MARINE

~

BOARD

CLANER

CLIMATE CHANGE &
EUROPEAN MARINE

/ 7
i
ECOSYSTEM RESEARCH

SEVENTH FRAMEWORK
PROGRAMME

|

www.clamer.eu



The development of this CLAMER & Marine Board Special Report was coordinated by the Marine Board-ESF for
the CLAMER Project (www.clamer.eu) and funded by the European Union Framework Programme 7.

CLIMATE CHANGE &
EUROPEAN MARINE
-ECOSYSTEM RESEARCH

SEVENTH FRAMEWORK
PROGRAMME

CLAMER DELIVERABLE NUMBER: 1.2

DELIVERABLE NAME: Climate Change and Marine Ecosystem Research -
Synthesis of European Research on the Effects of Climate Change on Marine
Environments

DELIVERABLE LEADER: Marine Board-ESF

CONTRIBUTING BENEFICIARIES: Royal Netherlands Institute for Sea Research
(NIOZ); University of Brest (UBO-IUEM); Danish Meteorological Institute (DMI);
Plymouth Marine Laboratory (PML); Universita Politecnica delle Marche (UNIVPM);
Hellenic Centre for Marine Research (HCMR); National University of Ireland, Galway
(NUIG); Royal Netherlands Academy of Arts and Sciences (NIOO-KNAW); Natural
Environment Research Council (NOCS-NERC); University of East Anglia (UEA);
University of Tromsg (UoT)

DATE: September 2011

DISSEMINATION LEVEL: Public

SEVENTH FRAMEWORK PROGRAMME
ENV.2009.1.1.6.3
FP7-2009-1-244132
Climate Change Impacts on the Marine Environment:
Research Results And Public Perception

Cover photograph credits:

Left from top to bottom: Mean Sea Surface Temperature in August 1987-1994

(© METEO FRANCE); Ocean acidification hampers the early development of sea urchins
(© Karen Rappé); Proba-2 serves as a scientific platform for solar and space weather
observations (© ESA/Pierre Carril); Maeslantkering storm surge barrier in the Netherlands
(© Rijkswaterstaat); Polar research (© Katja Guilini)

This Marine Board Special Report presents a collection of contributions from European experts involving,
through the CLAMER project, coordinators of major European marine ecosystem research activities of the last
decade. The views set out in this report are those of the authors and do not necessarily reflect the formal opinion
of the Marine Board-ESF or its Member Organisations.



Climate Change and Marine Ecosystem Research

Synthesis of European Research on the Effects of Climate
Change on Marine Environments

Marine Board Special Report

Coordinating Author
Carlo Heip

CLAMER Scientific Expert Panel (SEP) Contributors
Carlo Heip (Chair), Manuel Barange, Roberto Danovaro,
Marion Gehlen, Anthony Grehan, Filip Meysman,

Temel Oguz, Vangelis Papathanassiou, Catharina Philippart,
Jun She, Paul Tréguer, Rachel Warren,

Paul Wassmann, Phil Weaver, Rita Yu

Other Contributors

Justus van Beusekom, Philip Boyd, Andrew Cooper,

Hein de Baar, Henk de Haas, Felix Janssen,

Wolfgang Ludwig, Leif Toudal Pedersen, Michael Tsimplis,
Hans Von Storch

Editorial Team
Jan-Bart Calewaert, Carlo Heip, Niall McDonough,
Catharina Philippart






Contents

List of Boxes 7
Executive Summary 9
1 Introduction 16

2 What are the Main Observed and Expected Impacts of Climate Change on the Marine Environment? 17

2.1 Sea-level Changes 17




2.6  Stratification Changes 37




2.11.5 References 60

3 How Does Climate Change and Ocean Acidification Affect the Marine Environment in Different
Regions in Europe? 80




References




List of Boxes

Executive Summary Boxes

Box A: Climate Change and European Marine Ecosystem Research Gaps and Priorities per Theme 12
Box B: Climate Change and European Marine Ecosystem Research Gaps and Priorities per Region 14

Information Boxes

Box 1: Main Types of Impact for Europe Following a Rapid Shut-down of the Meridional Overturning

Circulation Relative to the ‘Pre-industrial’ Climate 42
Box 2: The Chemical Basis of the Carbonate System 50
Box 3: Importance of Long Term Deep Ocean Observatories 56
Box 4: Ocean Acidification: the Case for the Arctic Ocean 92
Box 5: Ocean Iron Fertilisation and Other Ocean Geo-engineering Concepts 129

CLAMER / Marine Board Special Report - Synthesis of European Research on the Effects of Climate Change on Marine Environments | 7






Executive Summary

It is now commonly accepted that climate change pos-
es one of the main challenges faced by society in the
coming decades. Changes in patterns of air tempera-
ture, precipitation, extreme weather events, and the
impacts of such changes on terrestrial environments,
often form the focus of public and political concern.
The marine environment and marine ecosystems are
also being impacted by climate change, with conse-
quent impacts on all terrestrial environments (not just
coastal) and thus on society itself. Although there is no
certainty regarding the precise nature and rate of future
climate change, even the more moderate of the pre-
dicted scenarios is expected to further alter the marine
environment, with major environmental, economic and
social consequences.

Scientific research has contributed to a significantly
improved knowledge and understanding of the cur-
rent and future potential impacts of climate change
on the marine environment. However, this knowledge
has rarely been adequately communicated beyond
the scientific community and, as a result, the impacts
are not well known or understood by politicians, policy
makers and the general public. This gap in the knowl-
edge and understanding of the impacts of climate
change on the marine environment between scien-
tists and non-specialists forms the main focus of the
CLAMER project (European Framework Programme 7
Coordinated Support Action on Climate Change and
Marine Ecosystem Research). It starts from the premise
that those charged with making difficult decisions on
whether and how to implement measures to adapt to
the inevitable changes which are taking place, need ac-
cess to the best scientific knowledge, translated into a
format that they can understand and use. Moreover, the
general public also need to understand the risks and
implications of climate change impacts. Only through
adequate knowledge and understanding of the poten-
tial consequences of climate change can the public
support decisions made by public representatives on
appropriate adaptation measures, which may require
significant investments of public funds.

In the past 15 years, successive European Union
Framework Programmes (EU FP) have supported
broad-ranging and multidisciplinary research on how
climate change affects marine systems at various
spatiotemporal scales, ranging, for example, from
long-term global effects of CO, concentrations on
the biosphere, to the immediate effects of local tem-
peratures on the metabolism of bacteria. European
scientists have achieved major advances within various
fields and have contributed extensively to the working
groups and synthesis reports of the Intergovernmental
Panel on Climate Change (IPCC). Furthermore, much

has been learned from regional climate research ini-
tiatives, for example, in the Baltic Sea (BALTEX), the
North Sea (BASIN, RECLAIM) and the Mediterranean
(MEDCLIVAR).

