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This is the second assessment report addressing the state of knowledge concerning climate,
climate change and climate impacts within the Baltic Sea region. It is not intended as a report
about the ‘best’ knowledge, but as a description of what the scientific community at the time of
the assessment accepts as being a representative description of climate change, the factors
driving the change, and the interlinkage of phenomena, processes and sub-systems—while
recognising the tentative nature of all scientific assertions, namely that future insights and
observations may call for revisions of our present knowledge. The BACC-process was
established to document the convergence, divergence and gaps in knowledge of scientific
understanding with respect to climate change and climate impacts in the Baltic Sea region.

This assessment report is organised in the same way as the previous one, such that the
report starts with a summary of the assessment as a whole before continuing with detailed
chapters on each topic. Thus, it is possible for readers to gain a general overview of the entire
results, turning to the detail of specific chapters as needs dictate.

The good news is that the conclusions of the first BACC assessment published in 2008 are
mostly still valid. Although the scientific community has not revised its understanding of the
climatic issues within the Baltic Sea region since 2008, many new and additional aspects have
appeared in the scientific literature in recent years.

An organisational detail adds to the credibility of the continuity, namely that different
people undertook the second assessment. In fact, all lead authors of the first BACC assessment
were replaced by new members of the scientific community for BACC II. This was despite
most lead authors of BACC I having done an excellent job and was to ensure the indepen-
dence of the BACC II process from its predecessor. However, many of the BACC I lead
authors did serve on the BACC 1II Scientific Steering Committee and helped to establish the
chapter structure as well as to select lead authors for the report.

Some of the chapters were rather broad and it would have been very demanding if not
impossible for an individual to draft the entire chapter. In such cases, the lead authors asked
colleagues to team up in the writing. Nevertheless, the lead authors are responsible for the
chapters as a whole.

Admittedly, the well-intended planning of the BACC-process for ensuring a representative
description of the current breadth of knowledge without involving the author’s own unpub-
lished research or personal preferences was not completely successful. But the difficulties were
few, and the overall value of the report was not compromised.

It is more than ten years since the BACC-process was initiated—originally as an inde-
pendent effort in the scientific community and later embedded within the framework of the
Baltic Sea region research programme BALTEX. Indeed, the logistics of the BACC I process
were organised by the International BALTEX Secretariat, and after the re-launch of the
programme as Baltic Earth, the organisation of the new BACC effort remained in the expe-
rienced hands of the Secretariat, with Dr. Marcus Reckermann as the key figure for making
BACC 1I a reality.

Of course the process required some funding; for printing and for making the assessment
freely accessible online, for linguistic editing, and for the working time of the International
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Baltic Earth Secretariat. This funding was provided by the Helmholtz-Zentrum fiir Material-
und Kiistenforschung in Geesthacht, Germany.

We have been the chair people of both the BACC I and BACC II processes. This has been
quite a challenge, but nevertheless a rewarding one, which we think helped to further con-
solidate the Baltic Sea region climate scientific community. In this time we have become ten
years older and it is now time for younger colleagues to take over. We would like to see
BACC 1III organised with new chair people from within the Baltic Earth programme.

Hans von Storch
Anders Omstedt

Preface
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Furthermore, we would like to thank the reviewers, whose work has been crucial in
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Marine Effects of Atmospheric Depostion model, EU FP5 project
Mesoscale Analysis System

Magnesium

Maximum sea-ice extent in the Baltic Sea

Maximum ice extent in the Baltic Sea

Morphological impacts and coastal risks induced by extreme storm
events

Model for Interdisciplinary Research on Climate; coupled climate
model by Center for Climate System Research, Japan

Manganese

Moderate Resolution Imaging Spectroradiometer

Model output statistics (a statistical downscaling technique)
Max-Planck-Institute

MPI Ocean Model

Chemical transport model Meteorological Synthesizing Centre—West
EU Marine Strategy Framework Directive

Mean sea level

Model based investigation of extreme water levels at the German Baltic
Sea coast

Medieval Warm Period

Nitrogen

Molecular nitrogen

Nitrous oxide

Sodium

North Atlantic Oscillation

Non Arboreal Pollen (pollen from herbaceous plants)

National Aeronautics and Space Administration

National Centers for Environmental Prediction/National Center for
Atmospheric Research

North East

NO, emission control area

EU directive on national emission ceilings

EU NitroEurope project

Ammonia

Ammonium

Non-methane volatile organic compounds

Nitrogen dioxide

Nitrate

National Oceanic and Atmospheric Administration, USA
Nitrogen oxides

Net primary productivity

Net present value

Reactive nitrogen

Neyman-Scott Rectangular Pulse

Non-sea-salt

Non-sea-salt sulphate

North West

Oxygen

Ozone

Organisation for Economic Co-operation and Development
Ocean General Circulation Model by MPI Hamburg, Germany
Ocean Weather Ship
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PBO
PCM
pCO,
PET
PgC
PGV
PM
PM
PM;
PM; 5
POC
POD
POD
POP
PP

PP
ppb(v)
ppm
PROBE-Baltic

PRUDENCE

PSMSL
QQ
RACMO2
RADS
RCA3
RCAO
RCM

RCO

RCP
RegCM3
REMO
REVEALS
RF

RLR
RMSE
ROSHYDROMET

RSL

RV

S
SAPOS
SAR
SATREF
SCD
SCE
SECA

Si
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Phosphorus

Preboreal oscillation

Parallel Climate Model, USA

CO, partial pressure

Potential evapotranspiration

Petagrams of carbon, i.e., 10" g of carbon

Area potentially covered by vegetation on the globe
Pierson-Moskowitz oceanic wave spectrum

Particulate matter

Particles with an aerodynamic diameter equal to or less than 10 um
Particles with an aerodynamic diameter equal to or less than 2.5 pm
Particulate organic carbon

Perturbation of observed data (a statistical downscaling technique)
Phyto-toxic ozone dose

Particulate organic phosphorus

Perfect prognosis (a statistical downscaling technique)

Probability Plots

Parts per billion by volume

Parts per million

Process-based ocean modelling system of Earth System Sciences
Centre, Gothenbirg University, Sweden

Project to provide a series of high-resolution climate change scenarios
for 2071-2100 for Europe (ended 2004)

Permanent Service for Mean Sea Level

Quantile Plots

KNMI regional atmospheric climate model Phase 2

Radar Altimeter Database System

Rossby Centre Regional Climate model of SMHI, Sweden

Rossby Centre Atmosphere—Ocean—Sea Ice model

Regional climate model

Rossby Centre Ocean Model

Representative Concentration Pathway

Regional Climate Model by ICTP

Regional Climate Model by MPI Hamburg, Germany

Regional Estimates of Vegetation Abundance from Large Sites
Radiative forcing

Revised local reference

Root-mean square error

Russian Federal Service for Hydrometeorology and Environmental
Monitoring

Relative sea level

Reproductive Volume

Sulphur

Satellite Positioning Service of the German State Survey
Wide-swath synthetic aperture radar

Norwegian National network of reference stations for GPS

Snow Cover Duration

Snow-cover extent

SO, Emission Control Area

Silicon
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SINCOS Sinking Coasts—Geosphere, Ecosphere and Anthroposphere of the
Holocene Southern Baltic Sea (research unit of the DFG, German
Research Foundation)

SLP Sea-level pressure

SMB Surface Mass Balance

SMHI Swedish Meteorological and Hydrological Institute

SO, Sulphur dioxide

SO, Sulfide

Nora Sulphate

SON September October November (denoting the autumn months)

SOx Sulphur oxides

SPI Standardized Precipitation Index

SRES Special Report on Emissions Scenarios (of the IPCC)

SSC Science Steering Committee

SSH Sea surface height

SST Sea surface temperature

STARDEX Statistical and Regional dynamical Downscaling of Extremes for
European regions, EC funded project 2002-2005

STEAM Ship Traffic Emissions Assessment Model

SVD Singular value decomposition

SWE Snow Water Equivalent

SWEPOS Swedish National network of reference stations for GPS

SYKE Finnish Environment Institute

TIC Total inorganic carbon

TN Total nitrogen

TOC Total organic carbon

TOF-MS Time-of-Flight Mass Spectrometer

TON Total organic nitrogen

TP Transitional Period

TP Total phosphorus

TUFLOW Flood and Coastal Simulation Software

UAA Utilised agricultural area

UCLM Universidad de Castilla-La Mancha, Spain

UHSLC University of Hawaii Sea Level Center

UNECE United Nations Economic Commission for Europe

UNEP United Nations Environmental Programme

UNFCCC United Nations Framework Convention on Climate Change

uv Ultraviolet

vd Deposition velocity

VOC Volatile organic compounds

W Watt

WAM Ocean wave model by HZG

WASA Group on “Waves and Storms in the North Atlantic”

WCRP World Climate Research Programme

WEFD EU Water Framework Directive

WGMS World Glacier Monitoring Service

WIBIX Winter Baltic Climate Index

WSA Wasser- und Schifffahrtsdmter (Regional Waterways and Shipping
Offices in Germany)

WSFES Watershed Simulation and Forcasting System of SYKE, Finland

YOLL Amount of life years lost

31°C Delta Carbon isotope 13
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515N
5'%0
Q
ApCO,
patm
IOBe
14C
20CR

Delta Nitrogen isotope 15

Delta Oxygen isotope 18

Saturation state (for calcium carbonate)
CO, partial pressure difference

micro atm (pressure unit)
Beryllium-10

Carbon-14, radiocarbon

20th Century reanalysis (dataset)
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1.1 Overview

1.1.1 Background

Hans von Storch, Anders Omstedt, Janet Pawlak,
and Marcus Reckermann

Abstract

The Baltic Earth Assessment of Climate Change (BACC) in the Baltic Sea region is an effort
to establish what scientifically legitimised knowledge about climate change and its impacts is
available for the Baltic Sea catchment. Observed past and projected future changes in
atmospheric, hydrological, and oceanographic conditions are assessed, as well as the observed
and potential impacts on the natural and socio-economic environments. The BACC
programme focuses purely on the science and does not draw conclusions about the political,
economic, or management consequences of the scientific knowledge. This report (the BACC II
assessment, the follow-up to the BACC I assessment in 2008) documents the consensus and
dissensus on climate knowledge up to about 2012. More than 180 researchers contributed in
various functions to this peer-reviewed assessment. The process was overseen by a scientific
steering committee and coordinated by the International Baltic Earth Secretariat.
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Baltic Sea ¢ Climate Change
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and its impacts is available for the Baltic Sea catchment.
Observed past and projected future changes in atmospheric,
hydrological, and oceanographic conditions are assessed, as
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COM) as a basis for its deliberations. A division of labour
has been established between BACC and HELCOM: the
BACC programme focuses purely on the science and does
not draw conclusions about the political, economic or
management consequences of the scientific knowledge,
while HELCOM accepts the BACC findings and uses them
in its work within the political negotiation processes.

! Baltic Earth is the successor to BALTEX, the scientific network
dealing with meteorological, oceanographic, and hydrographic issues in
the Baltic Sea basin. BALTEX was concluded in June 2013, and Baltic

International Baltic Earth Secretariat, Helmholtz-Zentrum
Geesthacht, Geesthacht, Germany
e-mail: marcus.reckermann@hzg.de

© The Author(s) 2015

Earth has been established with a broader agenda of bringing together
scientists interested in the dynamics, the past and possible futures of the
Baltic Sea basin (www.baltic-earth.eu).
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HELCOM used the outcome of the present BACC 1I
assessment in its Thematic Report on Climate Change
published in 2013 (HELCOM 2013), once BACC had
reached final agreement on its findings, but before various
editorial tasks were complete.

The first BACC assessment report was published in 2008
(BACC Author Team 2008) and was accompanied by a
Thematic Report by HELCOM published the previous year
(HELCOM 2007). For the first BACC book, approximately
80 scientists from 12 countries researched and assessed the
available literature on climate change in the Baltic Sea basin.

BACC II follows the BACC I format in documenting the
consensus and dissensus on climate knowledge up to about
2012. New aspects in BACC 1II are a consideration of the
long-term and recent historical past to provide a framework
for evaluating the severity and unusualness of the current
climate change, a detailed analysis of sea-level changes in
the Baltic Sea, a description of climate change effects on
urban complexes, and a reflection on detection and attribu-
tion of regional climate change in the Baltic Sea region. For
the present assessment, more than 180 researchers contrib-
uted in various functions, from the lead and contributing
authors and reviewers to the overseeing of the process by the
Scientific Steering Committee and coordination by the
International Baltic Earth Secretariat.

1.1.2 Overall Summary

The key findings of the BACC I assessment were as follows:

e The Baltic Sea region is warming, and the warming is
almost certain to continue throughout the twenty-first
century.

e [t is plausible that the warming is at least partly related to
anthropogenic factors.

e So far, and as is likely to be the case for the next few
decades, the signal is limited to temperature and to
directly related variables, such as ice conditions.

e Changes in the hydrological cycle are expected to
become obvious in the coming decades.

e The regional warming is almost certain to have a variety
of effects on terrestrial and marine ecosystems—some
will be more predictable (such as the changes in phe-
nology) than others.

The key findings of the BACC II assessment—the present
assessment—are as follows:

e The results of the BACC I assessment remain valid.

e Significant additional material has been found and
assessed. Some previously contested issues have been
resolved (such as trends in sea-surface temperature).

e The use of multi-model ensembles seems to be a major
improvement; there are first detection studies, but attri-
bution is still weak.

H. von Storch et al.

Regional climate models still suffer from biases related to
the heat and water balances. The effect of changing
atmospheric aerosol load to date cannot be described;
first efforts at describing the effect of land-use change
have now been done.

Data homogeneity is still a problem and is sometimes not
taken seriously enough.

The issue of multiple drivers on ecosystems and socio-
economics is recognised, but more efforts to deal with
them are needed.

In many cases, the relative importance of different drivers
of change, not only climate change, needs to be evaluated
(e.g. atmospheric and aquatic pollution and eutrophica-
tion, overfishing, and changes in land cover).

Estimates of future concentrations and deposition of
substances such as sulphur and nitrogen oxides, ammo-
nia/ammonium, ozone, and carbon dioxide depend on
future emissions and climate conditions. Atmospheric
warming seems relatively less important than changes in
emissions. The specification of future emissions is plau-
sibly the biggest source of uncertainty when attempting
to project future deposition or ocean acidification.

In the narrow coastal zone, the combination of climate
change and land uplift acting together creates a partic-
ularly challenging situation for plant and animal com-
munities in terms of adaptation to changing
environmental conditions.

Climate change is a compounding factor for major
drivers of changes in freshwater biogeochemistry, but
evidence is still often based on small-scale studies in time
and space. The effect of climate change cannot yet be
quantified on a basin-wide scale.

Climate model scenarios show a tendency towards future
reduced salinity, but due to the large bias in the water
balance projections, it is still uncertain whether the Baltic
Sea will become less or more saline.

Scenario simulations suggest that the Baltic Sea water
may become more acidic in the future. Increased oxygen
deficiency, increased temperature, changed salinity, and
increased ocean acidification are expected to affect the
marine ecosystem in various ways and may erode the
resilience of the ecosystem.

When addressing climate change impacts on, for exam-
ple, forestry, agriculture, urban complexes, and the
marine environment in the Baltic Sea basin, a broad
perspective is needed which considers not only climate
change but also other significant factors such as changes
in emissions, demographic and economic changes, and
changes in land use.

