita and Laine, 2000) Along the depth-related 
oxygen gradient, different stages of macrozooben-
thic communities are found and long-term deteriora
tion or recolonization can be observed depending on 
the change of oxygen conditions (e g Rumohr et al, 
1996, Laine et al, 1997) The 1990s were character
ized by major changes in the hydrography, due to 
the end of a long stagnation period caused by high 

salinity, deep-water inflows in 1993-1994 (see dis
cussion) In this study we describe the extent and 
succession ot areas suffering hypoxia and anoxia on 
the basis of long-term oxygen data since 1969 and 
their effect on the macrofauna from data collected 
during the 1990s 

Material and methods 
Data on dissolved oxygen and hydrogen sulphide 
concentrations originate trom monitoring program
mes carried out by Baltic research institutes (see 
Unverzagt, 2001) The depths of the upper limits 
of both the hypoxic area and the anoxic area with 
hydrogen sulphide formation were calculated These 
we call the border depths First, a logistic function 
was found to describe the changes in the oxygen con
centrations with increasing depth at all measurement 
points The parameters of this function and the loca
tion of the two border depths were determined by a 
linear-weighted regression at each sampling station 
To estimate the location of the border depths between 
the sampled points, geostatistical methods (Knging 
and Indicator Knging, Journal, 1989) were used 
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Thus, information from all points was involved in 
the estimation of depths in winch the border surfaces 
are situated at non-easured points For a detailed 
description of the methodology, see Unverzagt 
(2001) 

The macrozoobenthos material consists of long-
term monitoring data collected by the Finnish Insti
tute of Marine Research (see Laine et al, 1997). The 
samples were taken annually, in May-June, with a 
Van Veen grab (ca 3 replicate samples per sampling 
occasion, 1-mm sieve) at fixed stations, representing 
soft bottom habitats deeper than 50 m The zooben-
thos data were correlated to oxygen data collected 
during the corresponding season, April June. 

^ 60 

1 oxygen <2 ml/I 

1 hydrogen sulfide fS) 

w 
1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1999 

Figure 2 Changes in the area of hypoxia and anoxia in 1969 
1999 Note that the area of anoxia has been multiplied by 
three to fit the scales 

Results 

The depth of the 2 ml 1' oxygen concentration 
shows an increasing long-term trend, reversing after 
a maximum of 115 m in 1993-1994 (Figure 1) The 
upper limit of the anoxic layer is more variable but 
shows a corresponding change at the same time In 
1994-1996, anoxia was almost absent, followed in 
later years by a decreasing border depth In 1999, 
anoxia reached shallower areas with a mean depth 
of only 112 m. 

The area (Figure 2) of oxygen deficiency shows a 
similar pattern, a long-term decline in the extent of 
the hypoxia (resulting in a minimum of 14 900 km-
in 1993) but relatively large areas affected by anoxia 
and hydrogen sulphide in the early 1990s Since 
1994-1995 an expansion of the hypoxic area and 
volume has taken place again 

In Figure 3 the extent of the areas suffering 
hypoxia and anoxia and the distribution of macro-
fauna (total abundance) is shown for selected years, 
describing different hydrographical phases. The 
years 1991 and 1993 represent the conditions at the 
end of the long stagnation period, when hypoxia and 
anoxia were restricted to the deep basins in the 
central and northern parts As a consequence of the 

Figure I Changes in the depth (upper limit ot occurrence) ot 
hypoxia (dissolved oxygen concentration 2 ml I'') and anoxia 
(no oxygen, hydrogen sulphide present) in 1969-1999 

Figure 1 The maps give examples ot the distribution of 
hypoxia (dissolved oxygen concentration < 2 ml I '. grey areas) 
and anoxia (no oxygen, hydrogen sulphide present, black 
areas) in different years of the 1990s The scaled cross hairs 
indicate the variability ot macrozoobenthos (symbol size 
related to total abundance) at the monitoring sites 

effective inflows of the North Sea waters, anoxia and 
hydrogen sulphide disappeared in 1994. Since 1995 
the conditions started to deteriorate, and hydrogen 
sulphide was formed again In 1999 hypoxia was very 
widespread, covering all of the deeper basins. 
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Figure 4 Changes of macrozoobenthos total abundance and 
species number (mean ± S.E.) in the 70 100 m depth zone in 
the central and northern parts of the study area in 1990-1999. 

hydrogen sulphide (Matthaus, 1995; Samuelsson, 
1996). Deep-water inflows in 1993-1994 (Matthaus 
and Lass, 1995) caused only a temporary improve
ment in the oxygen conditions of the deep areas 
but also led to a strengthening of the stratification 
due to the deep-water salinity increase. This soon 
resulted in an expansion of the area of the bottom 
with oxygen deficiency and a decline in the macro-
benthic communities. Oxygen deficiency is the most 
important single factor structuring the macrobenthic 
communities in the deep subhalocline areas and 
extensive changes in hydrography determine the 
state of the macrozoobenthos in large areas of the 
central Baltic basins (Laine et al, 1997). 