As part of the CLAMER project, marine scientists
drawn from a broad range of disciplines have provid-
ed a summary overview of recent research on climate
change impacts on the marine environment (with a par-
ticular focus on EU-funded research) and identified key
scientific gaps and priorities for future research. This
synthesis report brings together, in a consistent format,
the analyses and recommendations of these experts
according to thematic and regional categories. It illus-
trates beyond reasonable doubt that climate change
has already impacted on all of the oceans and seas of
Europe and beyond. It also identifies the clear varia-
tion in type and extent of impacts which can be found
across Europe’s regional seas. Most of the observed
changes discussed in this report, thought to be pre-
dominantly a consequence of climate change, can be
categorised as follows:

e Physical changes in the seas and oceans (e.g.
sea-level rise, sea temperature increase and strati-
fication);

e Melting of Arctic sea-ice and associated impacts
(e.g. changes in the Arctic foodweb and trans-Arc-
tic migrations);

e Changes in abundance and distribution of marine
organisms and populations (e.g. fish, such as cod,
haddock and herring, populations of which have
extended northward and eastward at high lati-
tudes);

e  Shifts in seasonal migration patterns of marine
species (e.g. shift from seasonal migration for
spawning and feeding to overwintering of the fish
species dorado (Sparatus aurata) and salema
(Sarpa salpa) in a warming Black Sea);

e  Cumulative effects of multiple stressors (e.g.
impacts arising from, or compounded by, a com-
bination of climate change, ocean acidification,
hypoxia, fisheries and eutrophication); and

e Socio-economic consequences of all of these
changes (e.g. impacts on commercial fisheries and
tourism, coastal inundation and erosion, etc.).

As presented in this report, a panel of European scien-
tists (many of which are CLAMER project partners) have
identified important gaps in scientific knowledge which
must be urgently addressed to improve both the under-
standing of marine climate change and its impacts and
also the accuracy of predictions of future patterns of
change (see Executive Summary Boxes A and B).
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In order to formulate better adaptive strategies to ad-
dress the consequences of climate change, it will be
essential to:

e |mprove methods to reduce the uncertainty of cli-
mate change projections;

e  Ensure the accuracy of measurements and predic-
tions by means of an integrated monitoring and
observation network; and

e  Further improve the exchange of knowledge within
the scientific community and between scientists,
policy makers and the public at large.

It is clear from this report that much progress is still
needed to improve the understanding of the impacts
of climate change and to more accurately predict fu-
ture changes and impacts. Attribution and prediction
of climate impacts require that the dominant processes
across all spatial and temporal scales should be identi-
fied and considered. However, most studies on climate
change impacts on the marine environment focus only
on a limited part of the full spatiotemporal range, i.e.
limited to a particular scale in space or time. All relevant
research disciplines (i.e. meteorology, oceanography,

Executive Summary Box A.

biogeochemistry and ecology) should be involved to
cover full cascading chains. To improve the accuracy
of the projections on the impacts of climate change
on marine systems, the cascading chains under focus
must be linked to the interacting scales in time and
space of the socio-economic systems which govern
the responses of society. Therefore, multidisciplinary
approaches will need to consider the most appropriate
range in spatiotemporal scales and include the social,
economic and humanities sciences in order to further
understand and predict the inevitable impacts of cli-
mate change on marine environments and to develop
truly integrated and complete adaptation responses.

In this report, the analyses of progress and gaps in
research on impacts of climate change on the marine
environment are presented according to thematic (e.g.
sea-level rise, coastal erosion, etc.) and regional (e.g.
Baltic, Atlantic, etc.) categories. A separate chapter is
devoted to each identified theme, which includes, in
each case, a list of critical research gaps and future
research priorities. These represent a key output of
the report and are summarised in Executive Summary
Boxes A and B below.

Climate Change and European Marine Ecosystem Research Gaps and Priorities per Theme

Themes Research Gaps and Priorities

Sea-level Changes

e Improve understanding of ice sheet break-up processes;

¢ Integrate modelling of ice sheet changes into global climate models;

¢ Improve understanding of coastal sea-level forcing mechanisms and couple it
with the regional variability in climate models;

¢ Develop a robust and efficient monitoring system for mass changes in Greenland

and Antarctica;

e Develop reliable techniques to forecast regional / local sea-level rise.

Coastal Erosion ¢ |ncrease research into relative sea-level trends in relation to future storm tracks;
e Develop and undertake a detailed assessment of the extent of coastal erosion in
the EU at appropriate temporal and spatial scales;
¢ Improve the societal understanding of coastal erosion and of the difference
between coastal protection (defending property) and protection of the coastal
ecosystem (which may involve sacrificing coastal property).

Temperature Changes e |dentify and reduce the sea surface temperature (SST) and sea-ice-related
uncertainty in climate modelling systems;
e Increase the resolution and number of coupled regional atmosphere - ocean

circulation models;

¢ Improve the parameterization of dominant processes for accurate SST simulation
in coupled climate models, both at global and regional scales;
¢ Develop reliable 3D baroclinic ocean climate models for climate study.
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Executive Summary Box A.
Climate Change and European Marine Ecosystem Rese Gaps and Priorities per Theme

Themes Resea Gaps and Priorities

Ice Melting

¢ Improve understanding of properties of snow cover on sea-ice;

Improve the assimilation of observation data in models of the Arctic sea-ice
cover, in particular by relating ice physical parameters to electromagnetic
properties (observed by satellites) in the development of forward models;
Improve the understanding of the interaction between the ocean and ice melt
in order to quantify the role of changing oceanographic conditions in sea-ice
melting.

Storm Frequency and °

Intensity

Develop and use wind data sets which describe intensity and frequency of
storms in a consistent manner;

Increase the efforts to analyse regional sea-level in relation to changing storm
surges.

Changing Stratification °

Investigate if increasing atmospheric supply of nutrients could potentially offset
the reduced oceanic vertical supply;

Improve the ability to predict the knock-on effects of altered productivity
throughout marine ecosystems, including in complex ecosystems with many
trophic levels;

Consider the effects of altered stratification in the broader context of how other
ocean properties are altered - in particular the depth of the mixed layer — as part
of a holistic assessment of the cumulative climate change effects on the ocean.