Palaeoecological ‘proxy’ data indicate that the major
change in anthropogenic land cover in the Baltic Sea
catchment area occurred more than two thousand years
ago. Climate model studies indicate that past
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anthropogenic land-cover change had a significant
impact on past climate in the northern hemisphere and
the Baltic Sea region, but there is no evidence that land-
cover change since AD 1850 was even partly responsible
for driving the recent climate warming.

1.1.3 The BACC Process

The overall format of the BACC process is similar to the
process for assessments undertaken by the Intergovernmental
Panel on Climate Change (IPCC), with author groups for the
individual chapters, an overall summary for policymakers
(here: the executive summary in Sect. 1.2) and a peer-
reviewed process. The assessment is a synthesis of material
drawn entirely from the available scientifically legitimate lit-
erature (e.g. peer-reviewed literature, conference proceedings,
and reports of scientific institutes). Influence or funding from
groups with a political, economic, or ideological agenda is not
allowed; however, questions from such groups are welcome.
If a consensus view cannot be found in the above-defined
literature, this is clearly stated and the differing views are
documented. The assessment thus encompasses the knowl-
edge about what scientists agree on but also identifies cases of
disagreement or knowledge gaps. The assessment is evaluated
by independent scientific reviewers.

The BACC process was overseen by a Science Steering
Committee (SSC) and managed by the International Baltic
Earth Secretariat. The role of the BACC II SSC was to
formulate a plan for the BACC II assessment and the outline
topics to be addressed. The SSC was responsible for
selecting Lead Authors for each specific topic. It was also
responsible for overseeing the review process.

The International Baltic Earth Secretariat was the focal
point regarding the logistics of the review process, meetings,
and technical writing. Of particular importance was the full
availability of information, including text material for all
participants in the BACC II writing process and represen-
tatives of HELCOM. A dedicated BACC II website is
available at www.baltic-earth.eu/BACC2/, including a
password-protected page that was used for the exchange of
internal information and documents (e.g. draft chapters).

Lead Authors were invited by the BACC II SSC to pre-
pare chapters on the basis of currently available scientific
knowledge. The Lead Authors are responsible for the overall
quality and content of their chapter. This applies even if they
formed a writing team to help draft the chapter. The essence
of the Lead Authors task was the synthesis of material drawn
entirely from the available scientifically legitimate literature
(e.g. peer-reviewed literature, conference proceedings, and
reports of scientific institutes). It took about four years to
complete the assessment, which concludes with the publi-
cation of this book. The process started in April 2010, when

the BACC II SSC was formed and the BACC II Lead
Authors were nominated at a meeting in Lund, Sweden. In
June 2010, the BACC II programme was presented and
discussed by the scientific community at the 6th BALTEX
Study Conference in Migdzyzdroje, Poland. The first meet-
ing of Lead Authors took place in Gothenburg, Sweden in
November 2010; the second meeting in Hamburg, Germany
in March 2011. In 2011, the assessment work was begun by
the Lead and Contributing Authors, and in February 2012,
the third meeting of Lead Authors took place in Copenha-
gen, Denmark. In May 2012, BACC II was presented at the
BONUS Workshop at the European Maritime Day in
Gothenburg and the first drafts of the BACC II chapters
became available in mid-2012. The chapters were reviewed
at a dedicated BACC II Review/Stakeholder Conference in
Tallinn, Estonia, in September 2012. The external peer
review was completed by the end of 2012. By March 2013,
the chapters had been revised according to the reviewers’
comments. The final text was published as a print and open
access book in early 2015.

1.1.4 Important Terminology

The BACC II assessment uses the following terminology as

defined here.

e C(Climate change: Deterministic response to changes in
external climate forcing.

e Internal variability: Random fluctuations independent of
external forcing.

e Detection: The observed climate change is unlikely due
to internal variability alone = Detection of (some)
external forcing.

e Attribution: Mix of plausible external forcing mecha-
nisms that best explain the detected change.

1.1.5 Annexes

This report features two annexes. Annex 1 provides a short
mathematical definition of the scientific concept of ‘Detec-
tion and Attribution’. Annex 2 deals with the impact of the
BACC I report within the regional scientific community and
among decision-makers with responsibility for the German
Baltic Sea coast. In short, it is a peer assessment of the
BACC I report and a policy decision-makers’ assessment of
the state of the region, their sources of scientific information,
and the utility of the information contained in the report.
While the scientific peer review indicated overall satisfac-
tion, it was clear that the report would require significant
changes to be of maximum use for decision-makers.
However, this is not surprising since the intended audience
for the book was primarily the scientific community.
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1.2  Executive Summary

In addition to this introductory chapter, the report comprises

siX major sections.

e Part I: Long-term climate change (Chaps. 2 and 3)

e Part II: Recent climate change (past 200 years) (Chaps.
4-9)

e Part III: Future climate change (Chaps. 10-14)

e Part IV: Environmental impacts of climate change
(Chaps. 15-20)

e Part V: Socio-economic impacts of climate change
(Chaps. 21 and 22)

e Part VI: Drivers of regional climate change (Chaps.
23-25)

1.2.1 Long-term Climate Change: From

the Holocene to the Little Ice Age

The first two chapters of this report provide a broad over-
view of the geo-historical development of conditions in the
past millennia, based on proxy data from sources such as
fossil pollen and insects from dated continental and lake
sediments, tree ring widths and density, and some written
records or diaries.

The Baltic Sea is a young sea. It was formed after the
glaciers that covered this area for over 100,000 years began
to recede about 18,000 years ago, mainly as a result of
changes in the orbital configuration of the Earth’s rotation
around the sun. In the Baltic Sea area, this last Ice Age ended
about 11,000 years ago. During the following warmer
Holocene, the Baltic Sea basin underwent a number of major
changes owing to the gradual melting of the Fennoscandian
ice sheet, which caused a rise in sea level and the slow
isostatic uplift of the land readjusting to the disappearance of
the heavy ice sheet, thus decreasing relative sea level. The
interplay between these two processes led to a series of
transitions in the Baltic Sea basin, varying between a
freshwater lake during periods of isolation from the North
Sea and a brackish sea when water mass exchange with the
saline North Sea occurred.

The melting of the ice sheets in North America had an
influence on oceanic circulation, and it is believed that large
volumes of cold water from the melting ice sheets entering
the North Atlantic Ocean exerted an abrupt cooling around
8200 years ago that lasted several centuries in the Baltic Sea
area. Changes in the orbital configuration of the Earth also
modulated the incoming solar insolation of the boreal high
latitudes and thus strongly influenced the regional energy
balance. The summer solar insolation peaked at around
7000-6000 years ago and subsequently decreased. After the
melting of the remnants of the Fennoscandian ice sheets, a
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relatively stable period occurred around 7500-5500 years
ago, with summer temperatures 1.0-3.5 °C higher than at
present. Since then, a continued decreasing trend in summer
solar insolation due to astronomical factors has resulted in a
more unstable climate and a progressive millennial cooling.

Other external and internal factors influencing the climate
of the Baltic Sea basin during the Holocene include varia-
tions in the concentrations of stratospheric aerosols induced
by volcanic activity, changes in the concentrations of
greenhouse gases (GHGSs) in the atmosphere due to natural
factors, changes in the surface albedo of the sea and changes
in the vegetation of the surrounding land, and salinity-
induced changes in the intensity and type of circulation in
the sea.

In the Baltic Sea basin and surrounding areas of Europe,
relatively stable climate conditions prevailed in the tenth and
eleventh centuries, typified by warm, dry summers. Inves-
tigations in Fennoscandia indicate that a so-called Medieval
Warm Period (MWP) occurred between AD 900 and 1350;
at that time, warm-season (May—September) temperatures
exceeded the contemporary warming at the end of the
twentieth century by about +0.5 °C. An exceptionally warm
period occurred from AD 1200-1250.

The climate of the past 500 years has been characterised
by centennial-scale variability and the modulation of inter-
annual and decadal signals, often accompanied by rapid
shifts. In the latter half of the sixteenth century, the tem-
perature dropped, initiating the Little Ice Age. In the recently
modelled and reconstructed northern Scandinavian summer
temperatures since 1500, the longest cool period prevailed
during the first half of the seventeenth century and at the
beginning of the eighteenth century, as well as during the
first years of the nineteenth century. During these main
historical climatic periods, climatic conditions were not
uniform and shorter warm/cool and wet/dry fluctuations
were observed depending on regional factors.

1.2.2 Recent Climate Change: The Past
200 Years

The six chapters of this section describe the observed cli-
matic changes in the atmosphere, on land (river run-off,
cryosphere) and at sea (circulation and stratification, sea ice,
sea level and wind waves) for properties in the Baltic Sea
drainage basin over the past 200-300 years. The Baltic Sea
has a dense observation network covering an extended time
period, and measurements of environmental conditions have
been made with increasing accuracy over this period. Con-
tinuous time series exist since the middle of the eighteenth
century for a few stations, and a denser network of stations
has been operational since the mid-nineteenth century.
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1.2.2.1 Recent Changes in the Atmosphere

The Baltic Sea region features very variable weather con-
ditions due to its location in the extra-tropics of the northern
hemisphere. The region is controlled by two large-scale
pressure systems over the north-eastern Atlantic Ocean—the
Icelandic Low and the Azores High. In general, westerly
winds predominate, although any other wind direction is also
frequently observed. As the climate of the Baltic Sea basin is
to a large extent controlled by the prevailing air masses,
atmospheric conditions will therefore be controlled by global
climate as well as by regional circulation patterns, and the
atmospheric parameters are strongly interlinked.

Large-Scale Atmospheric Circulation

The large-scale circulation patterns in the Baltic Sea region
are influenced by the North Atlantic Oscillation (NAO),
which is the dominant mode of near-surface pressure vari-
ability over the North Atlantic Ocean and neighbouring land
masses, particularly during winter. In its positive phase, the
Icelandic Low and Azores High are strengthened, resulting
in a stronger than normal westerly airflow on a more
northerly tract over the eastern North Atlantic and Europe;
this brings warm, wet winters to all of Europe except for the
southern part. When both the Icelandic Low and the Azores
High are weak, termed a negative NAO, the westerly air-
flows are also weak, resulting in colder, drier winters in
northern Europe. The NAO shows considerable seasonal and
interannual variability, with prolonged periods of positive or
negative phases.

Although the NAO shows long-term variability, from the
mid-1960s to the mid-1990s it was in a generally positive
phase, with stronger westerly winds, mild and wet winters,
and increased storminess in the Baltic Sea area. After the
mid-1990s, there was a trend towards more negative NAO
values, resulting in weak westerly airflows and weather
types that appear to be more persistent than in earlier
decades.

Wind

The wind climate is generally related to large-scale varia-
tions in the atmospheric circulation of the North Atlantic,
including the NAO in winter. Overall, reconstructions for the
past 200 years show that storminess in northern Europe is
dominated by large multi-decadal variations rather than by
long-term trends. However, during the latter half of the
twentieth century, large changes were observed in the wind
climate over the North-east Atlantic and northern Europe.
An unusually calm period occurred during the early 1970s;
this coincided with a period with strongly negative NAO
values as well as a very high frequency of Euro-Atlantic
atmospheric blocking in winter, preventing or weakening
westerly flow and leading to low wind speeds and fewer
storms over Scandinavia. This was followed by a strong
increase in annual and winter-to-spring storminess with

unprecedented high winter storminess in the 1980s and early
1990s, during which the NAO index reached very high
values. In the first decade of the twenty-first century, wind
speeds returned to average values in the Baltic Sea area.

A northward shift in storm tracks and increased cyclonic
activity have been observed in recent decades with an
increased persistence of weather types. No long-term trend
has been observed in annual wind statistics since the nine-
teenth century, but considerable variations on (multi-) dec-
adal timescales. An anthropogenic influence cannot be
excluded since the middle of the twentieth century. The
pattern in wind and wave heights over the northern hemi-
sphere with a north-easterly shift of storm tracks appears to
be consistent with combined natural and external forcing.

Temperature

There has been a clear increase in surface air temperature in
the Baltic Sea basin since the beginning of the observational
record in 1871. This has occurred with large multi-decadal
variations dividing the twentieth century into three phases:
warming until the 1930s, followed by cooling until the
1960s, and then another distinct warming during the final
decades of the century. Linear trends in the annual mean
temperature anomalies from 1871 to 2011 were 0.11 °C per
decade north of 60°N and 0.08 °C per decade south of 60°N
in the Baltic Sea basin. All seasonal trends are positive and
statistically significant except for winter temperature north of
60°N. These trends are shown in Fig. 1.1.

An analysis of temperature trends from 1970 to 2008 in the
Baltic Sea area showed the strongest increase in the Gulf of
Bothnia in autumn and winter (+0.5 to +0.6 °C per decade),
while significant changes occurred during spring and summer
in the central and southern parts of the Baltic Sea area (+0.2 to
+0.3 °C per decade). During the past decade, the warming has
continued during spring and summer in the southern parts and
during autumn and spring in the northern parts, but the win-
ters of 2009/10 and 2010/11 were very cold.

Seasonal changes are also evident: the duration of the
growing season has increased, and the duration of the cold
season has decreased. For instance, in Tartu, Estonia, the
number of deep winter days (with snow cover) decreased by
29 over the twentieth century, while the growing season
increased by 13 days. For the Baltic States and Poland, there
has been a significant increase in the number of hot days and
nights and the number of heat waves, as well as a significant
decrease in the number of frost days.

Precipitation
No long-term trend was observed for precipitation, but there
is some indication of an increased duration of precipitation
periods and possibly an increased risk of extreme precipi-
tation events.

The amount of precipitation in the Baltic Sea area during
the past century has varied between regions and seasons,
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with both increasing and decreasing precipitation apparent.
A tendency of increasing precipitation in winter and spring
was detected during the latter half of the twentieth century.
Comparing the annual mean precipitation during 1994-2008
with that of 1979-1993 showed less precipitation in the
northern and central Baltic Sea region and more in the
southern region. The pattern also varied by season (Fig. 1.2).

Mostly, positive trends in daily precipitation and precip-
itation totals were detected at 116 stations across Europe,
including the Baltic Sea region, during 1950-2000.
Although most of the trends are not statistically significant,
some positive trends were identified for winter and spring,
while negative trends mostly occurred in summer and, in
some cases, in autumn.

I I I I I
1910 1930 1950 1970 1990

Cloud Cover and Sunshine Duration

Generally, negative trends in cloudiness and coincident
positive trends in sunshine duration and solar radiation in the
major parts of the Baltic Sea basin have been detected over
recent decades. However, the data are highly variable, and

the number of investigations to date is not sufficient to
enable more detailed and reliable conclusions.

1.2.2.2 Recent Changes in Hydrology

and the Terrestrial Cryosphere
The Baltic Sea can be considered a large, semi-enclosed
brackish water estuary draining into the North Sea via the
Danish Straits. The inflow from rivers to the Baltic Sea is an
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Fig. 1.2 Change in total
precipitation between 1994-2008
and 1979-1993 by season based
on SMHI data (Lehmann et al.
2011). a DJF, b MAM, c JJA,

d SON
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important variable for both the physical, chemical, and
ecological processes of the sea. In winter, much of the
precipitation is stored as snow. Thus, in the north, discharges
are lowest towards the end of winter before snowmelt. The
highest discharges are recorded in spring or early summer
owing to snowmelt. Water levels and discharges usually
decrease during summer when evaporation and evapotrans-
piration are greatest and normally greater than precipitation.
In some regions, river discharge is strongly influenced by
hydropower, damping the seasonal cycle.