The oxygen conditions are clearly reflected in the 
distribution of macrofauna. A significant difference 
(p< 0.001, Kruskal-Walhs ANOVA) between areas 
of anoxia, hypoxia and higher oxygen concentra
tions was found for total abundance (on average 
7.2, 67.5, 480.6 ind. m ^ respectively) and number 
of species (0.2, 1.0, 3.4, respectively). In central 
and northern parts of the study area, 4 of the 12 
recorded macrofauna species clearly dominated the 
community (amphipod Pontoporeia femorata» 
bivalve Macoma baltica > amphipod Monoporeia 
affinis > polychaete Harmothoe sarsi) when oxygen 
concentration was >2 ml 1'. In areas of hypoxia, 
three of nine species were dominant (P. femorata» 
H. sarsi > M. tallica) and in anoxic areas only H. 
sarsi was recorded and in low numbers. The total 
abundance and species number in the 70-100 m 
depth zone showed no clear change at the beginning 
of the 1990s but since 1996-1997 a decline m 
both variables is obvious (Figure 4), due to the 
deterioration in oxygen conditions. 

Discussion 

In the deep basins of the Baltic Sea, the 1990s were 
first characterized by a small hypoxic area but rela
tively large anoxic area as a consequence of the 
preceding long stagnation period from 1977 to 1993. 
This was accompanied by a decline in salinity, a 
lowering of the halocline and an accumulation of 
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Impact of the environmental changes in the northeastern Baltic on 
the Estonian fishery in the 1990s 

Ahto Jarvik and Tiit Raid 

Jarvik, A , and Raid. T 2003. Impact of the environmental changes in the northeast
ern Baltic on the Estonian fishery in the 1990s ICES Marine Science Symposia, 219' 
440 442. 

The duration of ice-coverage is one of the key environmental factors directly affecting 
the northeastern Baltic fisheries. The 1990s can be characterized as years of relatively 
warm winters and reduced ice-coverage As a result, the open sea trawl fishery became 
possible year round, except in the most eastern part of the Gulf of Finland and 
close to the coast. The increased possibilities for the winter trawl fishery encouraged 
Estonian fishermen to employ bigger open sea trawlers At the same time, substantial 
declines in demersal fish stocks occurred, in part due to environmental processes. This 
included reduced inflow of saline water from the North Sea that resulted in reduced 
salinity and oxygen levels in the northeastern Baltic and contributed to the collapse of 
bottom trawling for cod and fiounder These resulted in significant changes in the 
exploitation pattern on the main fish stocks of herring, sprat, cod, and fiounder with 
important socio-economical implications for Estonia 
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Introduction 

The temporal and spatial distribution of the 
Estonian offshore fishery in winter is directly and 
strongly dependent on sea-ice coverage in the north
eastern Baltic. Besides making fishing impossible in 
those areas covered by ice, even inside adjacent ice-
free areas, small fishing vessels are not allowed for 
safety reasons. Another important environmental 
factor that indirectly impacts the Baltic fishery 
through effects on the distribution and abundance 
of fish is salinity, the variability of which is driven 
by the inflow of saline water from the North Sea 
and freshwater run-off The main aim of the present 
study is to determine the impacts of sea ice and sal
inity on the Estonian offshore fishery in the Baltic, 
and discuss its socio-economical consequences. 

Environmental changes 

On the basis of maximum extent of ice cover, 
the winters in the Baltic Sea area are classified as: 
extremely mild, ice cover 52000-81 000 km-; mild. 

81 001-139 000 km^ average, 139 001-279 000 km ;̂ 
severe, 279 001-383 000 km-; and extremely severe, 
383 001^20000 km- (Seinii and Palosuo, 1995). 
In the 1990s, the winters of 1994 and 1996 can be 
classified as average, with the Gulf of Finland, the 
Gulf of Riga and the northeastern Baltic Proper 
mostly covered by ice during January to March. All 
other winters of the 1990s can be characterized as 
mild or extremely mild with full ice cover only in the 
eastern part of the Gulf of Finland for 1-3 months 
(Trinkuinaite, 2000). 