Thermohaline Circulation °

Changes

Increase understanding of the key factors determining thermohaline circulation
changes and possible collapse, and determine:
- Changes in freshwater input to the North Atlantic resulting from global
warming,
- All thresholds that could lead to a collapse of the thermohaline circulation
(THC),
- The risk of exceeding a threshold for THC collapse for a given warming;
- The consequences of collapse in the THC;
Determine how predictable the THC system is using today’s generation of climate
models and how these predictions can refine climate forecasts (particularly on
the decadal scale).

Riverine Discharge o

and Nutrient Loads

Improve the understanding of the interactive effects of floods, global temperature
increases and coastal biogeochemistry;

Couple regional climate change scenarios with river basin, nutrient transfer

and coastal ecosystem models, to test the interacting effects of global climate
change with scenarios of regional socio-economic change;

Create a better understanding of the possible responses of the coastal
ecosystems to changing riverine nutrient loads, both quantitatively and
qualitatively.

Ocean Acidification °

Significantly improve the understanding of the impacts of ocean acidification on
marine taxa;

Increase attention towards acclimation and adaptation, both at the level of the
individual organism, and at the community level;
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Executive Summary Box A.
Climate Change and European Marine Ecosystem Research Gaps and Priorities per Theme

Themes Research Gaps and Priorities

Ocean Acidification e Address the synergy between simultaneous changes of temperature,
oxygen and pH;
e Improve the representation of biological responses to climate change and ocean
acidification in regional and global models.

Ocean deoxygenation e Characterize the spatial and temporal dynamics of oxygen in both open ocean
and coastal hypoxia and coastal environments;

e |dentify the drivers of oxygen depletion and distinguish natural variability from
anthropogenic impacts;

e Establish a global observation system that continuously monitors oxygen
concentrations at high resolutions, which is linked to other physical and
biogeochemical parameters as well as to climate observations;

* Improve existing models to better predict the frequency, intensity and duration of
future hypoxia events.

Impacts of Climate ® Increase the amount of consistent measurements of pelagic primary production;
Change on Marine e Address the virtual lack of data on benthic primary production in shallow seas;
Eutrophication e Improve the knowledge to differentiate between the many factors which

simultaneously affect rates of both growth and loss of microalgae;

¢ Improve understanding of nutrient load impacts on primary production, and
identify and quantify trophic transfers between primary and secondary producers
to support the development of realistic and ecologically sound management
strategies for sustainable use of coastal seas in a changing environment.

¢ Link biodiversity with ecosystem modelling and ecology with biogeochemistry
Biological Impacts to improve prediction and risk analysis of climate change impacts on biological

communities and ecosystems;

e Further develop the application of individual based models (IBMs) in climate
change predictions;

e Tackle the lack of knowledge about the ability for marine organisms to adapt and
evolve to climate change on relevant timescales;

¢ Drastically improve the level of detail in the understanding of the impacts of fish-
ing on the abilities of marine populations and ecosystems to respond to climate
change;

e Ensure systematic and sustained observation on long-term and large-scale
changes in distribution of key organisms and biodiversity to keep track of
change, understand risk and allow adequate mitigation.

The Baltic Sea e Develop a system approach for Baltic Sea climate change research, which may
include developing a fully coupled Baltic Sea earth system model (atmosphere-
hydrological-catchment-ocean-ice-wave-biogeochemical-SPM-larvae-fish
models), providing high quality multi-model coupled ensembles for the Baltic Sea
climate simulations, investigating the stability and predictability of the system and
developing scenario-based predictions in decadal and centennial scales;

e Further improve existing Baltic Sea observing systems for supporting the system
approach of Baltic climate change research, especially for biogeochemical
parameters;
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Executive Summary Box A.

Climate Change and European Marine Ecosystem Research Gaps and Priorities per Theme

Themes Research Gaps and Priorities

The Baltic Sea °

Improve understanding of existing Baltic Sea climate change processes, and the
relative importance of internal and external factors which will give a solid base for
scenario-based predictions;

Solve key issues in using ecological models for climate research such as the
reconstruction of past ecosystem changes including regime shifts, development
of ecosystem forecast at seasonal and decadal scales and eintegration of the
internal budget balance in long-term ecological models.

The North Sea °

Develop a better systematic observation and process understanding of
atmospheric and oceanic parameters, and increase the temporal and spatial
coverage of monitoring and research on the major biotic components (plankton,
benthos, and fish);

Improve Global Circulation Models (GCMs) to capture the decadal (NAO) and
multi-decadal (AMO) scale variations in ocean climate, and develop regional
downscaling models based on different GCMs;

Extend biophysical modelling of single species beyond the egg and larval stages
to better predict climate-driven changes on marine fish populations;

Improve lower trophic level ecosystem models, placing more emphasis

on pelagic-benthic coupling of marine systems and improve the linkages
between models of the upper trophic web and biogeochemical and nutrient-
phytoplankton-zooplankton-detritus (NPZD) models;

Strengthen research efforts on the growth physiology of key species and their
life stages, as well as on the physiological effects of acidification on multiple
stressors.

The Arctic Ocean °

Significantly improve the provision of basic data from key regions of the Arctic
Ocean, in particular on lower trophic levels and processes and better seasonal
and spatial coverage, to validate current models which must also be improved
with regard to physical forcing;

Improve pan-Arctic integration and holistic understanding of the circular
Mediterranean-type Arctic Ocean, which implies increased coverage of ice-
strengthened research vessels, more emphasis on permanent instrumentation,
and an increased number of stations that can be used throughout the year;
Improve knowledge on temperature-dependent respiration and metabolism at
low temperatures, and stage-structured models for key zooplankton stages in
order to simulate their ability to conquer new geographical areas;

Develop a greater and better integrated and internationally coordinated research
effort on the entire Arctic Ocean, e.g. through a joint action of the Arctic Council,
the European Polar Board and/or International Arctic Science Committee (IASC);
Improve the understanding of how physical and chemical oceanography shape
the dynamics of ecosystems, determine the new and harvestable production and
the biogeochemical cycling (including exchange with the atmosphere) and
pelagic-benthic coupling;

Develop management tools to evaluate the state of Arctic environments in
relation to climate change and increased stress by a resource-demanding world
economy.
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Executive Summary Box B.
Climate Change and European Marine Ecosystem Research Gaps and Priorities per Region

Region Research Gaps and Priorities

The North Atlantic ¢ Drastically improve the understanding and model predictability with regard to
changes in ocean—-atmosphere interactions and atmospheric teleconnection
patterns, such as the Atlantic Multi-decadal Oscillation (AMO) and the North
Atlantic Oscillation (NAO), and their potential effects on future climate change;

e Ensure that the North Atlantic is a key component of an integrated global ocean
observing programme by addressing current perceived short-comings such
as the lack of continuous time series of key ocean—climate variables which is
preventing progress in modelling climate feedbacks;

¢ Improve biogeochemical models to take into account the full complexity of
marine ecosystems, in particular in relation to the complex biodiversity and
functioning of microbial systems and their feedback to biogeochemical cycles;

e Expand research on the impact of acidification to include non-calcifying
organisms, and ecosystem components and processes such as nutrient
speciation and availability, trophic interactions, reproduction, metabolism,
diseases, etc. which may impact on all organisms but most critically on primary
producers;

e Improve the scientific basis for fisheries management through improved
research and monitoring of fish stocks as part of the implementation of a whole-
ecosystem approach to understanding the effects of climate change.