River Run-Off

Although decadal and regional variability is large, no sta-
tistically significant long-term change has been detected in
total river run-off to the Baltic Sea during the past 500 years.
An analysis of streamflow in a large number of rivers and
streams in the Nordic countries over three periods from 1920
to 2002 generally showed that trends towards increased
streamflow dominated annual values as well as the winter
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and spring seasons, while no trend was found for autumn.
An indication of earlier snowmelt floods was also apparent.
Although these trends in streamflow result from changes in
both temperature and precipitation, temperature was shown
to have a stronger effect. As an example, Fig. 1.3 shows
annual anomalies and long-term variations in precipitation,
temperature, water resources, and flood magnitude in Swe-
den for the period 1901-2010 in relation to the reference
period 1961-1990. A decrease in annual discharge from
southern catchments of the Baltic Sea of about 10 % has
been observed from the rivers Nemunas (Lithuania), Neva
(Russia), Vistula, and Oder (Poland) over the past century.

River Ice

The river ice regime is considered to be a sensitive indicator
of climate change. A study of ice in the River Daugava
(Latvia), which has a data series starting in 1530, showed a
pronounced decreasing trend for the past 150 years with an
even clearer trend for the past 30 years. This indicates a
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reduction of ice-cover duration and a shift to earlier
ice break-up. The ice-cover duration has declined by
2.8-6.3 days per decade during the past 30 years. Although
regional variations exist, similar observations have been
made for other rivers flowing into the Baltic Sea. Both the
ice regime and the seasonal river discharge are strongly
influenced by large-scale atmospheric circulation processes
over the North Atlantic, and this is shown by a close cor-
relation with the NAO.

Snow

Snow is the origin of a significant fraction of run-off in the
Baltic Sea basin. Although there is large interannual varia-
tion in the extent of snow cover in the Baltic Sea drainage
basin, a decreasing trend in snow-cover extent since the
1970s has been observed in Fennoscandia, with some
regional exceptions. The duration of annual snow cover in
western Scandinavia and in the south-western East European
plain has also became shorter over the past century. In
northern and eastern parts of the drainage basin, and in
mountain regions where both precipitation and temperature
control snow amount, colder average winters have led to an

1920 1940 1960 1980 2000

increase in annual snow depth. There was a tendency
towards weaker spring floods in Latvia from 1951 to 2006
and stronger winter flows due to changes in snow-cover
duration and snow amount.

Frozen Ground

The current understanding of the spatial patterns of freeze/
thaw cycles in the Baltic Sea region remains poor and has
not been subject to systematic study. Some warming trends
and some decreases in the duration and depth of seasonally
frozen ground have been seen. Warming trends have been
observed in the European permafrost, as well as a northward
shift in the southern boundary of near-surface permafrost in
European Russia.

1.2.2.3 Recent Changes in Baltic Sea Hydrography
The Baltic Sea is well stratified, with a seasonal cycle of
temperature superimposed on the more or less permanent
two-layer salinity stratification. While temperature and sea
ice respond rapidly to the changes in atmospheric heat
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Fig. 1.4 Anomalies of the annual and decadal moving average of the
modelled Baltic Sea spatial mean water temperature over the period
1500-2001. The dotted horizontal lines are the standard deviations of

fluxes, variations in salinity are governed mainly by lateral
transport processes, resulting together with mixing in
response times of many decades. Cold waters, formed during
winter, extend down to the halocline which has a typical
depth of 60—80 m in the Baltic Proper and somewhat less in
the southern basins. During summer, when a seasonal ther-
mocline develops in the surface waters at depths of about
15-20 m, the underlying cold intermediate layer generally
retains a ‘memory’ of the severity of the previous winter.
This layer is often referred to as ‘old winter water’. Deeper
waters below the halocline are formed mainly by lateral
advection of saline waters of North Sea origin that entrain
and mix with ambient waters during their passage into and
through the Baltic Sea. Below 100 m depth, the range in
temperature variation within the Gotland Deep is only 5 °C
(range 3-8 °C), compared to a range in surface temperature
of up to 25 °C.

Water Temperature

A recent warming trend in sea-surface waters has been
clearly demonstrated by in situ measurements, remote
sensing data, and modelling results. In particular, remote
sensing data for the period 1990-2008 indicate that the
annual mean sea-surface temperature has increased by up to
1 °C per decade, with the greatest increase in the northern
Bothnian Bay and large increases in the Gulf of Finland, the
Gulf of Riga, and the northern Baltic Proper. Although the
increase in the northern areas is affected by the recent
decline in the extent and duration of sea ice, warming is still
evident during all seasons and with the greatest increase
occurring in summer. The least warming of surface waters
(0.3-0.5 °C per decade) occurred north-east of Bornholm
Island up to and along the Swedish coast, probably owing to
an increase in the frequency of coastal upwelling. The latter
is explained by the change in atmospheric circulation.
Comparing observations with the results of centennial-scale

1750

1800 1850 1900 1950 2000

water temperature during the reference period 1900-1999 (Hansson and
Omstedt 2008)

modelling, recent changes in sea-water temperature appear
to be within the range of the variability observed during the
past 500 years (Fig. 1.4). Nonetheless, the twentieth century
can be interpreted as the warmest, except for the warm
anomaly around the 1730s.

Salinity

The salinity and stratification of the deep waters, governed
by interacting circulation, transport, and mixing processes,
are strongly linked to the major Baltic inflows of North Sea
water that occur sporadically and bring high-saline water
into the deep layers of the Baltic Sea. These major inflows
are often followed by a period of stagnation during which
saline stratification decreases and oxygen deficiency devel-
ops in the bottom waters. Major inflows normally occur
during winter and spring; they bring relatively cold and
oxygen-rich waters to the deep basins. Since 1996, several
large inflows have occurred during summer. These inflows
have transported high-saline, but warm and low-oxygen
water into the deep layers of the Baltic Sea. Overall, a clear
trend in salinity cannot be detected.

Sea Ice

Sea-ice conditions in the Baltic Sea have been systematically
monitored for more than a century. The annual maximum ice
extent of the Baltic Sea (MIB) is the most widely used
indicator of sea-ice changes because it integrates winter
period weather over the entire basin. A reconstruction based
on various observational methods shows that the MIB dis-
plays large interannual variability owing to large-scale
atmospheric circulation associated with the NAO (Fig. 1.5).
A larger MIB occurs during negative NAO phases, while a
smaller MIB occurs when the NAO is in a positive phase.
All sea ice related parameters display large interannual
variability, but a change towards milder ice winters has been
observed over the past 100 years: in particular, the annual
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Fig. 1.5 Maximum ice-cover
extent in the Baltic Sea (MIB),
1720-2012. The dashed bars
represent the error range of the
early estimates. The 30-year
moving average is indicated by
two lines representing the error
range early in the series,
converging into one line when
high quality data became
available

MIB (10% km?)

maximum ice extent has decreased and the length of the ice
season has become shorter. However, a winter without any
ice formation in the Baltic Sea is far from the present cli-
matology. According to some 300 years of records of annual
maximum sea-ice extent, the northernmost sub-basin, the
Bothnian Bay, has been entirely ice-covered even during the
mildest winters and the length of the ice season near the
coast has been 150 days at a minimum.

There has also been a large change in the length of the ice
season during the past century. In the Bothnian Bay, which
has the longest ice season, the trend is —18 days per century.
Greater changes have been observed in the eastern Gulf of
Finland, where ice also forms every winter; over the past
century, the length of the ice season decreased by 41 days
per century, while in the past 50 years, it further decreased to
—62 days per century. In the southern Baltic Sea, the length
of the ice season decreases from east to west and from the
inner waters towards the sea areas. A weak trend towards a
smaller number of days with ice has been found for the last
30-year period.

The changes in ice conditions are consistent with the
observed increase in temperature, but some sea-ice changes
could also be caused by shipping. Ship-induced waves can
prevent the formation of a permanent ice cover in the
autumn as well as enhance the break-up of the ice cover
during spring; thus, the increase in the size of vessels and the
intensity of shipping activity in the Baltic Sea could also
affect local ice conditions.

Sea Level

The overall change in mean sea level at the Baltic Sea coasts
results from the combined effects of post-glacial rebound,
the increase in global ocean mass, thermal expansion of sea
water, and the contributions of regional factors that may
cause an overall change and/or a redistribution of sea level
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within the Baltic Sea. The glacial isostatic adjustment exerts
a strong influence in the Baltic Sea area, with a maximum
uplift of the Earth’s crust in the Gulf of Bothnia of
approximately 10 mm year ' and subsidence in parts of the
southern Baltic Sea coast of about 1 mm year . Thus, rel-
ative sea level is decreasing in the northern Baltic Sea region
where the continental crust is rising, while sea level is rising
in the southern Baltic Sea region where the continental crust
is sinking (Fig. 1.6). In addition, many climate factors also
influence relative sea level, including changes in water
density (driven by changes in water temperature and salin-
ity), changes in the total volume of the Baltic Sea, and
meteorological factors.

Analysis of individual records of landlocked tide gauge
measurements corrected for the vertical land movements
indicates that Baltic Sea sea level may have risen during the
twentieth century at rates of around 1.5 mm year ', which
are close to the rate of global sea-level rise. However,
uncertainty is large because the margin of error of the esti-
mates of land uplift may be locally of the order of
1 mm year '. An accurate estimate of absolute, climate-
induced, Baltic Sea sea-level rise over the twentieth century
is still not available, but is unlikely to deviate much from the
global average. In more recent decades, as satellite altimetry
data have become available, the basinwide rate of sea-level
rise may be around 5 mm year ' (with an uncertainty of
roughly £3 mm year ') with the central estimate thus higher

than the recent global mean of 3.2 mm year .

Storm Surges

Extreme sea level is caused by storm surges driven by the
passage of atmospheric cyclones. There is some evidence
that the intensity of storm surges may have increased in
recent decades in some parts of the Baltic Sea, and this has
been attributed to long-term shifts in the tracks of some types
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Fig. 1.6 Maps of secular (100 years) changes in relative sea level
(RSL), based on tide gauge measurements of the entire Baltic Sea
region (left panel), and in more detail, the southern Baltic Sea coast
(right panel below) together with changes in the linear trend of the
(arbitrarily shifted) annual RSLs at Stockholm, Swinoujscie (SWIN),

of cyclone rather than to long-term change in the intensity of
storminess. Analyses of storm surges have focused on local
records, however, and there is no systematic basinwide
analysis of change in storm surges yet available.

Waves

Analyses show no significant change in average wave
activity in the Baltic Sea basin. However, extensive spatial
patterns of changes within the basin exist, possibly leading
to long-term variations in areas with the greatest wave
intensity. Regional studies have even revealed different
trends in average and extreme wave conditions that are
probably due to systematic change in wind direction.

1.2.3 Future Climate Change

Regional climate models have been used extensively since the
first assessment of climate change in the Baltic Sea region
published in 2008, not least for studies of Europe (which
includes the Baltic Sea catchment area). Therefore, conclu-
sions regarding climate model results have a better foundation
than was the case for the first Baltic Sea assessment.

1.2.3.1 Models and Methodology

Projections of future climate change make use of general
circulation models (GCMs) that describe climate based on a
set of grid points regularly distributed in space and time. The
grid scale (i.e. the difference between two neighbouring
points) of present-day GCMs is in the range 100-300 km.
However, many important processes, such as cloud forma-
tion, convection, and precipitation, occur on much smaller

-
i) Jos]
oz 2l i - A
o i S \ | 55
W \ \\ JUS
NN %%, \_/
o 047 o1 SN N 05 > - 0s—
ipl L% o Sed = . el —
| . 2 =
¥ "
RN \\ 8] 1a— —__koio | s
IO S S 1| r 3 r swin 73
\7 sme\KDLO {2l
T T T T ; ; ; ;
) o N w8 10 120 14° 16°

and Kolobrzeg (KOL) between the period before and after 1860. The
symbols represent the affiliation to different reference stations (dots
Warnemiinde, triangles Stockholm, squares Smogen) (redrawn from
Richter et al. 2011)

spatial scales; thus, these sub-grid processes need to be
approximated using simplifying algorithms termed parame-
terisations. To obtain estimates of regional climate, the results
of GCMs are downscaled (a process linking large-scale fea-
tures to small-scale features) with regional climate models
(RCMs). RCMs have much higher resolution than GCMs and
can better describe local features while still remaining able to
simulate the atmospheric state in a realistic manner.

Climate models describe statistical features of states of
the atmosphere over a long period of time. Climate varia-
tions are caused by changes in the environment, including
the ocean, vegetation, ice, solar activity, and the composition
of the atmosphere, with the strongest emphasis on the con-
centration of GHGs and aerosols. While some of these
changes can be well estimated, others including changes in
land cover and GHG concentrations are very difficult to
predict. Thus, scenarios of possible future changes in world
population and economic activity are developed and used to
project how the climate could change in the future.

There are many sources of uncertainty in climate model
results. These include uncertainty related to future changes
in land cover and atmospheric GHG concentrations, the
amount and accuracy of input data, and the chaotic nature of
weather. Many sub-grid scale processes must be represented
in models in a simplified form and are not well described by
the models. For example, representations of cloud formation,
the optical and radiative features of clouds, and the creation
of atmospheric precipitation still carry considerable model
error. The skill of methods for describing regional climate
futures is also limited by natural climate variability.

Non-GHG drivers, such as aerosols and changes in land
cover, are not fully represented in RCMs. This can be a
source of major uncertainty in projections of future climate



12

as a large part of the simulated multi-decadal variance in
North Atlantic sea-surface temperature depends on levels of
aerosols. Natural climate variability limits the skill of future
climate predictability in many regions. In locations where
the amplitude of natural variability is high, predictability is
low, and vice versa. The uncertainty of future climate pro-
jections is largely a consequence of the chaotic nature of
large-scale atmospheric circulation patterns, and improving
models or GHG scenarios cannot eliminate this uncertainty.
Scenarios, or projections, represent possible future devel-
opments and provide decision-makers with a variety of
perspectives to consider when developing plans for the
future. Scenarios are not predictions, at least when using
IPCC terminology, even though the two terms are frequently
confused. For example, the term “prediction” is often used
when possible developments are meant.

1.2.3.2 Projections of Future Climate Change

Most regional climate change information from global
models has originated in recent years from the World Cli-
mate Research Programme’s Coupled Model Inter compar-
ison Project phase 3 (CMIP3) multi-model data set. In
CMIP3, about 20 different coupled atmosphere—ocean
GCMs were used in a number of different simulations—on
natural variability, on the effect of observed increases in
anthropogenic forcing during the twentieth century, and on
the expected effect of a number of possible increases in
anthropogenic forcing (scenarios provided by the IPCC
Special Report on Emissions Scenarios; SRES?) for the
twenty-first century.

Downscaling of global climate model results has been
undertaken with a number of RCMs. Such RCM simulations
are generally conducted for the atmosphere only, using sea-
surface temperature data from the driving GCM. For the case
of the Baltic Sea, this is a severe limitation, because sea-
surface temperature data taken from global models do not
describe the Baltic Sea adequately. Still, there are some clear
improvements since the BACC I assessment of 2008:
Models now operate at higher horizontal resolution, and the
simulations cover a larger degree of the uncertainty range
including a wider range of emission scenarios (sampling the
uncertainty in forcing), more climate models (addressing
model uncertainty), and ensemble members (addressing
natural variability).