During the prolonged period of absence of deep 
inflows from the North Sea in 1977-1993, the salin
ity and oxygen conditions in the northeastern Baltic 
declined substantially (HELCOM, 2001). A mod
erate infiow in 1993 did not cause a substantial 
increase of salinity in the northeastern Baltic and, 
furthermore, large volumes of freshwater run-off 
observed in 1998 had additional negative effects 
on sahnity conditions (HELCOM, 2001). While 
oxygen levels near bottom initially increased after 
the inflow of 1993, they quickly declined and contin
ued to decrease through the remainder of the 1990s 
(HELCOM, 2001). 
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Figure 1 Share of first quarter in annual catches of herring in 
1987 and 1993 2000 in Subdivisions 29 and 32 and maximum 
extent of the ice cover of the Baltic Sea (Sema et al 2001, 
Seina& Palosuo 1996) 

Figure 2 Total catch of herring and sprat in Estonian pelagic 
trawl fishery in January February 1995 2001 and maximum 
extent of ice cover of the Baltic Sea (Sema c / al 2Ü01 Seina & 
Palosuo 1996 Vainio pers comm ) 

Effects on fish and fish catches 

The virtual absence of permanent ice cover in most 
of the northeastern Baltic in the 1990s resulted in the 
presence ol a winter trawl fishery This is opposite to 
the 1980s when heavy ice conditions severely res
tricted winter fishing and when the percentage of the 
annual catch taken during the first quarter of the 
year was very low (Figure 1) Not surprisingly, a 
negative correlation (R^=0 66) was found between 
the percentage of the annual catch ol herring in Sub
divisions 29 and 32 taken during the first quarter of 
the year and the maximum extent of ice cover For 
Subdivision 32 this negative correlation proved to be 
even higher (R^= 0 77) 

The low oxygen and salinity conditions menti
oned above resulted in a decrease in cod abundance 
At the same time, however, there was a gradual inc
rease in the abundance of flounder (Drevs, 1999) 
The stocks of pelagic species, such as herring and 
sprat, fluctuated but did not undergo drastic 
changes in the northeastern Baltic (Anon , 2000) 

Consequences for the fishery 

The bottom trawl fishery for cod, and hence also 
for flounder, which is primarily a bycatch of the 
cod fishery, decreased substantially in the northeast
ern Baltic in the 1990s, and even collapsed in the 
Gulf of Finland This situation occurred at a time 
of decreasing opportunities for the Estonian fishing 
fleet in the southern areas of the eastern Baltic Sea 
Under these conditions, the Estonian trawl fleet 
switched to catching the national quotas tor herring 
and sprat 

The increased possibility for trawl fishing virtu
ally all year around due to eased ice conditions in 
winter during the 1990s (Figure 2) resulted in the 
requirement for more powerful trawlers They began 
to fish with larger gear and were equipped with 
more efficient facilities, thus allowing them to oper
ate in bad weather and to extend the length of their 
fishing trips 

Before the use of these larger boats, the previously 
existing trawl fleet was already fully capable of 
taking the Estonian quotas for herring and sprat 

Table 1 Information on the Estonian Baltic Sea fishing fieet in the 1990s the number of fishing vessels including those that are 
idle the annual Gross Registered Tonnage the total power of the engines in kilowatts and the average engine power per vessel 
in kilowatts 

Year 

1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

No of fishing 
(including idle 

184 
208 
219 
218 
225 
216 
201 
189 

vessels 
vessels) 

Annual GRT 

13 096 
13 978 
14015 
13 773 
15 450 
15414 
13,896 
13,059 

Total power of 
engines KW 

29,025 
31463 
32 417 
32 895 
36,937 
38,063 
35 005 
33 283 

Average engine power 
per vessel, KW 

157 7 
151 3 
148 1 
150 9 
164 2 
176 2 
174 2 
176 1 
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With the larger boats, the actual overcapacity of the 
Estonian trawl fleet was estimated to be more than 
50% (Raid and Jarvik, 2001). Therefore, the med
ium-size fleet, earlier based in the eastern part of the 
Estonian coast adjacent to the Gulf of Finland, was 
partly relocated to the areas close to the Baltic 
Proper and others were forced to sit idle. The total 
number of Estonian trawlers working to full capa
city noticeably diminished during the latter years of 
the 1990s. 