The Mediterranean Sea e Improve the understanding of the impacts of climate change on the structural
and functional biodiversity (including marine microbes and viruses), ecosystem
services, and biogeochemical cycles of the Mediterranean;

e Improve understanding of existing climate change features using the North
Adriatic Sea and the Ligurian Sea Gulf of Lion as a reference for the impact of
rising temperatures on the cold water Mediterranean regions;

e Improve knowledge of the present-day changes occurring in the deep-sea
Mediterranean and their impacts;

e Implement identified Mediterranean sites investigated for the L-TER long-term
ecological monitoring, including sites and observatories in the deep sea;

¢ |dentify species and areas for environmental conservation in order to limit the
impact of climate change on species with cold water affinity;

e Improve the understanding of the synergistic effect of direct anthropogenic
impact and climate change on Mediterranean habitats and functions;

The Black Sea e Develop a better understanding of the interplay between the natural and
anthropogenic impacts of climate change, coastal and interior basin
ecosystems, and the well-being of people by means of systematic observations;

e |mprove monitoring of social and natural system indicators to develop
reliable scenario models that will serve as a basis for designing appropriate
management strategies and decision making processes towards sustainable use
of ecosystem goods and services in the Black Sea, i.e. identifying ecosystem
properties that are most vulnerable to abrupt and dramatic state changes in
response to climate change, and the climatic and ecological determinants of
such changes; establishing which system properties can be used to forecast
system resiliency, etc.
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Executive Summary Box B.
Climate Change and European Marine Ecosystem Research Gaps and Priorities per Region

Region Research Gaps and Priorities

The Black Sea e Develop predictive models for a better understanding of how climate change and
variations affect hydrographic structure and circulation (e.g., stratification, ther-
mal regimes, and current patterns) and their impacts on the nutrient and organic
matter input, energy and nutrient exchanges, biological diversity, structure and
function of the food web, and primary and secondary production;

e Introduce a research programme on the impacts of acidification in the Black Sea.
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1. Introduction

Climate change poses, without doubt, one of the main
challenges faced by society in the coming decades.
Changes in weather patterns, air temperature and pre-
cipitation, extreme weather conditions as well as the
impacts of such changes on terrestrial environments,
have become cause of considerable public and political
concern. The marine environment and marine ecosys-
tems are also being impacted by climate change with
important consequences for all terrestrial environments
(not just coastal) and therefore society itself. However,
many of the impacts on the marine environment are not
well known or understood by the general public and de-
cision makers.

Over the past 15 years, both EU Member States and the
European Union have funded important research ef-
forts to understand and evaluate the impacts of climate
change. This research has led to important advances
in scientific knowledge and understanding of climate
change processes and implications. Unfortunately,
research results have not been sufficiently well syn-
thesised, translated and communicated to trigger
adequate policy responses, in particular with respect to
the marine environment. In addition, the general public
still largely underestimate the scale and socio-econom-
ic consequences of marine ecosystem change linked
to climate change, and the potential socio-economic
consequences of such change.

The CLAMER project builds upon the realization that
there is a gap between what is known through re-
search and what policy makers and the public know
and understand about the impacts of climate change
on the seas and oceans. This gap needs to be filled to
catalyse the formulation and acceptance of necessary
climate change mitigation and adaptation measures
for the marine environment. The overarching aim of the
CLAMER project is to raise the awareness of citizens to
EU research results on the impacts of climate change
on the marine environment, including their socio-eco-
nomic consequences.

This CLAMER Science Synthesis, published as a
Marine Board Special Report, aims to: (i) highlight the
crucial role of oceans in regulating the climate system
and in carbon cycling; (i) provide a summary over-
view of relevant scientific knowledge, in particular that
arising from European research, of the impacts of cli-
mate change on European marine environments; and
(iii) identify key scientific gaps and priorities for fu-
ture research. Amongst others, the report shows that
European research projects have significantly contrib-
uted to the scientific understanding of the impacts of

climate change on the marine environment and the as-
sociated socio-economic consequences in Europe and
beyond.

This report presents a collection of contributions from
European experts involving, through the CLAMER pro-
ject, coordinators of major European marine ecosystem
research activities of the last decade. The research and
projects they represent have collectively involved thou-
sands of scientists, including Europe’s top scientists in
the relevant fields, and covered the major regional seas
of Europe. Given the disparity of the contributions, the
report’s style, emphasis and level of detail may vary
from chapter to chapter. Moreover, the report is not a
comprehensive scientific review, but a broad, high-level
integrated source of information for policy makers and
advisors, non-climate or marine scientists and interest-
ed public, ready to be used both to inform policy and
to develop derived communication products within and
beyond the CLAMER project.
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Figure 1. Observed changes in (a) global average surface
temperature; (b) global average sea-level from tide gauge (blue) and
satellite (red) data; and (c) Northern Hemisphere snow cover for
March-April. All differences are relative to corresponding averages
for the period 1961-1990. Smoothed curves represent decadal
averaged values while circles show yearly values. The shaded
areas are the uncertainty intervals estimated from a comprehensive
analysis of known uncertainties (a and b) and from the time series
(c). (From IPPC Fourth Assessment Report, 2007)
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2. What are the Main Observed and Expected Impacts of
Climate Change on the Marine Environment?

2.1 Sea-level Changes

Michael Tsimplis (mnt@noc.soton.ac.uk)

National Oceanographic Centre (NOC), United Kingdom

2.1.1 Observations

Sea-level change poses significant risks to European
coastlines. Changes in local mean sea-level and sea-
level extremes are presently the primary concern for
policy makers. However, changes in the seasonal cycle
and the tidal signal may also be important at particular
locations.