Atmosphere

Temperature
Although there is a large spread between different GCMs, a
clear increase in temperature is projected for all seasons

2 www.ipce.ch/ipecreports/sres/emission.
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(Fig. 1.7). While the pattern of highest warming in the north
in winter is similar for all models, there is a spread in the
magnitude of change. Changes increase with time and/or
rising emissions of GHGs.

The land is expected to warm more quickly than the sea.
This is particularly the case in winter when retreating snow
and sea-ice cover are expected to enhance absorption of
sunlight and increase heat storage in the soil, leading to
higher temperatures. Cold extremes in winter and warm
extremes in summer are expected to change more than the
average conditions; implying a narrower (broader) temper-
ature distribution in winter (summer).

Precipitation

Precipitation is projected to increase across the entire Baltic
Sea region during winter, while in summer, increases are
mainly projected for the northern half of the basin only. For
the southern part of the Baltic Sea, there is a large spread
between the different models including both increases and
decreases, and thus, little clear change in precipitation is
projected (Fig. 1.8).

Extremes of precipitation are also projected to increase.
Some projections for the Baltic Sea area that show consid-
erable decreases in average summer precipitation also show
an increased likelihood of very extreme precipitation. In
addition to increased intensity of extreme precipitation
events, RCM simulations also indicate an increased fre-
quency of such precipitation extremes.

Wind

Projections for future changes in wind speed are highly
dependent on changes in the large-scale atmospheric circu-
lation simulated by the GCMs. The results diverge, and it is
not possible to estimate whether there will be a general
increase or decrease in wind speed in the future. A common
feature of many model simulations, however, is an increase in
wind speed over oceans that are ice-covered in the present
climate, but not in the future. Future changes in extreme wind
speed are uncertain. Simulations of extremes of wind speed
show an even wider spread than those for mean wind speed.

Snow

Simulations for the Baltic Sea area clearly show that the
volume of snow in the region may decrease considerably in
the future, even though a very few Scandinavian mountain
areas may experience slight and statistically insignificant
increases. There is a possibility that in extreme years the
maximum amount of snow could be greater than in extreme
years in the climate of the recent past, even if the total annual
amount of snow is reduced. The southern half of the Baltic
Sea catchment area is projected to experience on average
significant reductions in the amount of snow, with median
reductions of about 75 %.
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Hydrology
Future run-off will be influenced by an increase in evapo-
ration owing to higher air temperatures as well as the
increase in precipitation expected across much of the Baltic
Sea area. A decrease in river run-off is possible despite
increased precipitation, if increasing evaporation is the more
important factor; but this remains contested due to the low
numbers of simulations and the large uncertainties involved.
The annual cycle of run-off is expected to change con-
siderably. For areas presently characterised by spring floods

Winter T change 95 percentile

Summer T change 95 percentile
' ——

due to snow melt, the floods are likely to occur earlier in the
year and their magnitude is likely to decrease owing to less
snowfall and a shorter snow accumulation period. As a
consequence, sediment transport and the risk of inundation
are likely to decrease. In the southern part of the Baltic Sea
area, increasing winter precipitation is projected to result in
increased river discharge during winter. In addition,
groundwater recharge is projected to increase in areas where
the infiltration capacity is not currently exceeded, resulting
in higher groundwater levels. Decreasing precipitation
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Fig. 1.8 Projected change in
average precipitation for 2071-
2099 relative to 1961-1990 using
the SRES A1B scenario as
simulated by 13 RCM models
from the ENSEMBLES project.
Left column winter (DJF), right
column summer (JJA). Upper row
Sth percentile (corresponding to
the lowest model result), middle
row 50th percentile
(corresponding to the median
model result), lower row 95th
percentile (corresponding to the
highest model result). The red
line indicates the Baltic Sea
catchment area
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combined with rising temperature and evapotranspiration
during summer is projected to result in a drying of the root
zone which would drive increasing irrigation demands in the
southern part of the Baltic Sea area.

Baltic Sea Hydrography

Over the past five years, there has been a considerable
increase in the number of scenario simulations with respect
to the Baltic Sea. Scenario simulations based on three cou-
pled physical-biogeochemical models of the Baltic Sea,
forced with atmospheric RCM data downscaled from two

GCMs and two GHG emissions (the SRES A1B and A2
scenarios), are discussed below.

Water temperature

The greatest changes in water temperature are projected to
occur in the Bothnian Bay and Bothnian Sea during summer
and in the Gulf of Finland in spring. Using the SRES A1B
and A2 scenarios, the summer sea-surface temperature is
expected to increase by about 2 °C in the southern parts of
the Baltic Sea and by about 4 °C in the northern parts. At
least some of the greater change in the northern Baltic Sea is
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caused by the ice-albedo feedback owing to the decline in sea
ice in winter. The surface water layer is projected to warm
more than the deep water in all sub-basins of the Baltic Sea.

Salinity
The scenario simulations indicate that salinity may decrease
and that changes in sea-surface salinity could be greatest in the
region of the Danish Straits, especially in the Belt Sea, and
small in the northern and eastern Baltic Sea, with the smallest
change in the Bothnian Bay (Fig. 1.9). Changes in sea-surface
salinity are projected to be reasonably uniform across seasons.
In the Bornholm Basin and Gotland Basin, the reductions
in salinity with depth are nearly constant and were
1.5-2 g kg™' in the ensemble mean; changes in the deep
water were greater than in the surface layer in these sub-
basins. In more weakly stratified basins, such as the Gulf of
Finland and Bothnian Bay, there were greater differences in
salinity changes in the surface and bottom layers, causing a
reduction in vertical stability. The changes in salinity are due
to changes in run-off, and as climate models have severe
biases with regard to the water balance, it is still unclear
whether Baltic Sea salinity will increase or decrease.
Studies of both past and future climates suggest that
increased total run-off would increase the ventilation of the
upper halocline due to weakened stratification causing
improved oxygen conditions in the upper deep water.

Fig. 1.9 Projected change in

However, this is uncertain owing to biases in model results
for the hydrological cycle.

Sea ice

The future reduction of sea-ice cover in the Baltic Sea
mainly depends on the projected changes in air temperature
during winter. All simulations indicate a drastic decrease in
sea-ice cover in the Baltic Sea in the future, in agreement
with earlier studies. However, even under a warmer future
climate, sea ice is likely to occur in future winters in the
northern Baltic Sea.

Storm surges

Projected changes in sea-level extremes caused by changes
in the regional wind field indicate that at the end of the
twenty-first century, the greatest changes in mean sea-sur-
face height would occur during spring, amounting to up to
20 cm in coastal areas of the Bothnian Bay. The maximum
change in annual mean sea-surface height is expected to be
10 cm without accounting for the large-scale sea-level rise or
land uplift in the Baltic Sea area. Overall, sea-level rise has a
greater potential to increase storm surge levels in the Baltic
Sea than increased wind speed.

Sea level
Sea levels are rising owing to global warming, primarily as a
result of the loss of ice masses on land and the thermal
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(steric) expansion of sea water. Sea-level rise varies in
complex spatial patterns depending on several factors. In
addition, relative sea level in the Baltic Sea is influenced by
the large ongoing glacial isostatic adjustment resulting from
the loss of the Fennoscandian ice sheet at the end of the last
glacial period.

The magnitude of future sea-level rise is highly contested
in the scientific community, and several years may be nee-
ded to reconcile the various estimates. More data extending
over longer periods are needed, particularly for estimating
the contributions from Greenland and Antarctica. The IPCC
ARS report summarises the state of knowledge regarding the
global issue, with the change in the Baltic Sea strongly
conditioned by these global changes.

There is considerable uncertainty in projections of sea-
level rise over the twenty-first century and disagreement
over the level of confidence assigned to different modelling
approaches. BACC II has compiled a mid-range sea-level
rise scenario through an assessment of process model pro-
jections and uncertainties. The mid-range scenario, based on
the SRES A1B scenario, projects a rise of 0.7 m (+0.3 m) for
sea level in the Baltic Sea until the end of the twenty-first
century. It should be noted, however, that this is one pro-
jection from the full range of IPCC projections (0.26-0.82 m
for ARS). This potential local sea level rise is partly com-
pensated by vertical land movement which varies between
0 m per century in Denmark and roughly 0.8 m per century
in the Bothnian Bay.

1.2.4 Environmental Impacts of Climate
Change

This section describes the environmental impacts of climate
change on the coastal and marine environments of the Baltic
Sea basin as well as on atmospheric chemistry. It is shown
that most of the observed environmental changes are due to
several interrelated factors of which climate change is but one.

1.2.4.1 Atmospheric Chemistry

The main air pollutants addressed in BACC II are the
acidifying compounds (sulphur and nitrogen oxides, as well
as ammonia/ammonium) and ozone. In general, the main
driver of changes in atmospheric concentration and deposi-
tion with time is changes in emissions rather than impacts of
meteorological changes. The dramatic increase in emissions
after the 1940s, in Europe and North America, resulted in
substantial changes in reactive nitrogen (N;) and sulphur
deposition, and in ozone levels. Indeed, deposition of N,
species is now of particular concern for the Baltic Sea
region. Reductions in emissions in Europe starting around
the 1980s have resulted in significant reductions in sulphur
and oxidised N, compounds in the European atmosphere.
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Emissions of reduced N, compounds have not declined to
the same extent, and indeed in some areas ammonia (NH3)
emissions are increasing.

For the future development of air pollution in Europe,
some climate-induced changes are potentially important,
however. For example, potential increased shipping activity
and new shipping routes within the Arctic may lead to
increased nitrogen deposition in environmentally sensitive
areas and even to increased phyto-toxic ozone uptake. A
new understanding is also that higher temperatures may
increase NH; emissions from evaporative sources over land
by very substantial amounts (e.g. 20-50 %); a process that is
not yet included in NH;3 emission inventories. In summary,
while it seems likely that air pollution impacts from sulphur
and oxidised nitrogen will be substantially reduced in future
compared to recent years, and the situation for ozone and
reduced nitrogen is still unclear and strongly dependent on
policy developments, that is, future emission control mea-
sures, both at regional and (for ozone) hemispheric scale.

1.2.4.2 Coastal Ecosystems, Birds, and Forests

The ecosystems of the extensive coastal zone of the Baltic Sea
are relatively unstable, owing particularly to land uplift and
the effects of sea-level rise and drainage basin processes.
Furthermore, human influences from the often densely pop-
ulated coastal areas exert a wide range of impacts on this area.
Land use varies greatly within the Baltic Sea drainage basin.
The most notable contrast is between the agricultural south
and the forested north. Some of the ecosystem responses are
specific to the relatively simply structured brackish water
ecosystems of the Baltic Sea. The high diversity of the
regional geography and distribution of the different habitats
must be considered when assessing ongoing and possible
future change patterns. The combined effects of climate
change and land uplift on coastal ecosystems have been little
studied and need particular emphasis in the future.

Warmer terrestrial ecosystems and warmer coastal sea
water affect the northward migration of terrestrial and
aquatic species and result in longer reproductive periods for
coastal fauna and flora. The biodiversity of the Baltic Sea is
particularly sensitive to changes in salinity, which can have a
cascading effect on food webs and interaction between
aquatic and terrestrial ecosystems. The effects of climate
change on salinity and water temperature can facilitate
invasion by non-indigenous aquatic bird species, such as
cormorants, which can cause major changes in coastal bird
communities. The climate-mediated changes can also facil-
itate the invasion of mammalian predators which can cause
major changes in coastal and archipelago ecosystems.

The positive impacts of climate change on forest growth
are expected to continue. In relative terms, boreal forest
stands may benefit more from climate change than temperate
forest stands.
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The Baltic Sea drainage basin is likely to undergo a
change in the species composition of natural vegetation, with
a predominantly northward shift of the hemi-boreal and
temperate mixed forests. Projected losses of species are
greater in the southern part of the Baltic Sea basin than in the
north.

Terrestrial carbon storage is likely to increase in the
Baltic Sea catchment area. However, land-use change can
play an important role in the terrestrial carbon cycle and
have both positive and negative impacts on carbon storage.

1.2.4.3 Freshwater Biogeochemistry

The effect of climate change on freshwater biogeochemistry
and riverine loads of biogenic elements to the Baltic Sea is
not straightforward and difficult to disentangle from other
human drivers such as atmospheric deposition, forest and
wetland management, nutrient loads from agriculture,
municipalities and industry, and hydrological alterations by,
for example, hydroelectric dams. Climate change is a com-
pounding factor for all major drivers of freshwater biogeo-
chemistry. The evidence for assessing the effect of climate
change is still often based on small-scale studies in both time
and space; however, qualitative assertions are possible.

The change in the seasonal distribution of the discharge
regime of major boreal rivers has potentially large impacts
on the redistribution of organically bound carbon and
nutrients from land to sea. Areas with a mean annual tem-
perature around 0 °C (i.e. around 61°N) are most sensitive to
further warming.

Atmospheric deposition in the past decades probably had
a stronger effect on freshwater biogeochemical conditions in
the Baltic Sea drainage area than climate. However, this
pattern may change as atmospheric deposition decreases.

Over the short term, climate change is unlikely to affect
the spatial distribution of wetlands, except for palsa mires
that cover too small an area in the boreal watersheds to be
significant for element fluxes to the Baltic Sea. Results from
small-scale field and modelling studies indicate that
increased temperature and precipitation could increase the
transport of dissolved organic matter to the Baltic Sea sig-
nificantly. However, the large-scale impacts on the Baltic
Sea basin are still unknown. Even a northward shift in boreal
forest (i.e. Norwegian spruce) with climate change may alter
quite significantly the biogeochemistry of the northernmost
rivers over the long term.

Agricultural practices and urban sources have signifi-
cantly increased nitrogen and phosphorus concentrations in
the rivers draining the cultivated watersheds of the southern
Baltic Sea catchment. Changes in climate are not uniform
across the cultivated southern catchment area; in the south-
western part (i.e. Denmark and western parts of Germany),
precipitation has increased since the 1980s and farmers are
currently adapting to a warmer and wetter climate by
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selecting heat-demanding and nutrient-demanding crops like
maize. Transitional countries such as Poland and the Baltic
States may increasingly use fertilisers as a result of the
European Common Agriculture Policies and change to a
more meat-eating lifestyle which may lead to an increased
nutrient flux to the Baltic Sea. Initial studies (that still need
further scientific elaboration) indicate that total nitrogen
fluxes to the Baltic Sea may increase by up to 70 % as a
result of changes in water discharge and changes in lifestyle
(including change in the demand for animal protein).

1.2.4.4 Marine Biogeochemistry

Biogeochemical processes in the marine environment of the
Baltic Sea are mainly controlled by the biological production
and decomposition of organic matter taking place in the
context of the hydrography of the region. Carbon, nitrogen,
phosphorus, and oxygen are the major elements in these
processes, and their distributions and concentrations strongly
influence the ecosystem of the Baltic Sea. Enhanced
anthropogenic nutrient inputs via rivers and atmospheric
deposition during the past century have resulted in major
changes in the biogeochemistry of the Baltic Sea. Although
the implementation of reduction measures since about 1980
has decreased inputs to a level that is comparable to that in
around the 1960s, this is only reflected in a decrease in the
nitrate concentrations in the winter surface water of the
Baltic Proper. This is not the case for phosphate concen-
trations, which can partly be explained by the enhanced
recycling of phosphate due to increased areas of anoxic
water.