The decline in demersal fish abundance and the 
increase in the winter fishery resulted in substantial 
changes in the structure of the Estonian fishing fleet, 
and ultimately led to a remarkable reduction in the 
number of offshore fishermen in Estonia (Table 1). 
In some coastal areas, particularly in Eastern Esto
nia, the decline in the number of fishermen and the 
reduced catches have caused serious social problems 
at the regional level, since the fishery has been one 
of the main fields of employment in this area. 
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Hydrographic conditions in the Norwegian Sea in the 1990s and 
their influence on plankton status and Atlanto-Scandian herring 
migrations 
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the Norwegian Sea in the 1990s and their influence on plankton status and Atlanto-
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On the basis of data from annual summertime oceanographic surveys, conducted by 
PINRO in the Norwegian Sea, considerable variations m the maritime climate of this 
region during the 1990s have been identified. The early and later parts of the 1990s 
were characterized by significant increases of water temperature of the Norwegian 
Current comparable to that in the early 1960s and mid-1970s In the mid-1990s, trans
gression of cold water from the East Icelandic Current into the central part of the 
Norwegian Sea was accompanied by an abnormal decline of sea water temperature 
similar in magnitude to that observed at the end of the 1960s and early 1980s. Alter
nation of variation of water temperature anomalies in the Norwegian Sea during the 
1990s took place against a considerable increase of water temperature in the North
east Atlantic The observed variations of climate influenced substantially the status 
of zooplankton (Calunus Jinmurclucus) and migration pattern of Atlanto-Scandian 
herring. 

Keywords' Atlanto-Scandian herring, Cukinusfinmarchicus, distribution, hydrographic 
conditions, Norwegian Sea, zooplankton 
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Introduction Material and methods 

Against a background of long-term change in the 
thermal condition of the Norwegian Sea during 
the second half of the 20th century, the 1990s were 
characterized by significant negative and positive 
anomalies of water temperature. The peculiarity 
of the period described consists of the alternation 
of considerable warming and cooling periods over 
relatively short time intervals. 

The goal of this article is to reveal possible rea
sons for these abrupt changes in the Norwegian Sea 
heat content in the 1990s, and to show the influence 
these variations had on the development and distri
bution of the arcto-boreal copepod Calanus finmar-
chicus (Gunnerus), on the zooplankton biomass as a 
whole during the summer period, as well as on the 
change of Atlanto-Scandian herring migrations. 

Hydrographic and plankton observations were obt
ained during summer cruises conducted by PINRO 
to the Norwegian Sea in 1990-1999 (Figure 1). In 
addition, the article deals with the results of previous 
PINRO hydrographic investigations and uses data 
from the ICES Northern Pelagic and Blue Whiting 
Fisheries Working Group (Anon., 1995, 1999). Mean 
values of water temperature were calculated and 
compared with the 1951-1990 average in the upper 
200 m layer in standard sections crossing the Norwe
gian and East Icelandic Currents and in mixed waters 
at the boundaries (Alexeev and Istoshin, 1956, 1960). 

The status of C. finmarchicus was determined in 
the upper 50 m layer by its stage composition during 
the summer period of 1990-1999, by its abundance 
distribution (both total and at every age stage), as 
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well as by the variation of zooplankton biomass in 
1980-1999. The dynamics of plankton biomass was 
traced both in the Atlantic Water and in the mixed 
waters of the Norwegian Sea (averaged in sections 
along 65°45'N and 67°30'N). 

Results and discussion 

The special feature of hydrographic conditions in 
the Norwegian Sea in the 1990s was the abrupt tran
sition within the Atlantic waters from warming in 
1990-1991 to cooHng in 1995-1997, followed by the 
significant increase in temperature in 1998-1999 
(Figure 2A). 1990-1991 and 1998 1999 were charac
terized as warm years; 1993, 1995, and 1997 as cold 
years; 1992, 1994, and 1996 as intermediate years. 

In the early 1990s, warming was noticed through
out the area of the Norwegian Sea, suggesting that 
warm water inflow from the Northeast Atlantic was 
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Figure 2. Time-series of temperature anomalies of Norwegian Current water (A) and mixed waters (B), averaged in the depth 
0 200 m, obtained from the sections along 67''30'N (1) and 65°45'N (2) in the Norwegian Sea in June 1960 1999 and 
zooplankton biomass in 0 50 layer in the central part of the Norwegian Sea in June 1980-1999 (3). 
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Strengthened by southwesterly winds. In the late 
1990s, warming was only registered in the waters of 
the Norwegian Current. This regional warming may 
have been caused by the propagation of low pressure 
systems over the west and central areas of the Nor
wegian Sea during 1998 and the first half of 1999, 
resulting in a prevalence of more southerly winds 
against a background of continued warming in the 
Northeast Atlantic as a whole. 