Global mean sea-level is primarily driven by the addition
of heat (steric component) and mass (mass addition
component) to the oceans, the former through the
atmosphere, the latter by melting ice-sheets and gla-
ciers. Indirect anthropogenic contributions to sea-level
rise such as groundwater withdrawal, surface water
diversion and land-use changes may also contribute
significantly to the observed sea-level rise. The effect
of salinity is, at global scale, of secondary importance.

The global mean sea-level signal is spatially variable
because it is affected by the response of the earth’s
crust to the removal of ice-sheets and the distribu-
tion of the added fresh water and heat through the
oceanic circulation. The wide range of values in this
spatial distribution has the consequence that even
small projected changes of global mean sea-level rise
pose significant risks at some parts of the world. There
are regions, like the Mediterranean Sea, where salinity
changes are as important as temperature changes and
distort the global signal.

It is important to differentiate the various quantities that
contribute to sea-level rise by monitoring global thermal
expansion and mass addition separately. It is also im-
portant to differentiate between global sea-level rise as
a quantity of climate interest and local sea-level change
which is primarily of practical interest. The global sig-
nal is dominated by measurements in the open ocean
but what matters is the variations of sea-level near the
coasts where other processes in addition to those de-
scribed above dominate the global signal. Most of these
processes are likely to be affected by climate change.
Thus, changes in atmospheric pressure and wind dis-
tribution, oceanic circulation, local temperature and
salinity, sediment supply and sediment compaction in
estuaries, land movements caused by removal of mass
from the earth’s crust and tectonic movements are all

Global estimates of sea-level rise for the past century
have been around 1.8+0.3 mm yr'. The same sea-level
rise values have been claimed for the period 1961-2008.
Higher values of around 3.3 mm yr' are found on the
basis of altimetry records for the period from 1993 on-
wards.

Observed sea-level trends vary considerably around
Europe (see Figure 2). At the coasts of the Scandinavian
countries sea-level goes down or where it goes up it
does so at reduced rates in relation to the global mean.
The reason for this is that land is moving upwards due
to the removal of ice-sheets after the last glacial period
that ended about 10,000 years ago. The southern North
Sea tide gauges show, for the period 1901-2008, trends
most of which are consistent with the global mean
value, within error bars around the global mean for the
period. Higher values (2.4 to 4.5 mm yr') are estimated
for the period 1971-2008. A significant contribution to
these higher values has been the increase in the winds
associated with the NAO between 1960 and the early
1990s. The sea-level trend values for the UK show large
variability in values (-0.7 to 2.7 mm yr') with a best es-
timate of 1.4 mm yr'. The Atlantic stations of the UK as
well as those on the Atlantic coasts of mainland Europe
show values smaller than those at the western part of
the Atlantic and the global mean. The Mediterranean
Sea also shows smaller than the global mean trends
of around 1.2 mm yr' for the past century. Changes
in the atmospheric forcing over the Atlantic during
winter linked with the North Atlantic Oscillation (NAO)
have significantly contributed to the observed spatial
pattern of changes. By contrast the Black Sea shows
higher than the Mediterranean Sea-level trends for the
past century consistent with the values found for the
global mean sea-level. In conclusion the distribution of
sea-level trends around Europe is not uniform and sub
regional spatial patterns are evident.

Figure 2. Long term trends of sea-level rise in major European cities: yearly values
of sea level in various European coastal locations and Alexandria (right) and resulting
estimated linear trends (left). (From Andrew Shaw and Mikis Tsimplis based on data
from the Permanent Service for Mean Sea Level website, http://www.psmsl.org/)

contributing to the locally observed sea-level.
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It is unclear whether sea-level has been rising before
the industrial period. In any case the anthropogenic
perturbation of the system is expected to have acceler-
ated sea-level rise. Some evidence of acceleration at
the beginning of the 20" century is evident but the data
is sparse and there is a possibility that this was a re-
gional acceleration due to changes in the atmospheric
and oceanic circulation in the Atlantic as most of the
observations for the period come from this region.

Changes in the extremes of sea-level have been detect-
ed in northern and southern European coasts. These
changes are consistent with the observed changes in
mean sea-level at each location. Thus, as mean sea-
level goes up the local extremes increase by the same
amount. The agreement in the changes in extreme sea-
levels and mean sea-level lead to the conclusion that
there have not been significant changes in the strength
of the storms that cause the sea-level extremes.

2.1.2 Future Projections

Projections for global sea-level are presently based
on climate models or empirical estimates. Projections
based on climate models are formed by the addition
of two components. The first is the steric component
(volume expansion through heat addition) which is be-
lieved to be reliable and which is constrained to values
lower than 60 cm for all IPCC scenarios until the end
of the 21t century. The second component is that of
mass addition (addition of water mainly from melt-
ing ice) and is calculated separately from the models.
There is significant uncertainty attached to the role of
non-linear ice-sheet breaking processes and there is
also a lack of ground truth measurements to test mod-
els of these processes. The uncertainty involved in the
estimation of the sea-level rise contribution as a result
of water addition from ice-sheets is between 0 to 2 m
for the end of the 21%t century. The lower values cor-
respond to situations where snowfall and melting are
the primary mechanisms. The upper estimates are
based on assumptions that the non-linear breaking-up
mechanisms of ice sheets dominate the mass addition
to the oceans process. Empirical estimates based on
the projected atmospheric temperature change in cli-
mate models support the higher projected values and
suggest changes in the range of 0.8-1.8 m. None of the
methods widely used has the resolution or skill to pro-
vide estimates for regional or local sea-level, thus high
resolution regional models forced with downscaled
atmospheric forcing have been developed over the
last five years. However, climate models have been fo-
cusing on approximating the oceanic circulation. Only
recently has the sea-level parametrisation come under
scrutiny. Thus, models can give the steric changes and

also the contribution from circulation changes. There is
no estimate of the mass addition in climate models and
this very significant component must be added sepa-
rately. Therefore, local estimates of sea-level change
must combine the steric and circulation components
from climate models with the independent mass addi-
tion estimates. Uncertainties should also be considered
cumulatively although it is clear that freshwater mass
addition will affect the oceanic circulation.

Various approaches have been adopted by govern-
ments mostly based on ‘expert judgement’ achieved
through the formation of different groups of scientists.
Thus, for the Dutch coasts a range of 0.4-1.05 m up to
2100 (excluding land subsidence) has been suggested.
In the UK, the government provides four scenarios
(High++, High, Medium and Low) with a High++ sce-
nario that gives a range between 0.9-1.9 m for the UK
coasts. This categorisation depicts the climate model
outputs on the one hand and the empirical projection
on the other hand. They note that ‘the top of the range
is very unlikely to occur in the 215t century’. In Venice,
local flood protection construction is undertaken on the
assumption that mean sea-level change will be con-
strained to less than 60 cm.