The increase of atmospheric carbon dioxide (CO,) from
280 ppm during the pre-industrial era to a level of almost
400 ppm in 2010 has led to a corresponding increase in the
mean pCO, in surface water. In marine systems, this would
be expected to cause a decrease in the pH by 0.15 units;
however, the increase in alkalinity in the central parts of the
Baltic Sea over the past 60 years has diminished this
decrease by roughly 0.03 units.

There is still limited knowledge of the impact that future
changes in climate and other anthropogenic drivers may
have on the biogeochemical cycles of the Baltic Sea. Various
factors may influence these cycles in different ways. Chan-
ges in precipitation and run-off patterns will influence the
inputs of nutrients, alkalinity, and organic matter to the
Baltic Sea. Higher temperatures will decrease the solubility
of oxygen in sea water as well as accelerate many biological
and biogeochemical processes. Future warming is expected
to increase hypoxia given that temperature controls the
stratification of the water column, the respiration of organ-
isms, and the solubility of oxygen. Increasing areas of
hypoxia and anoxia are anticipated owing to the increased
nutrient inputs due to increased run-off, the reduced oxygen
flux from the atmosphere due to higher temperatures, and the
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intensified biogeochemical cycling including mineralisation
of organic matter.

Model simulations of scenarios concerning the future
biogeochemistry of the Baltic Sea have estimated that, tak-
ing into account climate change, the implementation of
nutrient reductions according to the Baltic Sea Action Plan
will result in a slight decrease in the deep-water area covered
with hypoxic and anoxic waters. In contrast, the ‘business-
as-usual’ nutrient input scenario yielded an approximate
doubling of the anoxic area. Simulations of the possible
future development of the pH in the Baltic Sea (Fig. 1.10)
showed that the rising atmospheric CO, concentrations
mainly control future pH changes in the surface water, while
eutrophication and enhanced biological production would
mainly enhance the seasonal cycle of pH. All CO, emissions
scenarios studied yielded a significant decrease in pH by the
end of this century.

1.2.4.5 Marine Ecosystems
Increase in sea-surface temperature has been suggested to
change seasonal succession and induces dominance shifts in

Fig. 1.10 Schematic of possible
developments in the Baltic Sea
area illustrating the findings of
Meier et al. (2011), Omstedt et al.
(2012), and others. Created by the
Integration and Application
Network, University of Maryland
Center for Environmental
Science, USA under guidance
from A. Omstedt
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primary producers in spring. Shifts in dominant species may
affect the biogeochemistry and functioning of the pelagic
ecosystem in the following summer. As increasing temper-
ature and stratification also favour cyanobacteria, rotifers,
and small cladocerans, the plankton community is projected
to shift towards smaller sized organisms. Mesocosm studies
also suggest that climate change may influence the seasonal
succession of phytoplankton and zooplankton, potentially
increasing the temporal mismatch between these groups in
spring. Such changes may have negative consequences on
zooplankton production and thus food conditions of plank-
tivorous fish. A climate-induced decrease in salinity together
with poor oxygen conditions in the deep basins would
negatively influence the main Baltic Sea piscivore, cod.
Several studies have confirmed that this causes cascading
effects on clupeids and zooplankton. It is less clear whether
the effects cascade from zooplankton to phytoplankton.
Reduced duration and spatial extent of sea ice would
cause habitat loss for ice-dwelling organisms, affect the ice-
modulated land—ocean interactions, and probably induce
changes in nutrient dynamics within and under the sea ice.

The Baltic Sea will become more acidic and more
nutrients will leak into the system unless strong steps
are taken to reduce CO,and nutrient loads.
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There are, however, no estimates of the effects of declining
sea ice on the overall productivity and pelagic—benthic
coupling of the Baltic Sea ecosystem.

Modelling efforts suggest that climate change could
worsen eutrophication by increasing freshwater discharge
and thereby nutrient loads from land. An increase in sea-
surface temperature would probably also favour cyanobac-
teria that binds nitrogen from the atmosphere and increases
the supply of nitrogen to the nitrogen-limited phytoplankton.
Summer primary production and sedimentation would then
increase, worsening oxygen conditions and inducing the
release of phosphorus from sediments. On the other hand,
increasing the supply of freshwater and associated dissolved
organic carbon may also reduce phytoplankton productivity,
at least in the Gulf of Bothnia. Thus, it is clear that the effects
of climate change on the productivity of the marine eco-
system vary from basin to basin.

Some of the most profound effects of the projected
salinity decline involve losses in functional diversity that
would accompany the loss of marine elements in the fauna.
Also, the potential increase in primary production and sed-
imentation of organic matter in the northern Baltic Proper, as
well the climate-driven decrease in trophic efficiency, as
suggested for the Gulf of Bothnia, are potentially important
factors for benthic communities. Acidification associated
with high concentrations of CO, in the sea may also have
severe implications for calcifying organisms such as
bivalves. Key physiological processes including growth,
metabolic rate, reproduction, and activity are also likely to
be affected, thus potentially affecting the abundance, diver-
sity, and functioning of benthic communities.

Human-induced pressures, such as overfishing and eutro-
phication, may erode the resilience of the Baltic Sea ecosys-
tem, thereby making it more vulnerable to climatic variations.
The Baltic Sea communities, that are poor in both species and
genetic diversity, may therefore be particularly vulnerable to
external forcing factors caused by the climate change.

1.2.4.6 Coastal Erosion and Coastline Changes

The Baltic Sea features a large variety of shorelines, from
bedrock-dominated coasts to soft depositional shores. The
response to climate-related changes differs for the various
shore types in the Baltic Sea which include chalk cliffs,
rocky shores, barrier islands with coastal lagoons, sandy
beaches, flat clay shores, and esker shores.

The response of the coasts to climate change varies over
different timescales, owing to changes in local dynamics or
geo-morphological conditions as well as to the intensity of
the driving forces. The main drivers of change in coastal
geomorphology are geological structural resistance, changes
in sea level, long-shore currents, and storm surges. These
factors are responsible for both coastal erosion and accu-
mulation, as well as for the emergence and variability of
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beaches. Identifying the contribution of climatic change to
geomorphic changes can be difficult and will also vary
regionally. Coasts are particularly vulnerable to extreme
events.

The impact of wave energy on a shore depends on its
exposure to the open sea and thus the potential for wave
formation. The formation of sea ice also influences the
shores of the Baltic Sea. Ice usually forms first in shallow
inland bays, and the contact of the sea ice with the shore can
cause local erosion. Simulations that project warmer winters
indicate significant changes in ice conditions in the Baltic
Sea, with the consequence that the interaction of the shores
with sea ice may become less important, while the impact of
wave energy may become more important. These changes
would have a significant impact on coastal morphodynamics
and ecosystems.

Maritime activities and shore protection also cause phys-
ical stress on the shoreline, particularly on shallow coasts and
archipelagos. The low coasts of the Baltic Sea will be strongly
affected by sea-level rise. Soft cliffs are also eroding due to
heavy rain and storm surges. The combination of high water
levels with strong wind can result in severe damage to soft
coastal cliffs. Coastal erosion reduces the habitats for plant
and animal communities, such as dune environments. In
summary, the effects of climate change would include losses
of sediment for coastal rebuilding, losses of valuable natural
habitats, economic value and property, coastline changes due
to extreme storm events, and increasing costs to society in
terms of coastal protection measures.

1.2.5 Socio-Economic Impacts of Climate
Change

The Baltic Sea basin is home to a diverse range of human
activities that may all be affected by climate change in one
way or another. The socio-economic impacts of climate
change on the scale of the Baltic Sea basin have been the
subject of a limited number of international and national
studies. Two aspects are discussed here: impacts on the
managed rural landscape (i.e. agriculture and forestry) and
impacts on urban complexes (i.e. cities and towns).

1.2.5.1 Forestry and Agriculture

Climate change affects the vulnerability and productivity of
agricultural and forestry systems predominantly through
changes in precipitation and temperature patterns, and by
changes in the frequency and intensity of risk factors for
damage such as droughts, floods, storms, and biotic distur-
bances like pest infestations. In addition to changes in
environmental factors, changing energy policies may influ-
ence agricultural and forestry systems through changes in
demand for biomass for use as a biofuel. Effects differ with
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location, with growing conditions tending to improve in the
northern boreal zone, with reduced precipitation and higher
temperatures tending to result in deteriorating growing
conditions in the southern temperate zone. Changing grow-
ing conditions are likely to cause shifts in forest structure
and diversity. The importance of adapting management
practices to altered conditions is clear and may allow
increased yields and economic benefits as well as climate
mitigation through substitution of fossil fuel energy with
bioenergy. Evidence suggests that this is particularly the
case for the northern parts of the Baltic Sea basin, while in
the south, the potential for improved growing conditions
might be counteracted by water stress and reduced growth in
sensitive species such as Norway spruce. The need for
management adaptation is especially clear in the south, in
terms of change in thinning regimes, rotation periods, and
species selection.

Conclusions on socio-economic impacts cannot be gen-
eralised because potential yield increases as well as loss risks
from more unfavourable conditions must be considered. On
the other hand, investment in better transport infrastructure
in the north and the higher risk of storm damage, with
market distortion, risk of species die-back, and more fre-
quent bark beetle damage necessitating costly salvage cut-
tings, would be a considerable burden to forest management,
increasing the need for planting where natural regeneration
of current species is no longer suitable. A general decrease in
tree age at harvesting may also decrease risk, irrespective of
whether clear-cutting or selective cutting is practised.

Overall, the results highlight the importance of adaptive
forest management strategies in the Baltic Sea basin and
show positive benefits for forest management and conserv-
ing biodiversity. This could be of particular importance as
management practises become more intensive, increasing the
need to consider other aims (such as biodiversity and carbon
mitigation).

It is clear from several studies that the effects of climate
change on agricultural production in the Baltic Sea basin are
likely to be mainly positive for crop yield, especially for
winter crops. However, increasing climate variability will
lead to a need for adaptation measures. These are manifold
and will differ among region and crop species.

1.2.5.2 Urban Complexes

Urban complexes, that is, cities and towns, are characterised
by high concentrations of buildings and built-up areas with
consequent soil sealing, high concentrations of people and
infrastructure as well as specific economic and cultural roles
and activities. As every particular urban complex is char-
acterised by a specific mix of social, ecological, and eco-
nomic interdependencies and its specific settlement and
building structure, it is difficult to generalise scientific
findings on urban complexes.
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Climate change impacts are determined not only by the
specific structures of these urban complexes, but also by the
vulnerability of the urban society, its socio-economic and
institutional structure as well as infrastructure and its
capacity to cope with impacts. Urban areas are usually
characterised by higher temperatures than the surrounding
countryside. Urban cold islands, where built-up areas are
colder than areas outside the city core, also appear. These
effects are not unique over the entire urban area and depend
on urban land use. Moreover, climate change is not the only
driver of change in urban complexes as they are also influ-
enced by, among others, demographic change, changes in
land use, and political and economic changes, which are
interacting with climate change impacts.

For urban complexes in the Baltic Sea catchment, several
climate change impacts are expected in very different fields
such as on urban services and technical infrastructure, on
buildings and settlement structures, on the urban economy,
and on the urban population. The impacts differ based on
the location of the urban complexes, whether they are in the
northern or southern part of the catchment and directly at the
Baltic Sea coast or inland. Specifically, sea-level rise is a
main impact for coastal cities, especially at the southern
Baltic Sea coast, threatening urban infrastructures and set-
tlements and in some cases also the urban drinking water
supply through the intrusion of saltwater into coastal aqui-
fers. Changing precipitation patterns, heavy precipitation,
and storm surges as well as rapid snow melting events can
cause severe further problems for urban infrastructure and
urban settlements through surface floods, rapid surface run-
off, and changes in water quality and availability. Transport
is especially vulnerable to flooding (through storm surges
and heavy precipitation events) and sea-level rise. Heat
stress and changes in air quality are expected to affect the
urban population directly.

1.2.6 Drivers of Regional Climate Change:
Detecting Anthropogenic Change
and Attributing Plausible Causes

A new issue in BACC 1I is the question: Is there evidence
that recent change is beyond natural variation, so that it may
be concluded that external drivers are at work (‘detection’);
and if so, which mix of such external drivers is most plau-
sibly responsible for this change (‘attribution’). The drivers
considered are global climate change, changing atmospheric
aerosol loads and changing land use. Although there is a
small amount of literature available on the impact of global
climate change on the Baltic Sea region, for the other two
issues scientific literature exists on mechanisms, but virtually
nothing on quantitatively linking changing aerosol loads and
changing land use to changes in the regional climate.
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1.2.6.1 Regional Evidence of Global Warming
There is some indication of an emerging anthropogenic
signal, which is detectable in thermal quantities such as
seasonal temperature, but evidence for detection of changes
in non-thermal quantities such as circulation and precipita-
tion is weak.

Although human influence (mainly increasing concen-
trations of GHGs) has been identified as a cause of the recent
warming in the Baltic Sea area, there are caveats. The causes
of recent circulation changes in the Euro-Atlantic sector are
not yet understood, and therefore, attribution of changes
especially in winter and spring is to be treated with caution.
Furthermore, quantification of the contribution of individual
drivers has not been accomplished. Better understanding of
the regional effects of natural drivers and the effect of
anthropogenic aerosols may help to achieve quantified
attribution statements. Finally, detection and attribution
efforts are often subject to selection and publication biases.
That is, time series with ‘interesting’ behaviour are prefer-
entially studied and positive findings (of a detectable
anthropogenic effect) are more likely to be published. To
avoid these biases, systems to routinely issue statements on
the contribution of external forcing to the observed climate
across a range of pre-specified variables and regions are
needed.

1.2.6.2 Aerosols

Scientific understanding of aerosol effects on the global and
regional climate is still accumulating. Targeted analyses on
regional aerosol effects in the Baltic Sea region are rare, and
commonly used regional climate models are generally
unable to simulate aerosol—climate interactions.

Anthropogenic aerosol emissions are mainly concentrated
in heavily populated and industrialised regions. The Baltic
Sea area contains such regions, which implies a considerably
higher regional climate forcing. Major reductions in emis-
sions of sulphur and nitrogen compounds have already been
achieved, black carbon emissions will probably decrease far
more, as will organic compounds emitted from the same
combustion sources. As a result, the total climate effect from
the expected changes in aerosol emissions will probably be
minor, while emission reductions strongly affecting ozone
and methane concentrations may reduce climate warming
significantly. However, ozone and methane concentrations
over Europe and the Baltic Sea area are strongly dependent
on emissions over the northern hemisphere and the world as
a whole, respectively.

Analyses on regional aerosol effects in northern Europe
are rare, and the commonly used regional climate models are
mostly unable to simulate aerosol-climate interactions.
However, recent modelling efforts investigating the
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influence of European aerosol emissions indicate an effect on
large-scale circulation over Europe that is very likely to have
affected the climate in the Baltic Sea region. To what extent
is still not known. Development of the modelling capability
and targeted analyses are urgently needed to reduce uncer-
tainties related to the effect of changes in aerosol concen-
tration on regional climate.

1.2.6.3 Land Cover

Anthropogenic land-cover change is one of the few climate
drivers for which the net direction of the climate response
(warming or cooling) over the past two centuries is still not
known with certainty. The major uncertainty is due to the
often counteracting temperature responses to biogeochemi-
cal versus biogeophysical effects, but also to the difficulty of
quantifying the counteracting effects of changes in albedo
and hydrological cycle (both biogeophysical effects), as well
as obtaining precise land-cover data for the past.