Cooling in the first and second halves of the 1990s 
resulted from strengthening in the East-Icelandic 
Current and the increase in the volume of Subarctic 
waters in the central part of the Norwegian Sea 
(mixed waters. Figure 2B). However, in the first half 
of the 1990s, cooling was caused by the weakening 
of the westerly air mass transport and the strength
ening of the northerly one, and in the second half 
by the expansion of the Icelandic depression to the 
south, the recurrent increase of southeasterly winds, 
and the decrease in the southerly transport of the 
resident air masses. 

These changes had a considerable influence on the 
food plankton (C. finmarchicus) and the character 
of Atlanto-Scandian herring migrations. During 
the periods of warming in 1990 and 1998-1999, the 
mass spawning of C. finmarchicus took place earlier 
in the year compared to the cold years of 1993, 1995, 
and 1997. This resulted in significant concentrations 
of juveniles in the central Norwegian Sea in June, 
especially during 1998-1999. Additionally, the enh
ancement of the polar frontal zone in the southern 
and central Norwegian Sea during 1998-1999 result
ed in the slow growth of juveniles and low abundance 
of C. finmarchicus, within the elder age groups from 
the summer year class, in the central areas, and more 
limited areas of dense concentrations of C. finmar
chicus as compared to previous years (Figure 3). In 
the cold years of 1993, 1995, and 1997 in the southern 
and central Norwegian Sea, late spawning of C. 
fiinmarchicus was observed, resulting in pre-spawning 
and spawning individuals being most prevalent in 
June. This resulted in a high plankton biomass over a 

1999 1995 1994 

10° 5° 0° 5° 10° 10° 5° 0° 5° 10° 10° 5° 0° 5° 10° 15° 20° 

-1 -3 -5 

Figure 3. Abundance distribution of Calanus finmarchicus (top - copepodites of young CI-CIII; bottom - old ages ClV-CV) 
in the upper 50 m layer in June of warm 1999, cold 1995, and intermediate 1994. 1: 1-50, 2: 51-100, 3: 101-200, 4: 201-500, 
5: 501-1000, 6: more 1000 individuals/ml 
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wide area of the Norwegian Sea In June, C fimnar-
chicus juveniles were recorded only in small regions 
of the Norwegian Sea Dense aggregations of C 
jinmarchuus (CIV-CV) from summer year classes 
occurred in the south and in the east In the central 
area, the aggregations were represented by indivi
duals of over-wintering C Jmmarchuus (CIV-CV) 
In 1992, 1994, and 1996, which were intermediate 
in terms of the hydrographic conditions, with weakly 
defined warm temperatures in the east and cold 
temperatures in the west, the shift of dense concent
rations of all ages of C finmarchicus towards the 
central Norwegian Sea was observed 

While comparing variations of zooplankton 
biomass and temperature anomalies in the Atlantic 
and mixed waters of the central Norwegian Sea 
during 1980 1999 we note a negative relationship 
between zooplankton biomass and water tempera
ture (Figure 2) A positive relationship is only 
noticed during abrupt changes of temperature (e g 
in 1980 1981 and 1998-1999) Zooplankton bio
mass IS likely to be conditioned by many abiotic, as 
well as biotic factors 

Lowered heat content in the west and central 
areas, noticed since the middle of the 1990s, favour
ed the pronounced eastern orientation of herring 
summer migrations and possibly, led to the shift 
of the herring over-wintering areas compared to 
the 1960s, when they were mainly located east of 
Iceland and in Norwegian fjords 

Thus, the most significant feature of hydrographic 
conditions in the Norwegian Sea during the 1990s 

was the abrupt transition within the Atlantic waters 
from warming during 1990 1991 to cooling during 
1995 1997, followed by significant warming again 
during 1998-1999 In the Atlantic and mixed waters 
of the central Norwegian Sea during the 1990s, 
except for 1998 1999 we noted a negative relation
ship between zooplankton biomass and water tem
perature Considerable reduction of heat content in 
the south and central Norwegian Sea areas durmg 
the decade may have conditioned the more easterly 
distribution of herring feeding and over-wintering 
migrations compared to the 1960s 
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The impact of environmental conditions on the period of development and formation 
of plankton biomass in August during the cold and warmer-than-usual years is 
discussed Predation is shown to dominate over abiotic effects in influencing the 
distribution of copepods during the years of high capehn abundance 
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Introduction 

Feeding conditions of the Barents Sea capehn 
change due to the effects of sea temperature, food 
supply, their own abundance, their migration pat
tern, and competition for food This study was 
aimed at estimating capelin food supply considering 
the abundance of their population and zooplankton 
status in the feeding areas 