2.1.3 What Has Been Done to Better
Understand Sea-level Changes?

The integration and improvement of the various oce-
anic, atmospheric and land forcing observational
techniques, the monitoring networks and the physical
understanding of the various processes all contribute
to better understanding of the various components of
sea-level change. These would be too many to list here.

Research focused on understanding sea-level rise has
been going back several decades. Several national and
international projects aimed at standardising, quality
controlling and utilising sea-level observations have
been run and several are still running. A milestone in
the development of an observational database of mean
monthly coastal sea-level data was the establishment in
1933 of the Permanent Service of Mean Sea-level pres-
ently at NERC Liverpool. Another milestone has been
the establishment of the Global Sea-level Observing
System (GLOSS) which aims to have 290 tide gauges
evenly distributed around the globe operating at high
standards. The operation of dedicated altimeters to
sea-level study namely the ERS 1 and 2 missions by the
European Space Agency and the TOPEX/POSEIDON,
Jason 1 and Jason 2 missions by NASA and CNES
have revolutionised the way sea-level is understood by
providing near global spatial coverage. The addition
of the GRACE mission enables the estimation of the
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Figure 3. Sea-level is traditionally measured by tide gauges (left - historical tide gauge at Anchorage, Alaska) and since modern space

research capabilities also using satellites such as Envisat (right - ©ESA).

mass of the oceans. This together with the Argo floats
programme enables the separation of the mass and
volume change components of the oceans. However
an Argo float programme with instruments monitoring
the deeper parts of the ocean will be needed to include
steric variations from the whole water column.

Presently the two major issues related to global sea-
level rise, relate to monitoring and understanding the
behaviour of ice-sheets and developing reliable tech-
niques for obtaining estimates for regional and local
sea-level rise as evidently a global mean value is not of
much use for coastal protection purposes.

Several projects are presently focusing on ice-sheets
and integration of these processes to models. On top
of important national dedicated projects, the GRIMICE,
Ice2Sea (EU FP7), IceBridge (NASA), SeaRISE, together
with the development of dedicated satellite missions to
measure the changes in the mass of the Greenland ice-
sheets like ICESat and ICESat2 (NASA) and CryoSat
(ESA), represent a considerable investment in an at-
tempt to constrain the mass addition contribution to
sea-level rise. The development of knowledge of past
sea-level behaviour during deglaciation periods may
help in resolving the role of non-linear processes.
Confirming the existing records by geological evidence
or by digitization and analysis of existing sea-level
records not yet quality controlled and analysed are
worthy exercises which are not substantially funded.

The focus of the research is primarily at global scales
and there is much less investment at the international

scale in understanding regional variability despite its
importance for coastal planning. National agencies of
various countries have filled in the gap by developing
programmes focusing on understanding regional and
local sea-level change.

Figure 4. CryoSat-2 is Europe’s first operational satellite dedicated
to studying the Earth’s ice, measuring from its polar orbit the
thickness and extent of polar ice, showing how the polar regions
are responding to climate change. (©ESA - S. Corvaja, 2010 and
AOES Medialab)
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2.1.4 Socio-Economic Consequences of
Sea-level Rise

Sea-level rise poses significant threats for the popu-
lation of low-lying areas of the world. The experience
of The Netherlands, where a significant proportion of
the country has been below mean sea-level for several
centuries, demonstrates that existence against advanc-
ing sea-level is possible. However, for several low-lying
island areas the option of protection is probably too ex-
pensive and thus there is a risk of extinction for some
low-lying island states and a risk for several million peo-
ple living near the sea, the relevant infrastructure and
the coastal ecosystems. Immediate socio-economic
consequences include increased flooding and asso-
ciated damages, increased erosion of coastal areas,
contamination of ground water by salt water and loss
of arable land. Vulnerable ecosystems like saltmarshes
and mangroves are at risk. Human development will
need to adjust and populations will need to be relo-
cated.

The importance of the socio-economic consequences
depends on the speed at which sea-level will increase
and the level at which it will stabilise. It also depends
on the ability of the affected states to provide protec-
tion for their coasts. It may be financially more rational
to protect marginal seas by regulating their opening to
the global ocean than relocating populations and rel-
evant infrastructure. The Baltic and the Mediterranean
Sea could be such areas although the former is at a
lower risk due to the upward land movements. Such
projects will require international cooperation and plan-
ning. However, it is obvious that the higher projections
discussed would be financially so expensive for coastal
states that these eventualities will need to be discussed
and their environmental impact assessed.

2.1.5 Research Gaps, Priorities and Key
Recommendations

Various issues, including the following need to be
addressed:

e The development of a robust and efficient moni-
toring system for mass changes in Greenland and
Antarctica;

e Understanding the relative importance of ice-sheet
breaking up processes;

e The integration of modelling of ice-sheet changes
into global climate models;

e The resolution of whether sea-level accelerated at
the beginning of the 20™ century;

e  The contribution of waters deeper than 1,000 m to
steric sea-level changes;

e |Improve the understanding of coastal sea-
level forcing mechanisms and coupling them
with the regional variability in climate models.

2.1.6 Conclusion

It is highly unlikely that the ice-sheet contribution to
sea-level rise issue will be resolved soon, especially
if the non-linear breaking up mechanisms are impor-
tant. The limits of knowledge in understanding and
projecting sea-level changes requires the development
of financially feasible, practical international portfolios
of solutions involving states, regions and populations
under threat with clear starting points coupled to ob-
served changes in sea-level rise rates.
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2.2 Coastal Erosion

Andrew Cooper (jag.cooper@ulster.ac.uk)

Coastal Research Group, University of Ulster, Northern
Ireland, United Kingdom

2.2.1 Observations

Coastal erosion refers to landward movement of the
shoreline prompted by the loss of sediment alongshore
or offshore. Erosion is, however, only one element of
a complex system of morphological responses of the
shoreline to variations in energy (from waves, tides,
wind and water currents), sediment supply, relative sea-
level and human intervention (Figure 5).