In particular, land-cover change affects the exchange of
heat between the land and the atmosphere (biogeophysical
effect) and the sequestration of CO, (biogeochemical effect).
These two effects often have opposite consequences on cli-
mate (mainly temperatures) for the same vegetation change.
However, these are only two of many biogeophysical and
biochemical effects. Different biogeophysical effects may
also have opposite results on the climate between them.
Depending on the respective size of all biogeophysical and
biochemical effects, the net result will be a warming, a
cooling, or no change. While no quantitative studies are
available for the Baltic Sea region on the effect of changing
anthropogenic land-cover since the beginning of industri-
alisation, there is ample evidence that important land-use
changes have taken place in the past in this region. The most
substantial deforestation of the region occurred about 2500—
2000 years ago as indicated by palacoecological evidence;
later, deforestation gradually increased until the nineteenth
century. The net effect of this long-term deforestation on past
climate, at the global or regional scale, is debated but still
unknown, as is the net effect on climate of the reforestation
of the nineteenth and twentieth centuries (by spruce and pine
plantations) in the southern part of the Baltic Sea region.

A study on land cover—climate interactions in Europe
6000 and 200 years ago, using a regional climate
model, indicates that anthropogenic land-cover changes
between these two time frames had significant effects on
climate and that the effects differed between seasons
and regions. Other modelling studies show that simulated
large-scale afforestation of the northern hemisphere leads to
an albedo-induced global mean warming that would offset
the cooling due to the reduction in atmospheric CO, through
sequestration by trees.
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Studies on land cover—climate interactions in the northern
hemisphere and reconstructions of past human-induced land-
cover change in the Baltic Sea region suggest there is no
evidence that anthropogenic land-cover change would be
one of the factors responsible for the recent warming in the
Baltic Sea region.
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Introduction

Part I addresses climate change in the Baltic Sea area over
the past 12,000 years. Chapter 2 describes the climatic
conditions of the Holocene, largely reconstructed on the
basis of various types of proxy data. These include lake and
bog sediments, pollen data and isotopic analysis. Chapter 3

Part |

Long-term Climate Change

describes climatic variability over the past millennium,
based mainly on tree-ring analysis, historical documents that
report extreme weather events and regional climatic model
simulations. Climate change on the millennial timescale was
not addressed in the first assessment of climate change in the
Baltic Sea area (BACC Author Team 2008).
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Abstract

This chapter summarises the climatic and environmental information that can be inferred from
proxy archives over the past 12,000 years. The proxy archives from continental and lake sediments
include pollen, insect remnants and isotopic data. Over the Holocene, the Baltic Sea area
underwent major changes due to two interrelated factors—melting of the Fennoscandian ice sheet
(causing interplay between global sea-level rise due to the meltwater and regional isostatic rebound
of the earth’s crust causing a drop in relative sea level) and changes in the orbital configuration of
the Earth (triggering the glacial to interglacial transition and affecting incoming solar radiation and
so controlling the regional energy balance). The Holocene climate history showed three stages of
natural climate oscillations in the Baltic Sea region: short-term cold episodes related to
deglaciation during a stable positive temperature trend (11,000-8000 cal year BP); a warm and
stable climate with air temperature 1.0-3.5 °C above modern levels (8000—4500 cal year BP), a
decreasing temperature trend; and increased climatic instability (last 50004500 years). The
climatic variation during the Lateglacial and Holocene is reflected in the changing lake levels and
vegetation, and in the formation of a complex hydrographical network that set the stage for the
Medieval Warm Period and the Little Ice Age of the past millennium.
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remain concerning both the chronologies of the transgres-
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about the magnitude of natural climate and environmental
variability, both that resulting from external climate drivers
and that internally generated. This knowledge is important not
only for understanding the mechanisms driving variability
and the trend in climate change over centennial timescales,
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but also to estimate the extent to which future climate could

deviate from the monotonic long-term global trend caused by

increasing concentrations of atmospheric greenhouse gases.

At regional scales, deviations from the global average can be

substantial and should be accounted for when designing

regional policy for adaptation to climate change.

There are four main stages to the Lateglacial and Holo-
cene history of the Baltic Sea basin:

e Baltic Ice Lakestage. This covers the deglaciation to ca.
11,550 cal year BP (calendar years before present)

e Yoldia Sea stage. This covers ca. 11,700-10,700 cal year
BP (a brackish water basin in the first part of this stage and
freshwater basin during the second; some studies place
the end of the Yoldia Sea stage at 11,100 cal year BP)

o Ancylus Lake stage. A freshwater basin ca. 10,700—
9500 cal year BP

e Littorina Sea stage. A brackish water basin, ca.
9500 cal year BP to present (Hyvérinen et al. 1988;
Bjorck 1995, 1999; Andrén 2003; Andrén et al. 2002;
Heinsalu and Veski 2007; Zillén et al. 2008). From
colonisation by freshwater molluscs, the Limnea Sea has
been dated at 4400 cal year BP and located in northern
Estonia (Saarse and Vassiljev 2010).

The Baltic Sea basin and the Atlantic Ocean have
exchanged water masses over almost their entire history. The
exchange has been modulated both by glacio-isostatic land
uplift and by eustatic (water volume) changes in sea level.
Approximately 250 years after the final drainage of the
Baltic Ice Lake, seawater flowed into the Baltic Sea basin
through the Nirke Strait in Billingen following a rapid rise in
sea level resulting from the melting of the Scandinavian ice
sheet (Yu 2003). This caused the Baltic Sea basin to become
a brackish basin between 11,700 and 10,700 cal year BP
(Yoldia Sea stage). Subsequent climate warming caused
rapid melting of the continental ice sheets and pronounced
isostatic uplift led to the isolation of the Baltic Sea basin
from the Atlantic Ocean, turning it into a large freshwater
lake (Ancylus Lake). The culmination of the transgression
phase of this lake is dated to ca. 10,700 cal year BP
(Yu 2003). The Ancylus Lake stage lasted until approxi-
mately ca. 9500 cal year BP. The modern Baltic Sea basin is
part of the Littorina stage during which sea level and salinity
have varied considerably (Miettinen et al. 2007).

Climate change in the Baltic Sea basin during the Holo-
cene has been the result of various external and internal
factors: changes in incoming seasonal solar radiation due to
slow changes in the Earth’s orbit, variations in the concen-
tration of stratospheric aerosol caused by volcanic activity,
change in the greenhouse gas content of the atmosphere due
to natural factors, change in surface albedo of the sea-lake
itself and in the surrounding land vegetation, and change in
the intensity and type of circulation due to changes in basin
salinity. The widely varying lake levels and vegetation

l. Borzenkova et al.

changes and the formation of a complex hydrographical
network together indicate a complex pattern of climatic
change in the Baltic Sea region through the Lateglacial and
Holocene. These environmental changes also affected the
stages of human migration in this territory during this period.
This chapter summarises the climatic and environmental
information that can be inferred from proxy archives of the
Baltic Sea basin. These cover approximately the past
12,000 years and include different types of proxy data, mostly
from continental and lake sediments, insect remnants, and
isotopic data. There is also a brief discussion on the sources
and mechanisms of externally driven and internally generated
climate variability at timescales relevant for the Holocene.

2.2  Causes of Climate Variability

During the Holocene

Climate variability in the Baltic Sea basin over the past
12,000 years has been caused by changes in external climate
drivers, or internally generated by nonlinear dynamics and
interactions among the different components of the climate
system. During the deglaciation that began in the Last Gla-
cial Maximum and later in the Holocene, the main external
climate drivers were the modulation of the orbital parameters
of the Earth, change in the solar irradiance, volcanic activity,
change in the properties of land cover (see Chap. 25), and
the concentration of greenhouse gases in the atmosphere.
Distinguishing between external and internal drivers is a
matter of perspective. For instance, the effect of greenhouse
gases and changes in the land surface are usually considered
external climate forcers. However, if changes in the bio-
sphere and the dynamics of the carbon cycle are included as
interactive components of the climate system, these would
constitute a source of additional internal variability. This
apparent contradiction can be illustrated using the example
of large-scale circulation patterns. From a regional per-
spective, they may be considered external climate forcers,
whereas changes in the circulation patterns may in fact be
due to changes in the external radiative forcing or simply the
result of internal climate variability, partly also due to pro-
cesses originating within the Baltic Sea region itself.

2.2.1 External Climate Forcing

According to present knowledge, the externally forced cli-
mate variability in the Baltic Sea basin is most likely to be
due to orbital forcing at millennial timescales, to changes in
solar irradiance at multi-decadal or centennial timescales,
and to volcanic activity at annual to multi-decadal time-
scales. The multi-decadal climate response to volcanic
forcing arises because, although the climate effect of a single
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volcanic eruption may just last a few years, there exist multi-
decadal periods where the frequency of eruptions has been
considerably greater than average, for reasons yet unknown.
A series of eruptions can then tip the climate system to a
colder state giving rise to a longer-lasting climate response
(Borzenkova 2012; Miller et al. 2012).

2.2.1.1 Astronomical Conditions
The only source of external climate forcing that can be
accurately calculated is the Earth’s orbital forcing (see
Fig. 2.1 for an illustration of the Late Holocene trends). For
longer periods, the evolution of solar insolation deviates too
strongly from linearity to be represented by linear trends.
Variations in the position of the point of the orbit closest
to the sun (perihelion), the obliquity of the Earth’s axis and
the eccentricity of the orbital ellipse, redistribute the
incoming solar energy through the seasons and across lati-
tudes. Although it is acknowledged that orbital variations are
the main cause of the recurrence of glacial and interglacial
periods, orbitally induced temperature variations can be
reinforced by other factors, such as natural variations in
atmospheric concentrations of greenhouse gases. The precise
mechanisms that result in the interglacial successions, and
thus caused the last deglaciation that extended from 20,000
to 10,000 cal year BP, are still not completely understood,
and climate models are not yet able to reproduce the mil-
lennial-scale evolution of the rise in global sea level since
the Last Glacial Maximum as reconstructed from proxy
records (Brovkin et al. 2012). Since obliquity and eccen-
tricity vary over longer timescales, the most important
orbital factor during the relatively short Holocene period was
the shift in the perihelion, from July 10,000 years ago to its
current position at the beginning of January. Thus, northern
high-latitude summers have received diminishing amounts

Fig. 2.1 Linear trends in solar

insolation in the boreal mid- and 90N
high latitudes as a function of

season and latitude over the past

4000 years, calculated from data 60N
by Laskar et al. (2004)

30N

EQ
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of solar insolation over the past few millennia, with a linear
trend more negative than —5 W m™ 2 per thousand years at
the latitudes of the Baltic Sea region (about 60°N). In con-
trast, winter, spring, and autumn have received increasing
levels of insolation over the Holocene. Since most proxy
records reflect summer mean temperature or the temperature
in the biological growing season, the millennial trends or the
changes between mid-Holocene and present reflected in the
proxy records should be interpreted based on biological
knowledge about that particular proxy.

2.2.1.2 Solar Activity

Solar irradiance, the energy of the sun reaching the upper
layers of the atmosphere (the solar ‘constant’), also varies
over all timescales due to internal solar dynamics. Past solar
irradiance can be approximately reconstructed and dated by
analysing the concentrations of cosmogenic isotopes,
beryllium-10 (*°Be) in polar ice cores and carbon-14 (**C) in
tree rings, and over the past 400 years from the reported
number of sun spots (see for instance, Crowley 2000).
Although the general shape of the time evolution for solar
irradiance is generally agreed upon, the magnitude of its
variations at centennial timescales is still contended. Some
authors suggest values of the order of 0.5 % of the total solar
constant (Shapiro et al. 2011), while others interpret the
isotopic record to indicate typical changes of the order of
0.1 % (Schmidt et al. 2011). The recent reconstruction by
Shapiro et al. (2011), displaying amplitude of centennial
variations of the order of 0.5 %, has been critically assessed
by the climate research community.

Figure 2.2 illustrates the wide range of uncertainty
between two multi-millennial reconstructions of total solar
irradiance by displaying two extreme estimates, both very
recent. Thus, it is still unclear whether cooling or warming

Orbital insolation trends, last 4000 years
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Fig. 2.2 Reconstructions of past
total solar irradiance based on
'%Be concentrations in polar ice
cores and different assumptions
about solar physics. Adapted
from Steinhilber et al. (2009) and
Shapiro et al. (2011)

W/m2

events can be confidently attributed to changes in solar
irradiance alone, even when they are coincidental with
periods of markedly different solar irradiance, or whether
reinforcing mechanisms must be invoked (Shindell et al.
2001). Over the past millennium, for which more reliable
reconstructions of volcanic activity exist than for previous
periods, this situation is compounded by coincidences
between solar minima and clustering of volcanic eruptions,
as for instance during the Late Maunder Minimum and the
Dalton Minimum. It is not known whether this coincidence
also occurred prior to the past millennium.

2.2.1.3 Volcanic Eruptions

Past volcanic forcing can be reconstructed for recent cen-
turies and, but with greater uncertainty, for the past few
millennia by analysing the acidity of ice layers in polar ice
cores (see Schmidt et al. 2011 for a thorough discussion).
Volcanic eruptions produce vast amounts of sulphate aero-
sols which are transported through the stratosphere and
deposited on snow and ice. The intensity, location, and
seasonality of the eruptions (all important factors for esti-
mate their climate effect) can only be indirectly inferred,
which increases the uncertainty of estimating past volcanic
forcing. Over the pre-industrial period, volcanic forcing is
likely to have been the major factor driving external climate
variability at multi-decadal and centennial timescales (He-
gerl et al. 2003; Borzenkova et al. 2011; Borzenkova 2012;
Miller et al. 2012). For periods further back in time, the lack
of data precludes a robust inference.
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2.2.1.4 Greenhouse Gases

Atmospheric concentrations of carbon dioxide (CO,),
methane (CHy) and nitrous oxide (N,O)—greenhouse
gases—have varied strongly since the Last Glacial Maxi-
mum and, albeit in a more subtle way, during the Holocene.
Atmospheric CO, levels rose from 180 to 280 ppm between
the glacial state and the start of the Holocene 10,000 cal year
BP (Borzenkova 1992, 2003; Blunier and Brook 2001;
Fliickiger et al. 2002). Since then, there has been a slight,
and intriguing, positive trend, the causes of which are
unclear (Ruddiman et al. 2011).

Several factors, such as reforestation, coral growth and
ocean geochemistry (carbonate compensation), are likely to
be contributed to the changes in Holocene CO, concentra-
tions (Joos et al. 2004). However, this small trend in rising
Holocene CO, levels could only have had a very small effect
on climate, if any at all. (Only from about the year 1750, the
point at which atmospheric greenhouse gas concentrations
rose sharply, could they have made a significant contribution
to climate change.)

2.2.2 C(Climate Modelling of the Holocene
in the Baltic Sea Basin

Ideally, the external forcing mechanisms described in this
chapter could be used to drive a global climatemodel that
would simulate the Earth’s climate over the Holocene.
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To date, this has only been possible using simplified climate
models, since the computing requirements needed to
reconstruct a period of several thousand years are consid-
erable. These ‘models of intermediate complexity’ cannot
adequately represent the Baltic Sea basin. Although the first
simulations with comprehensive ocean—atmosphere global
models covering the past 7000 years have recently been
completed (Hiinicke et al. 2010), the resolution of these
models is still insufficient for a realistic representation of the
Baltic Sea. For example, in these models the North Sea—
Baltic Sea gateway is either closed or is 700 km wide. To
properly simulate the climate of the Baltic Sea area, regional
atmosphere—ocean models with a high spatial resolution are
required (see Chap. 10). Such models, however, have not yet
been applied for the long timescales of the Holocene. This is
a task that could be envisaged for the coming decade, as it is
not presently feasible. However, some ongoing projects will
soon be able to simulate particular time slices (e.g. a few
hundred years), of the Baltic Sea climate in the Holocene. A
regional simulation of the past millennium was recently
performed at the Swedish Meteorological and Hydrological
Institute (Schimanke et al. 2012, see Chap. 3); this time span
will hopefully be expanded back into the past.