Material and methods 

Data for 1987, 1989, and 1992 were obtained during 
PINRO's research cruises undertaken in the central 
Barents Sea (Figure 1) Plankton were collected 
with a Juday net (37 cm diameter of opening, gauze 
No 38) in the layers 0-50, 50-100 m, and from 
100 m to the bottom In total, 425 samples were 
processed The plankton biomass was weighed and 
expressed in weight per m\ the biomass of some 
species was calculated by their amount in 1 m' and 
standard weights 

Results and discussion 

The analysis of hydrographic conditions in the 
covered years showed their essential differences In 
August of the cold year of 1987, water masses with 

negative temperature (61% of the total volume of 
waters) predominated The 0 50 m layer contained 
freshened Arctic waters, with the Barents Sea salt 
waters below them 

In August 1989, the Atlantic waters were charac
terized by greater heat supply, but lowered salinity 
In the northeast of the latitudinal zone, the Arctic 
waters prevailed In the zone of their contact with 
Atlantic waters, the horizontal Gradients of density 
were raised, indicating intensification of the cur
rents In the west of the area surveyed, the hydro-
graphic conditions developed as in the warm years, 
and in the east, as in the moderate cold ones 

1992 was the warmest among the years analysed 
The waters in the upper 50 m layer were charac
terized by high temperature and salinity, and the 
dynamics of warm and cold currents was, probably, 
weakened 

In those years, in the 0-50 m layer, the predomi
nance of C finmarchicus in the plankton community 
structure was widespread (Table 1) The relative 
number of cold water species increased with depth 
and copepod vertical distribution was different C 
finmarchicus descent in August was mainly caused 
by maturation, while the majority of cold water spe
cies (primarily old copepodites) occurred there con
tinuously M longa formed dense concentrations at 
all the development stages, often making up 60-90% 
of the total abundance 
In the years reviewed, plankton biomass varied sig
nificantly in the different parts of the central zone 
(Figure 2) Their raised values (500 and more) were 
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Figure 1 Fishing areas and position of stations in the latitudi
nal area surveyed in the central Barents Sea *Oceanographic 
and plankton stations 29 - the West Spitsbergen, 30 - the 
South Cape Deep, M the Spitsbergen Bank, 32 the West
ern slope of Bear Island Bank, 33 - the Southern slope of Bear 
Island Bank, 34 - the Eastern slope of Bear Island Bank, 35 
the Hopen Island area, 36 the Western Deep, 37 - the Persey 
Elevation, 38 the Central Elevation, 39 the Novaya Zemlya 
Sallows, 40 the Sukhoy Nos area, 41 - the Admiralteistvo 
Islands area 

Table 1 Relative abundance Calanus finmarchicus and 
Calanus glaiialis in the 0-50 m layer in fishing areas of the 
central Barents Sea in 1987, 1989, and 1992 (in %) 

Copepod species 

30 31 34 

Areas 

35 36 37 38 39 41 

1987 

C finmarchicm 
C glacialis 

98 
2 

70 
30 

99 
1 

98 
2 -

96 
3 

91 
2 

93 
3 

74 
22 

1989 

C finmarchicus 
C glaciahs 

74 
24 

47 
52 

77 
16 

64 62 
27 37 

76 
18 

84 
II 

79 
13 

82 
15 

1992 

C fiinmarchicus 
C glacialis -

-
-

94 87 
0 11 

58 
7 

68 
0 

68 
2 

64 
16 

Fishing areas in accordance with numeration and their location 
are given Figure I 

registered at separate stations in August Mean val
ues in the 0-50 m layer (on conversion to a station) 
were essentially different, amounting to 156 mg m ' 
(1987), 269 mg m ' (1989), and 177 mg m"' (1992) 

Forming biomass, to a great extent, depended on 
specific and age composition of copepods, the rates 
of their growth and maturation In cold 1987, in 
the majority of central and eastern areas, where 
the mean temperature in the 0-50 m layer did not 
exceed 1°C, 80-90% of plankton (not counting 
small species) were represented by nauplu and 
small copepodites (I-II stages) Only in some areas 
was the prevalence noticed of C finmarchicus 
copepodites at Stages III and IV-VI (Nos. 31, 34, 