Climate change has potentially important implications
for the coastal sedimentary system as a result of: (i)
changes in the magnitude/frequency of storms; and
(i) relative sea-level change. Importantly, the coastal
response to such changes is often influenced by local
geological setting and is therefore highly site-specific.
Even without climate or sea-level change, coastlines
are dynamic features at various spatial and temporal
scales.
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Figure 5. Relationship between shoreline movement and climatic influences (adapted from Pilkey et al., 1990)
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Episodic extreme events such as storms often produce
the most dramatic coastal erosion events, although
many natural coasts recover to pre-storm conditions in
months, years or decades after such events. Isolating
the influences of climate and sea-level change at so-
cietal relevant timescales (decades to centuries) is
problematic (Pilkey & Cooper, 2004). In general terms,
rising sea-level is associated with shoreline retreat; a
worldwide dominance of erosion over accretion has
been widely reported and attributed to global sea-level
rise. The rate and pattern of shoreline response to sea-
level rise is, however, moderated by many site-specific
factors such as the slope of underlying bedrock and the
nature of pre-existing coastal landforms. If adequate
sediment exists, coasts can even advance under rising
sea-level.

There is a broad trend in relative sea-level behaviour
across Europe as a result of interactions between ver-
tical land movements (isostasy) and ocean volume
changes (eustasy), with a general relative sea-level fall
in the north (due to postglacial land uplift) and sea-
level rise in the south. Superimposed upon this broad
pattern are regional and local variations imposed by
tectonic movements (particularly in the Mediterranean)
and subsidence (in the vicinity of large deltas and es-
tuaries). Similarly, there is a broad trend in sediment
supply, with southern Mediterranean coasts being sup-
plied with sediment from contemporary rivers, while
northern coasts often comprise relict glacial sediment
and inputs from contemporary coastal erosion.

Shorelines can experience erosion as part of a long
term trend, or through episodic adjustment to storms.
The former is progressive while the latter may occur on
retreating, stable, or advancing coasts.

2.2.2 Past Trends and Future Projections

Assessment of the erosional status of a coast largely
depends on the scale of measurement. It is usually ex-
pressed in m yr' and measured over a few decades,
but there is no standard procedure. There are few re-
gional assessments of past and current coastal status
in Europe and relatively few local assessments. The
EU FP6 Eurosion project presented a crude diagram
at European scale of areas of erosion, accretion and
stability. It is unclear how this diagram (Figure 6) was
derived and on what temporal and spatial scale of
measurement it is based. Like all such diagrams, it is
somewhat problematic in that several areas that are
labelled as accreting have reported serious erosion
problems. Only 15 % of the European coast was identi-
fied as eroding by the Eurosion study.

Future climate change projections include changes in
storm intensity and frequency. In areas likely to experi-
ence more frequent or intense storms, an increase in
the occurrence of erosional events is to be expected.
The projected acceleration in global sea-level rise as
a consequence of increased water volume, will likely
involve an increase in the rate and extent of landward
shoreline migration in southern Europe while in north-
ern Europe areas that are experiencing land uplift may
find that sea-level rise now exceeds the rate of land up-
lift, leading to relative sea-level rise for the first time in
millennia. This would increase the extent of coastline
subject to coastal erosion.

The most important control on future shoreline trends is
the human response to erosion. Two common respons-
es are commonly identified: retreat or defend. Retreat
involves allowing the shoreline to respond to changes
in external factors and thus find a new equilibrium. This
may involve loss of infrastructure or property through
erosion as the coastline adjusts, but the coastal eco-
system is maintained as a sustainable and functioning
system. Defence is commonly approached either by
hard sea defences or ‘beach recharge’. Both are com-
monly employed to protect property, but have negative
environmental consequences and perpetual financial
costs. They are, however, often easier to implement
than retreat policies that involve loss of property.

Figure 6. Coastal erosion trends in Europe (EEA, 2004 - based on EU
FP6 Eurosion project’s data)
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Across Europe, various forms of coastal defence struc-
ture have been emplaced. The EEA’'s 2006 State of the
Coast Report highlighted the high degree of hard engi-
neered intervention around the European coast while a
review of beach nourishment in Europe under the SAFE
project (Hamm et al., 2002) highlighted the widespread
extent of beach nourishment. The EEA report also dem-
onstrated a marked increase in the urbanisation of the
coastline, which is likely to increase the demand for
defence as a response to erosion. Despite the adop-
tion of the principle of ‘working with natural processes’
(Cooper & McKenna, 2008) in the EC Recommendation
in ICZM, without a major shift in the regulatory frame-
work, the future trend is certain to involve an increase in
the extent of coastal defence works.

2.2.3 What Has Been Done to Better
Understand Coastal Erosion?

Understanding the current and future patterns of
coastal erosion requires knowledge of the current sedi-
mentary context. Numerous geological studies have
shown the current European coastal environment to be
influenced by low contemporary sediment supply and
a long period (3,000-4,000 years) of comparatively low
rates of sea-level change. This has enabled many parts
of the European coast to mature and achieve dynamic
equilibrium with ambient conditions. In the past cen-
tury, there has been an accelerating trend of human
occupation of the coast, engineered interventions in
coastal processes, and reduction in sediment supply
by dam construction (particularly, in the Mediterranean
and Black Sea) and shoreline armouring. This has
coincided with an acceleration in sea-level rise and
enhanced atmospheric circulation (with more intense
storms and changes in storm tracks).

A number of past EU FP projects (e.g. EPOCH, Impacts,
Storminess) attempted to understand the relation-
ship between coastline response and sea-level rise
and/or storminess at various temporal scales. The site-
specificity of response was a common conclusion,
although some regional trends in storm tracks could
loosely be linked to a regional scale coastal response
on the Atlantic coast. In particular, the role of extreme
storms on coastal behaviour was highlighted and it was
noted that the effects could last for decades, masking
the long-term trend.

A number of ongoing European studies aim to bet-
ter understand the dynamics of coastal response to
storms. EU FP7 NESTS is investigating net seaward
transport of sediment during coastal storms while EU
FP7 MICORE is assessing the morphological impacts
of past storms and identifying areas of the European
coast at risk from storm-induced erosion.

In the context of contemporary eustatic sea-level rise,
there are several global initiatives to measure and
model global sea-level rise and create regional projec-
tions by incorporating local isostatic influences. EU FP7
SUBCOAST, for example, is monitoring and forecast-
ing subsidence hazards in coastal areas of Europe. EU
FP7 THESEUS is developing an early warning system
for storm impacts.

A number of studies (e.g. Coast3D) have shown how
poorly numerical models predict coastal behaviour, and
the impossibility of accurate quantitative predictions
of coastal behaviour at relevant spatial and temporal
scales has been widely demonstrated. Surprisingly,
some new projects (e.g. EU FP7 SIMCOAST) continue
to develop coastal morphodynamic models in the unre-
alisable hope that they might improve predictions. An
important, yet widely unappreciated fact, is that only
qualitative estimates of future shoreline behaviour are
possible and this requires geomorphological assess-
ment of coastal behaviour.