In addition to the external climate drivers, nonlinear
mechanisms within the different components of the climate
system give rise to internal climate variability over all
timescales. At the timescales relevant for the Holocene as a
whole, multi-centennial and millennial, interaction between
the hydrosphere and ocean dynamics are believed to have
been the main factors modulating the climate variability
superimposed on the millennial trends caused by the orbital
forcing. Perhaps the best known episode of multi-centennial
climate variability in the Holocene is the ‘8.2 ka cold event’;
a sudden cooling that lasted for about 200-300 years, and
that has left its imprint on many proxy records around the
North Atlantic basin including northern Europe, as reported
in several comprehensive reviews (Alley and Agustsdottir
2005; Rohling and Pilike 2005). A series of modelling
studies (Renssen et al. 2001) supported the idea that the
8.2 ka cold event was caused by a sudden slowdown of the
North  Atlantic Meridional Overturning  Circulation
(AMOC), itself caused by a sudden release of melt water
from the remnants of the Laurentide Ice Sheet into the North
Atlantic Ocean. However, a large uncertainty concerning the
volume of melt water which may have been discharged, its
timing and the discharge rate still remains. According to this
mechanism, freshening of the surface waters in the North
Atlantic Ocean hindered oceanic convection and the deep-
water formation that is typical of the present climate, thus
reducing the amount of heat flux from the ocean to the
atmosphere and also slowing the northward heat advection
by the North Atlantic currents. Oceanic convection would
have resumed once the anomalously fresher seawater in the
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high-latitude North Atlantic Ocean had been re-distributed
through the world ocean, which would have required a
period of a few hundred years (Clark 2001; Clark et al. 2002;
Clarke et al. 2004).

23 Palaeoclimatic Reconstructions
Over the Holocene
2.3.1 Sources of Palaeoclimatic Data

Pollen records from mire deposits, lake sediments and sea
sediments have been used to reconstruct climate variability
during the Late Glacial and the Holocene periods. New
quantitative information has been obtained from pollen and
chironomid data over the past few years due to more detailed
analysis and '*C dating of sediments. The new insights are
based on calibration of the modern pollen, diatom and beetle
fauna data to climate parameters (annual and seasonal air
temperature and annual precipitation) using different types of
transfer functions (Birks 2003). However, the results from
earlier investigations are still relevant.

The most recent and carefully investigated sediment
sequences used for climate reconstruction stem from the
following lakes: Svétinu (Veski et al. 2012), Kurjanovas
(Heikkild et al. 2009), Busnieks (Grudzinska et al. 2010;
Ozola et al. 2010), mires: Cena (Kalnina 2007, 2008), Ei-
purs, Dzelve (Kuske et al. 2010a), Rozhu (Kuske et al.
2010b) and from archaeological sites at Lubans (Kalnina
et al. 2004), Sarnate (Kalnina et al. 2011) and Priedaine
(Cerina et al. 2010) (see Table 2.1). Some of the pollen
records have been re-interpreted using the model
REVEALS. This model estimates the relative species com-
position in a region from the pollen counts found in lake
sediments layers, describing the dispersal and deposition of
pollen and taking into account inter-species differences in
pollen productivity (Sugita 2007; Ozola and Ratniece 2012).

2.3.2 Methodology for Palaeoclimatic
Reconstructions

There are three established ways of using palacobotanical
data for palaeoclimatic reconstructions. All three involve the
use of plant species (or sometimes genera) as climate indi-
cators together with statistical methods to infer climate by
mapping vegetation composition on climatic zones. Because
these methods all extrapolate the ecological requirements of
modern plants back into the past, this necessarily introduces
a certain degree of uncertainty.

The first method was published by Iversen (1944), who
examined the modern distributions of llex aquifolium
(holly), Hedera helix (ivy), and Viscum album (mistletoe) in
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Table 2.1 Location of sites dated by "*C used in this study

Site No.

O 0 N AN W=

AR bR R BRI W W WW W W WL W WD == = == = = = e e
AW = OO 0NN R WD = O 0 0NN R WNDR, OO RWND = O

Location

Toskaljavri, Finland
Tsuolbmajavri, Finland
Tibetanus, Sweden

L. Spéime, Sweden
Nautajérvi, Finland
Klotjarnen, Sweden
Laihalampi, Finland
Mentilampi, Russia
Holtjérnen, Sweden
Medvedevskoye, Russia
Pastorskoye, Russia
Arapisto, Finland

L. Gilltjarnen, Sweden
Viina Lagoon, Estonia
Flarken, Sweden
Trehorningen, Sweden
Igelsjon, Sweden
Lake Vittern, Sweden
Pulli, Estonia

Lope, Estonia

Cena Mire, Latvia
Sarnate site, Latvia
Busnieks Lake, Latvia
Bazhi Mire, Latvia
Engure Lake, Latvia
Dzelve Mire, Latvia
Eipurs Mire, Latvia
Rotge, Estonia

Rozhu Mire, Latvia
Svétinu Lake, Latvia
Priedaine site, Latvia
Eini site, Latvia

Viki Mire, Latvia

Petrasitnai, NE Lithuania

Kasuciai Lake, western Lithuania

Juodonys, Lithuania
Hancza, NE Poland

Pamerkiai, SE Lithuania

L. Sumenko, northern Poland
Biebrza Upper Basin, NE Poland

Kurjanovas, Latvia

Zabieniec bog, central Poland

L. Perespilno, Poland
L. Stone, SE Poland

Lat (N)
69°12
68°41
68°20
63°07
61°48
61°49
61°29
61°22
6°39
60°13
60°13
60°35
60°05
59°22
58933
58933
58°28
58°48
58°26
58°26
57°69
57°10
57°23
57°69
57°18
57°23
57°24
57°44
56°86
56°45
56°97
56°86
56°52
55°51
55°59
55°44
54°16
54°18
54°11
53°44
56°31
51°51
51°26
51°18

Lon (E)
21°28
22°05
18°42
12°19
24°41
16°32
26°04
29°15
15°56
29°54
30°02
24°05
15°50
24°25
13°44
11°36
1°44
14°36
24°35
24°35
22°49
21°47
24°51
22°48
23°15
24°51
24°62
26°54
26°88
27°09
23°91
26°88
22°91
25°25
21°18
25°26
22°49
24°44
17°48
23°23
27°59
19°47
23°33
22°03
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Source

Seppd et al. (2002a)

Kornola et al. (2000), Seppa and Birks (2001)

Hammarlund et al. (2002)

Velle et al. (2005)

Ojala et al. (2008)

Giesecke (2005), Giesecke et al. (2008)

Heikkilad and Seppa (2003)

Davydova et al. (1998)

Giesecke (2005)

Subetto et al. (2002)

Subetto et al. (2002)

Sarmaja-Korjonen and Seppi (2007)

Antonsson et al. (2006)

Saarse and Vassiljev (2010)

Seppa et al. (2005)

Antonsson and Seppé (2007)

Hammarlund et al. (2003, 2005)

Bjorck et al. (2001)

Veski et al. (2005)

Veski et al. (2005)

Kalnina (2008)

Kalnina et al. (2011)

Grudzinska et al. (2010)

Pakalne and Kalnina (2005)

Kalnina et al. (2012)

Kuske et al. (2010a)

Kuske et al. (2010a)

Veski et al. (2004)

Kuske et al. (2010b)

Veski et al. (2012)

Cerina et al. (2010)

Kalnina et al. (2004)

Kuske et al. (2010b)

Stancikaité et al. (2009)

Stancikaité et al. (2008)

Stancikaité et al. (2009)

Lauterbach et al. (2011)

Stancikaité et al. (2008)

Tylmann et al. (2011)

de Klerk et al. (2007)

Heikkild and Seppi (2010)

Ptociennik et al. (2011)

Goslar et al. (1999)

Kulesza et al. (2011)
(continued)
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Site No. Location Lat (N) Lon (E) Source

45 No. 554, Gulf of Riga, water depth, 38.0 m; 57°16 24°06 Kalnipa et al. (2012, 2003, 2012)
length of analysed sediments, 7.0 m

46 No. 556, Gulf of Riga, water depth, 32.4 m, 57°06 23°29 Kalnina et al. (2003)
length of analysed sediments, 3.55 m

47 No. 15, Gulf of Riga, water depth, 37.0 m; 57°31 23°04 Kalnina et al. (1999, 2003)
length of analysed sediments, 21.4 m

48 No. 989, Gulf of Riga, water depth, 49.5 m; 57°47 23°26 Kalnina et al. (1999, 2003)

length of analysed sediments, 5.1 m

northern Europe and established a relationship between
their occurrence and mean summer and winter tempera-
tures. This approach is still applied to quantitative palaeo-
climatic reconstructions (e.g. Zagwijn 1994). The second
method, developed by V.P. Grichuk from Iversen’s method,
is known as the mutual climatic range method (Grichuk et al.
1984). This consists of determining the modern ranges of
climatic factors that permit the existence of all the species of
plants identified in the composition of a given fossil flora,
either from pollen or plant macrofossil data. For each plant
species, the modern climate ranges are determined and the
intersection of all climate ranges of all species present in a
given fossil flora determines the climatic conditions that
allowed the existence of all species identified in a given
sample.

The third method was also developed by V.P. Grichuk. It
consists of reconstructing the main climatic indices from
fossil plant data using a concept developed by Szafer (1946).
This author proposed to locate a modern analogue of a
palaeoflora by comparing present-day ranges of plants. This
method has been widely used to reconstruct the Lateglacial
and Holocene climate in the Russian territory (e.g. Borisova
1990, 1997). The accuracy of this method for determining
mean summer and winter temperatures has been estimated at
about +1 °C. For annual precipitation, the estimated accu-
racy is about £50 mm (Grichuk et al. 1984), assuming no
change in plant physiology. Other methods for climate
reconstructions using pollen data have recently been devel-
oped. These are based on multi-variate statistical techniques.
A number of different mathematical techniques, ranging
from multiple regressions to correlation analysis, can be used
to design transfer functions. The calibration of a statistical
transfer function for pollen data requires a collection of
modern surface pollen samples that are mathematically
correlated to modern climate parameters. Transfer functions
have been developed for different parts of the Baltic Sea
basin and can be applied to climate reconstructions in the
Lateglacial-Holocene period (Seppd 1996; Seppé and Birks
2002; Seppa et al. 2002a, b, 2004a, b, 2005, 2008; Birks
2003; Heikkild and Seppd 2003, 2010; Antonsson 2006;
Antonsson et al. 2006, 2008; Antonsson and Seppd 2007;

Birks and Seppéd 2010). A calibrated pollen—climate model
has been recently developed to quantitatively reconstruct the
Holocene annual mean, summer and winter air temperatures
in northern Europe and in the Baltic Sea region. The model
is based on modern pollen data sets from Finland, Estonia,
and southern and central Sweden.

Common climatic fields and information-statistical
methods have been successfully used to process fossil insect
data (Coleoptera and Chironomidae) (Lemdahl 1991, 1997,
1998; Coope and Lemdahl 1995; Coope et al. 1998; La-
rocque et al. 2001; Walker 2001; Velle et al. 2005; Luoto
2009a, b; Olsson and Lemdahl 2009, 2010). Mean temper-
ature estimates for the Lateglacial-Holocene transition were
reconstructed based on coleopteran data from a number of
sites in southern Sweden, central Poland and southern Fin-
land (Lemdahl 1997; Coope et al. 1998; Lemdahl and Coope
2007). Continuous beetle records, covering almost the entire
Holocene, have been obtained from sites in the uplands of
southern Sweden (Olsson and Lemdahl 2009; Olsson et al.
2010) and at three alpine sites in the Abisko area, northern
Sweden (Buckland et al. 2011). Fossil Coleoptera (beetles)
can serve as a good proxy indicator of Lateglacial and
Holocene climate changes in the Baltic Sea basin (Walker
2001). Many palaeoclimatic studies have been carried out in
this region showing the presence of Coleoptera assemblages
during interstadials (short warmer periods embedded in the
glacial periods) that are more thermophilous than modern
temperate, boreal or polar assemblages of beetle species.
Beetle populations react rapidly to climate change and thus
are indicative of contemporary climatic conditions. Cole-
optera fauna have been widely employed to generate both
temperature estimates and thermal gradients during the
Lateglacial period in northern Europe. Chironomids (non-
biting midges) are of special interest in palacoclimatology
because their larval head capsules remain well preserved in
lake deposits. By using inference models that link present
distribution and abundance of chironomids to contemporary
climate, the past climate can be quantified from fossil
assemblages. Chironomid populations respond rapidly to
climate change and occur in a wide variety of modern
environmental conditions (Brooks and Birks 2000, 2001;
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Fig. 2.3 Location of sites
discussed in this study. Numbers
refer to site numbers in Table 2.1

Larocque et al. 2001; Velle et al. 2005; Antonsson 2006;
Luoto 2009a, b). Statistical comparison between modern
chironomid assemblages and July temperature enables the
calibration of statistical models and this provides a basis for
quantitative estimates of summer temperature during the
Lateglacial period (Velle et al. 2005; Antonsson 2006).
Finally, by comparing pollen-inferred temperatures with
independent proxy records (e.g. chironomids and oxygen
isotopes), it is possible to create a more comprehensive
picture of past climatic patterns in the Baltic Sea basin
(Rosén et al. 2001).

Dendroclimatological data are more successfully used to
reconstruct climate in those sites where climate is a limiting
factor (such as at the latitudinal or altitudinal boundary of the
forest). Various dendrochronological records are used as
indicators of climate change and have been used to recon-
struct temperature and humidity during the warm season.
These comprise tree ring width, wood density, distribution
of frost-damaged rings (Briffa et al. 2001), and stable iso-
topes of hydrogen, oxygen and carbon stored in cellulose.
Analysis of radiocarbon (**C) from tree rings has been used
to establish high-resolution radiocarbon chronologies. The
density of wood in tree rings determined by X-ray densi-
tometry is a much more informative characteristic of past
climate compared to the conventional data on tree ring
width. In recent times, this technique has been widely
accepted, and data on tree ring density of coniferous (pre-
dominantly pine and black spruce) and oak trees have been
used to reconstruct the summer air temperature over the past
millennia (Grudd 2008; Esper et al. 2012). Long Holocene
chronologies consist of oak and pine tree ring data from the
southern part of Germany and cover large portions of the
Lateglacial period, extending into the Younger Dryas back
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to about 12,000 years ago (Friedrich et al. 1999), see also
Chap. 3, Sect. 3.3.

The oxygen-isotopic palaeothermometry method is being
widely applied not only to organic carbonates of marine
origin but also to freshwater lake sediments (algae, lake
marl), inorganic carbonate in caves (stalactites and stalag-
mites), and continental glaciers (mountain glaciers, polar ice
sheets) (Morner 1980; Seppd and Hammarlund 2000; Bal-
dini et al. 2002; Hammarlund et al. 2002, 2003, 2005;
Rasmussen et al. 2006; Kobashi et al. 2007, 2008).