38) and C glacialis (No 31), which also remained 
in the 50-100 m layer 

In 1989, despite continuing spawning of copepods 
in the north and northeast (Nos 37, 39, 41), accom
panied by the high abundance of nauplii and young 
copepodites (to 600-2000 ind /m' or 70-90'%), tog
ether with them, in all the areas, the essential num
bers of old copepodites, primarily C finmarchicus 
and C glacialis, occurred Their largest number 
(250-600 ind m"') was registered in some western 
areas (Nos 30, 34, 35) In the 50-100 m layer it was 
somewhat lower 

In August of the warm year of 1992, in the central 
and eastern latitudinal zone, nauplii and young 
copepodites, as well as old copepodites of C fin
marchicus and C glacialis, were less abundant (with 
maximal values of 300^00 ind m"'), excluding the 
eastern areas, where the aggregations of the latter 
reached 400-500 ind m"' They were also predomi
nant in the 50-100 m layer In the west, the surveys 
for plankton were stopped because of low con
centrations of plankton We have considered plank
ton distribution in the warm years more minutely in 
another article (Orlova et al, 2000a) 

As a result, the contribution of every species to 
the total biomass was dissimilar (Table 2) In most 
cases, in 1987 and 1989, the raised C finmarchicus 
biomass was recorded to 100-m depths in the areas 
affected by the Atlantic waters In warm 1992, their 
biomass also increased in the area of the Adm
iralteistvo Peninsula (Table 2), located in the zone of 
cold current effect In some areas, the high biomass 
due to the presence of C finmarchicus was also obs
erved in the near-bottom layers (to 50-90 mg m"̂  
in 1987, 40-45 mg m ' in 1989, 20 mg m ' in 1992). 

In a number of cases, high biomass of C glacialis 
was also recorded in the same areas (mainly in 
the 50-100 m layer), but its values were maximum 
(90-130 mg m ') in the areas where the Arctic Water 
masses predominated (Table 2), as well as in the 
near-bottom layers 

C hyperhoreus played a smaller part in forming 
biomass In 1987, in the western parts, their values 
were under 5 mg m~', in the central and western 
ones, 20-30 mg m"' in all the layers In 1989, the 
biomass of that species was the same, but distrib
uted more evenly all over the area Although more 
abundant, the biomass of Metndia was not high, 
because of the great number of younger copepod
ites In the lower layers, the maximal values did not 
exceed 20-30 mg m ' 

As early as August, alongside the old copepodites 
(main food supply of adult fish), a high abundance 
of Calanoida nauplii remained in the plankton On 
the one hand, they are the main food component of 
capelin juveniles and other fishes, and on the other 
hand they characterize food potential in separate 
areas We (Orlova et al, 2002b) noticed the high 
correlation between the abundance of nauplii in 
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Figure 2 Distribution of plankton biomass (mg m"') and mean water temperature ("C) m the 0-50 m layer in August m 1987 (A), 
1989(B), and 1992(C). 

Table 2 Mean biomass of Calanus finmarchicus and Calanus 
glacialis in the 0-50 m and 50-100 m layers in fishing areas of 
the central Barents Sea in 1987, 1989, and 1992 (mg m"') 

Copepod species Depth, 
(m) 

30 31 34 

Areas 

35 36 37 38 39 41 

1987 

C finmarchicus 
C glacialis 
C finmarchicus 
C glacialis 

0-50 
50-100 
0-50 

50-100 

36 
50 
10 
49 

36 

89 

64 
68 
8 

27 

31 
1 -

16 -
1 -

17 
9 

11 
16 

36 
41 
9 

15 

15 
22 
20 
28 

11 
11 
20 
2 

1989 

C finmarchicus 0-50 84 5 180 90 16 36 24 61 8 
C glacialis 50-100 43 - 25 40 - 24 24 20 -
C finmarchicus 0-50 54 16 80 132 29 55 21 33 12 
C glacialis 50-100 80 - 19 74 - 25 49 37 -

C finmarchicus 0-50 
C glaciahs 50-100 
C finmarchicus 0-50 
C glaciahs 50-100 

1992 

16 10 22 14 88 108 
- 23 15 2 21 35 

0 5 19 0 20 186 
0 18 0 15 48 

Fishing areas in accordance with numeration and their location 
are given Figure 1. 

July, capelin consumption, and index of fullness in 
August (r = 0,86-0.92). 

The abundant, widely distributed eurythermal 
species Pseudocalanus elongatus also certainly 
played a role as a food supply for small capelin. Its 

abundance was close to and even greater than that 
of C. finmarchicus, especially in 1992. Owing to that 
species, the biomass reached great values at certain 
times (10-50 mgm-' in 1987 and 20-100 mgm"^ 
in 1992). 