Concern over coastal erosion has also prompted
studies of a variety of ‘alternative’ shoreline defence
methods. EU FP7 THESEUS is assessing the util-
ity of ‘ecologically friendly’ coastal defences. EU FP7
EVERANS is evaluating the efficiency of artificial reefs
by numerical modelling while EU FP7 NATARISE is in-
vestigating swash-groundwater interactions with a view
to assessing beach drainage as an erosion-prevention
method.

Figure 7. Protection of cliffs against erosion by geotextile and
gabion structures in Gdansk, Poland. (©Simon Claus for the EU
FP7 Project THESEUS)
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2.2.4 Socio-Economic Consequences of
Coastal Erosion

The major socio-economic consequences of coastal
erosion relate primarily to loss of property and are thus
interlinked with the human response to erosion (defend
or retreat). Each response has associated costs and
benefits that accrue in spatially and temporally variable
ways.

Permitting coasts to adjust to sea-level rise and
storminess (the retreat option) maintains the coastal
ecosystem and its associated services, as they simply
migrate. There is no requirement for future human inter-
vention in the coastal sedimentary system and such an
approach is therefore sustainable. The human costs of
such a response may, however, involve loss of property
and associated impact on property owners. The poten-
tial for migration is in many cases restricted by existing
coastal defences, whose removal or abandonment
has been undertaken in a few instances of ‘managed
realignment’, but which in most cases is very difficult
under existing regulatory systems.

Defending coastal property by protection works pro-
motes coastal squeeze, leading to loss of habitats,
particularly in the intertidal zone (beaches and tidal
flats) but also at the landward limit of coastal dunes.
This has negative implications for the coastal land-
scape and for recreation and conservation. Coastal
squeeze also increases the degree of exposure of sea
defence structures to wave action and requires their
future strengthening. Hard defences require ongoing
maintenance. Defence by beach recharge maintains
the intertidal habitat artificially. It too has ongoing main-
tenance costs and requires a suitable source of beach
material.

A number of European projects are attempting to
provide decision-support to coastal authorities by de-
veloping methods to assess vulnerability. They include
EU FP7’s CLIMSAVE, PEGASO and DINAS-COAST,
which attempt to integrate the physical, ecological
and socio-economic implications of coastal change. In
most cases, they are hampered by a lack of reliable as-
sessments of past and future coastal erosion.

2.2.5 Research Gaps, Priorities and Key
Recommendations

Assessment of the future behaviour of the European
coast relies on linked research into relative sea-level
trends and future storm tracks. In some cases this in-
formation is available at the sub-regional level, but in
most cases it is not. There is a need for a detailed as-

sessment of the extent of coastal erosion in the EU,
with due regard to the temporal and spatial scale of
measurement. This requires an understanding of the
sedimentary status of the coast, but could contrib-
ute to a qualitative assessment of the future state of
the coast as has been undertaken in the UK through
the FutureCoast initiative in shoreline management
planning. Implicit in this is a move away from the ‘one-
size-fits-all’ approach to modelling coastal behaviour.

There is an urgent need for a better societal under-
standing of what ‘coastal erosion’ means and of the
difference between the concepts of ‘coastal protection’
(defending property) and protecting the coastal ecosys-
tem (which may involve sacrificing coastal property).
The existing regulatory system militates in favour of pro-
tection of property and this is likely to continue. There
is therefore a need for research into ways to achieve
sustainable coasts through more widespread adoption
of the ‘retreat’ option by management authorities.

Figure 8. Effects of coastal erosion can affect homes and property
as illustrated by the landslide of 18 May 2008, Hoskin’s West,
Barton-on-Sea, UK (Courtesy Mrs. Page)

2.2.6 Conclusion

Coastal erosion can be progressive, episodic or both.
It is part of a natural sedimentary system of adjust-
ment and is not in itself problematic. When property
is threatened, erosion is seen as a problem. In general
terms, there is likely to be an increase in the rate and
extent of coastal erosion as a result of sea-level rise
and changes in storminess. Only qualitative prediction
of the effects can be made because there is a high de-
gree of site-specificity in coastal behaviour. If progress
is to be made in promoting the uptake of ‘retreat’ as
an adaptation response, work is required to change the
regulatory system within which coastal management
operates.
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Figure 9. There are a variety of techniques for measuring Sea Surface Temperature (SST) including from ships (left), floats and fixed weather
buoys. Since the early 1980s weather satellites right have been increasingly utilized to measure SST and have allowed its spatial and
temporal variation to be viewed more fully. Away from the immediate sea surface, general temperature measurements are accompanied by a
reference to the specific depth of measurement. (Left: ©VLIZ/Misjel Decleer; right: ©NOAA)
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2.3 Temperature Changes

Jun She (js@dmi.dk)
Danish Meteorological Institute (DMI), Denmark

2.3.1 Observations

2.3.1.1 Global and North Atlantic

The observed sea temperature change has been
identified for the last 150 years, both in decadal and
centennial scales. For the global and North Atlantic
Ocean, the change of the Sea Surface Temperature
(SST) has been well documented in the fourth IPCC
Assessment Report (see also Figure 1). At the centen-
nial scale, the global mean SST has increased with a
rate of 0.004°C yr' during 1850-2005, 0.007°C yr' dur-
ing 1901-2005 and 0.019°C yr' during 1979-2005. The
warming trend for the North Atlantic is 0.0025°C yr",
which is less than the global trend. In addition to the
trend, the North Atlantic SST shows a 65 to 75 year
variation (0.4°C range), with a warm phase from 1930 to
1960 and from 1990 to now, and cool phases from 1905
to 1925 and from 1970 to 1990, which is the most prom-
inent multi-decadal scale signal in the World Oceans
(Kerr, 2000).

2.3.1.2 Regional Seas

The warming trend has been much more significant in
the European regional seas than in the North Atlantic.
The SST has increased in the last 150 years with a
trend of 0.006°C yr' for the Baltic and 0.004°C yr' for
the North Sea and Mediterranean Sea. The warming
has been speeding up especially in the last 25 years,
which is about 10 times faster than the average rate of
increase during the past century. Based on satellite ob-
servations, it is estimated that during the 25 year period
from 1982 to 2006, the global SST increased at a rate of
0.01°C yr', but at 0.03-0.06°C yr' for the North Atlantic
and European Seas (Coppini et al.,, 2010). Long-term
in situ observations also support this finding. Figure
10 shows the SST and air temperature change in the
Baltic-North Sea transition wate