Quite a close relationship between zooplankton 
biomass in the 0-50 m layer and some oceano-
graphic factors was revealed for 1987 and 1989. 
Raised biomass occurred most often in waters with 
decreased temperature and salinity (correlation 
coefficient r =-0.60-0.65). In these parts of the lati
tudinal zone, the density gradient was more within 
the limits of the pycnocline and its upper border was 
located closer to the surface than in warmer and 
saltier waters. For 1992, the relationship between 
zooplankton biomass and environmental parameters 
was absent. In this year, capelin predation obviously 
had a great influence on the distribution of food 
organisms. 
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Introduction 

In the 1980s, a stomach sampling programme run by 
the Institute of Marine Research (Bergen, Norway) 
and PINRO (Murmansk, Russia) began in the 
Barents Sea Feeding was analysed primarily for two 
species, cod {Gadus morhua) and haddock (Melan-
ogrammus aeglefinus) Since the mid-1990s, stomach 
samples have been collected for several other 
species, including Greenland halibut (Reinhardtius 
hippogloisoides), long rough dab {Hippoglo^ioidei 
platessoides), thorny skate {Raja radiata), and one or 
two other species. 

Materials and methods 

The data were taken from the Russian-Norwegian 
database on fish (107 178 cod stomachs, 1990-2000, 
3533 haddock stomachs, 1990-1991) (Mehl and 
Yaragma, 1992), as well as from PINRO sources 
(9666 haddock stomachs, 1993-1999, 8110 Green
land halibut stomachs, 1990-2000, 5659 long rough 
dab stomachs, 1990-2000, 1692 thorny skate stoma
chs, 1994-2000) Stomachs offish from all observed 
length classes were analysed 

Consumption by all species was estimated for 
the entire sea on a quarterly basis using data on 
food composition, daily food consumption, mean 
weight of stomach contents, and mean weight of 
separate food items (from feeding data), as well as 
data on mean weight and mean abundance of each 
age/length group of predator (from the research 
surveys) 

Results and discussion 

In the 1990s notable changes were observed, both in 
the food supply of the Barents Sea fishes and in fish 
feeding The capelin (Mallotus villosus) stock, after 
a restoration in 1990-1993, declined again in 1994-
1995 down to 500 000 t (ICES, 2001a) At the same 
time a number of strong year classes of herring 
(Clupea harengus) (1992-1995) and cod (1990-1993) 
appeared in the Barents Sea (ICES, 2001a, b), which 
led to changes in the food composition of a number 
of fishes 

The mean annual portion of juvenile cod in the 
diet of adult cod increased sharply after 1993 and in 
the period up to 1999 ranged from 4-7% to 20-24%. 
Prior to 1993 they did not exceed 3% of the diet 
(Figure lA) Since 1991, haddock have fed upon 
young cod, but the mean annual value only contri
buted 0 2-1% of the total biomass (Figure 2A) In 
the 1980s, however, haddock virtually did not feed 
on this species At the same time herring began 
to play a more important role in the diet of cod 
and haddock, making up 7-8% and 3-7yo by mass, 
respectively, as compared to 0 1-3% in 1984-1991 

Foraging conditions for some species may have 
deteriorated over the 1990s and could have led 
to the increased consumption of low-value or non-
traditional food items In the 1990s, long rough 
dab, thorny skate, and Greenland halibut consumed 
more fisheries waste on the fishing grounds, with an 
annual mean of up to 50-70% by stomach content 
weight, whereas in the 1980s the role of fisheries 
waste was much lower (Berestovsky, 1989, 1996). 
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Figure 1 Percentage (A) and total food consumption (B) by weight for Atlantic cod in the Barents Sea 

Comparison of the total biomass of food con- (18%). The analysis of consumption of commercial 
sumed by different predators in 1990-2000 shows species by fishes and marine mammals (Nilssen 
that the largest amount of food is consumed by cod et al., 2000, Folkow et al, 2000) indicates that the 
and harp seal (up to 34%) and by minke whale consumption of most prey by cod is comparable to 
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Figure 2 Percentage (A) and total food consumption (B) by weight for haddock in the Barents Sea 

that by all other predators The exceptions are 
herring, young cod, and haddock, which are to a 
greater degree consumed by minke whale 

Conclusion 

Based on the amount of biomass of commercial 
species consumed, cod has the greatest impact on 

the Barents Sea ecosystem This applies to both the 
variety of species eaten and the high abundance of 
cod The other most important predators that can 
affect the dynamics of commercial marine species 
are Greenland halibut, long rough dab, and thorny 
skate Haddock predation is less important because 
of the rather reduced role of commercial species in 
Its diet 
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