Among other indications of past climate change in wide
use is the diatomic analysis of lake sediments, data on varve
width—which may depend on summer water temperature—
and archaeological artefacts. Such artefacts (tools, land
cultivation traces, ceramics) are primarily indicative of
improved climatic conditions in the Baltic Sea basin, in
particular increased summer and winter air temperatures and
humidity (Pazdur 2004; Poska et al. 2004, 2008; Dolukha-
nov et al. 2009a, b, 2010).

To reconstruct past landscapes and climate, the entire set
of available proxy evidence is used. This should render these
reconstructions more robust. Table 2.1; Fig. 2.3 show key
sections of the data used in this review.

24  Climate Variability During
the Holocene Relevant

for the Baltic Sea Basin

The modern Greenland Ice Core chronology (GRIP, NGRIP,
and Dye-3) places the Younger Dryas /Holocene boundary
at about 11,653 ice years ago (Alley 2000; Rasmussen et al.
2006; Walker et al. 2009). By analysing the '*C isotope
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content in tree rings, this boundary has been dated to
11,573 cal year BP and by tree ring chronology at
~ 11,590 cal year BP (Kobashi et al. 2008). This boundary
almost coincides with the final drainage of the Baltic Ice
Lake at in the Billingen area (central Sweden).

2.4.1 Climate at the Boundary
of the Younger Dryas/Holocene
Two rapid warming events dated ~14,700 and

~ 11,500 cal year BP were clearly greater than background
climate variability (Mangerud 1987; Bjorck et al. 2001;
Hoek 2001; Hoek and Bohncke 2001; Hoek and Bos 2007;
Hoek et al. 2008; Lowe et al. 2008). Between these intervals,
the climate varied between alternating centennial warm and
cool phases. During a warm episode around
~ 14,700 cal year BP, air temperatures in ice-free regions of
the Baltic Sea basin increased to values close to modern
values. This can be inferred from data of changing vegeta-
tion (Hoek 2001) and is consistent with modelling results
obtained by Renssen and Isarin (2001) with the general
circulation model ECHAMA4. In their study, ECHAM4 was
driven by different reconstructions of sea surface tempera-
ture available at the time of publication, by changed orbital
configuration and by reconstructions of vegetation cover.
Summer air temperatures in ice-free regions reached 13—
15 °C as indicated by pollen of Hippophaé rhamnoides (sea
buckthorn) and Typha latifolia (cat’s tail). The latest results
show that during the Bolling warming 14,500 cal year BP
(Gl-1e), a treeless tundra community comprising the shrubs
Betula nana (dwarf birch), Dryas octopetala (mountain
avens) and Salix polaris (polar willow) thrived in the eastern
Baltic Sea area (Veski et al. 2012). This warming was
interrupted by a series of cold episodes: the Oldest Dryas
(GS-2a), the Older Dryas (GI-1d) and the Younger Dryas
(GS-1). During the latter period, the cooling lasted for 700—
1000 years and the expansion of arboreal vegetation that had
started during the Bolling (GI-le) and Allerad (GI-la-c)
warming was interrupted. The vegetation cover was again
replaced by tundra—steppe vegetation typical of the glacial
period. During the warmest period of the GI-1a (Allerad) at
13,000-12,700 cal year BP, a pine forest mixed with
deciduous trees of the species Betula pendula (silver birch)
and Populus tremula (common aspen) developed in the
eastern Baltic region (Veski et al. 2012).

During the Younger Dryas, the ice sheet still covered a
considerable part of Fennoscandia, and sea level was 60—
70 m lower than at present. The Baltic Sea basin was filled
with freshwater and comprised the Baltic Ice Lake with a dry
area where the modern Danish—Swedish straits are located
and a land strip 50-80 km wide along the modern coast of
the north German and Pomeranian lowlands. The coasts of
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the Gulfs of Riga and Finland and the Ladoga Lake basin,
being subject to a strong glacio-isostatic depression, were
submerged (Bjorck 1995; Mangerud et al. 2007). The
cooling at that time has been correlated with the phases of
glacial advance that resulted in the formation Salpausselkd I
and II ice marginal formation, dated to 12,250 and
11,600 cal year BP, respectively (Rainio et al. 1995; Subetto
et al. 2002; Rinterknecht et al. 2004, 2006; Subetto 2009).
During the formation of the Salpausselkd marginal forma-
tion, the northern lowland part of the Karelian Isthmus
formed the bottom of the Baltic Ice Lake, filling with its
waters the Baltic and Ladoga basins (Subetto 2009).

The sediments of the periglacial lakes and the Baltic Ice
Lake in the Gulf of Riga contain the lowest concentration of
pollen and spores. At that time, the periglacial vegetation
type emerged on weakly developed soils formed under
conditions of severe Arctic-like climate. On the Karelian
Isthmus, cold and dry climatic conditions and grass—bush
(tundra—steppe) associations dominated until 11,000 cal year
BP (Miettinen et al. 2007). The Younger Dryas (GS-1) cool
phase strongly affected the floral composition of the vege-
tation. The pine forest collapsed within 100 years in eastern
Latvia (Veski et al. 2012). The landscape again became
treeless tundra as indicated by pollen spectra dominated by
Betula sect. albae, B. nana, Pinus, Salix, Artemisia, Poaceae,
Cyperaceae, Chenopodiaceae and Dryas (Ozola et al. 2010).

On the shores of the Baltic Ice Lake in the territories of
modern Lithuania, Latvia and Estonia open tundra land-
scapes became widespread. Reconstructions based on the
transfer function between modern climate and vegetation
assemblage indicate that the mean annual temperature during
the coldest period of the Younger Dryas (about 10,500-
10,700 '*C year BP) was approximately 6 = 1 °C lower than
the present mean annual temperature (Arslanov et al. 2001).

Analysis of relic cryogenic forms indicates that permafrost
developed in an ice-free territory of the Baltic Sea basin in the
Younger Dryas (Mangerud 1987; Isarin et al. 1997). In addi-
tion, there is also evidence of activation of aeolian processes
(Isarin et al. 1997; Isarin and Bohncke 1999; Kasse 2002),
changes in river channel morphology (Starkel 1999) and lake
levels and composition of lake sediments (Subetto 2009).

Air temperature has been estimated by applying the
method of arealograms based on palaeofloristic data (pollen
and plant macrofossil data) (Borisova 1990, 1997). The
results show that during the coldest phase of the Younger
Dryas, deviations of the mean January temperature from the
modern value were greatest in north-western Europe, that is,
in the Baltic Sea basin. The January temperature there
attained values 10-13 °C below the modern level. As at
present, mean temperature decreased from west to east, from
approximately —14 °C at the Jutland Peninsula to —20 °C on
the coasts of the Gulf of Finland. Temperature deviations for
the warmest month (July) from modern values were much
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smaller, about —2 °C on the southern coast of the Baltic Ice
Lake. For most of this region, the July temperature in the
Younger Dryas was about 13—14 °C (Borisova 1997).

In northern Germany, July temperatures were about 12 °C
and in central Germany and Poland about 13 °C (Borisova
1990). In Finnish Karelia, they were 7-10 °C, in southern
Sweden about 10 °C and in western Poland about 12 °C. In
Poland, mean January temperatures were never above
—20 °C (Walker 1995).

Analyses of the stable isotope content of Lake Goscigz
sediments from the middle part of the Vistula River basin
suggest that the July temperature was about 10-13 °C in the
Younger Dryas (Starkel 2002). An independent reconstruc-
tion based on insect fauna composition (Chironomidae)
indicates that the July temperature in south-western Norway
near the south-western border of the Scandinavian ice sheet
(Velle et al. 2005) was 56 °C compared to 11 °C at present.
In south-eastern Karelia east of the Onega Lake (beyond the
limits of the Baltic Sea basin), the minimum July tempera-
ture in the Younger Dryas has been estimated at 4 °C by
pollen and macrofossils of B. nana versus a modern July
temperature of 14 °C (Wohlfarth 1996; Wastegard et al.
2002; Wohlfarth et al. 2002, 2007).

Morner (1980) was the first to quantitatively estimate air
temperature changes at the Younger Dryas/Holocene
boundary by oxygen isotope analysis of lake carbonates
from southern Sweden. This data set showed a rise in air
temperature of about 9 °C at the Younger Dryas/Holocene
boundary. Independent estimates of the “’N/**N and
“OAr/*°Ar ratio in Greenland ice cores showed a temperature
increase at the Younger Dryas/Holocene boundary of
10 + 4 °C and that this occurred within less than 50 years
(Grachev and Severinghaus 2005).

The first warming in marine sediment (in the Gulf of
Riga) is reflected by the dominance of Pinus pollen, the
presence of B. nana-type pollen up to 20 %, and pollen and
spores of the periglacial plants D. octopetala, H. rhamnoides
and Selaginella selaginoides (Kalnina et al. 1999).

The end of the Younger Dryas (11,700 cal year BP) is
marked by the rise of Betula pubescens/pendula species and
Pinus pollen curves, accompanied by the abundance of their
macrofossils and by a decline of B. nana, Artemisia,
Chenopodiaceae and Juniperus (core No. 554, No. 989 and
No. 15 in the Gulf of Riga, Eini Lake, Svétinu Lake) (see
Table 2.1) Within grass pollen, concentrations of Poaceae
and Cyperaceae pollen also increased at this time (Kalnina
et al. 1999, 2011, 2012).

2.4.2 Early Holocene Oscillations

In the Early Holocene, a cold and relatively dry climate
became suddenly warmer and more humid. The summer
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temperature in north-western Russia increased from 4 to 10—
12 °C (Wohlfarth et al. 2007). In the very first warm phase of
the Preboreal around 11,530-11,500 cal year BP, the arbo-
real vegetation began spreading rapidly in ice-free regions as
a result of an abrupt warming (within 50 years or less) and
tundra—steppe vegetation dominated by shrubs and grass
typical of the Younger Dryas was replaced by open forest
associations (Bos et al. 2007). In the earliest warm phase of
the Preboreal period, birch and pine started to spread, the
former more vigorously than the latter. Periglacial vegetation
still occupied large areas in some parts of the Baltic Sea
basin. During the initial phase of this warming, the broad-
leaved trees appeared in ice-free regions, where Tilia,
Ulmus, Corylus and Fraxinus pollen was first found.

A shift from clastic—detrital deposition to an autochtho-
nous sedimentation dominated by biochemical calcite
precipitation was identified in the Early Holocene by
accelerator mass spectrometer (AMS) '*C  dating
~ 11,600 cal year BP of Lake Hancza (north-eastern Poland)
sediments (Lauterbach et al. 2011). The accumulation of silt
and clay was replaced by organic-rich gyttja at
11,650 cal year BP also in eastern Latvia (Veski et al. 2012).

Within the territory of the present Lithuania, a gradual
amelioration of environmental conditions started at about
11,500 cal BP. However, there (Stancikaité et al. 2004,
2008) and in north-western Russia (Wohlfarth et al. 2007)
the change was less pronounced than that recorded in the
North Atlantic region (Bjorck et al. 1996). The early
expansion of Picea within the local vegetation, even before
11,500 cal BP, is worth noting. Despite a prolonged dis-
cussion involving pollen data, macrofossil finds and modern
genetic information, the Lateglacial and Early Holocene
history of Picea in this part of Europe is still under debate
(Giesecke and Bennett 2004; Latalowa and van der Knaap
2006). Identification of Picea pollen and macrofossil finds
suggests the local presence of this tree species during the
earliest stages of the Holocene in the north-eastern and
northern Lithuania (Kabailiené 1993; Kabailiené et al. 2009;
Stancikaité et al. 2009; Gaidamavicius et al. 2011). Recent
evidence of stomata, needles and wood suggests that spruce
populations expanded into Latvia during the Younger Dryas
(Koff and Terasmaa 2011; Veski et al. 2012).

Moreover, the presence of Picea abies suggests a rela-
tively warm climate in this region, with warm summers
(~10-13 °C) and moist soil conditions (Giesecke and
Bennett 2004) shortly before 11,500 cal year BP. However,
changes in the vegetation composition point to the presence
of at least two short cold climate episodes between 11,500
and 11,100 cal year BP in north-eastern Lithuania (Stanci-
kaité et al. 2009).

In Latvia, the earliest warm phase of the Preboreal period
is marked by the rise of birch and pine curves in pollen
diagrams. However, in several diagrams, especially those
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from the Gulf of Riga (No. 989, No. 15), pollen and spores
of periglacial plant (B. nana, D. octopetala) types are still
present, albeit more rarely. Their values fluctuate strongly
and display a marked spatial variability. Such fluctuations
may suggest some climate instability. The pollen spectra
characteristic of the Preboreal (PB) can be subdivided into
two parts: those corresponding to the Early Preboreal (PB1),
characterised by a small increase in Befula along with some
increase in different grass pollen; and those spectra, mostly
found in the second part of the Preboreal (PB2), where the
typical Preboreal pollen is much reduced or completely
missing. This can be explained by erosion of the sediment or
by much reduced sedimentation rates during the Yoldia Sea
stage (core No. 15, see Table 2.1).

The warming at the Holocene boundary, at about 11,530
and 11,500 cal year BP was interrupted by a short cold
Preboreal oscillation dated using ice core data to 11,430—
11,270 cal year BP (Rasmussen et al. 2006; Kobashi et al.
2008). A relatively short cooling phase (about 200-
250 years long) occurred approximately 250 years after the
final drainage of the Baltic Ice Lake, when seawater flowed
into the Baltic Sea basin through the Nérke Strait in Bil-
lingen due to a rapid rise in sea level resulting from the
melting of the Scandinavian ice sheet (see Fig. 2.4).
Brackish water entered the Yoldia Sea along the southern
coast of the Gulf of Finland and freshwater flowed south-
wards from the melting ice sheet (Yu 2003).

The coldest part of the Preboreal oscillation is dated to
~11,430-11,350 cal year BP. The Preboreal cool oscillation

Fig. 2.4 The configuration of the Yoldia Sea stage at the end of the
brackish phase at 11,100 cal year BP (Andrén et al. 2011)

almost coincides with the short brackish phase of the Yoldia
Sea whose end has been dated to 11,200 cal year BP (He-
insalu and Veski 2007), which corresponds to the age
11,190 year BP in the GRIP ice core (Bjorck 1999).

At the start of the Preboreal cooling phase, sea level was
approximately 50 m lower than at present. Subsequent
melting of the continental ice sheets (Laurentide and Scan-
dinavian) caused an increase in ocean volume and sea level
rose.

Pollen stratigraphy clearly suggests some climate insta-
bility in the Early Holocene. During its coldest phase, forest
tundra and open forest landscapes were established over the
greater part of the Baltic Sea basin. This vegetation type
remained in some regions until 10,700-10,600 cal year
BP. Pazdur (2004) characterised the Preboreal climatic
conditions in Poland as cold and dry. At this time, birch
expansion that had started during the warming at the
beginning of the Early Holocene was interrupted by a dry
continental phase characterised by open grassland vegetation
(Rammelbeek Phase) (Bos et al. 2007).

Within the territory of the present Lithuania, the most
prominent climate cooling recorded shortly before
11,100 cal year BP may be correlated with the climate event
termed the Preboreal Oscillation (PBO) ca. 11,300-
11,150 cal BP, described as a humid and cool interval in
north-western and central Europe. Only after 11,100 cal year
BP does ongoing forestation of the territory by open forest
dominated by birch and pine suggest a climatic improvement
that could be interpreted as a delayed Pleistocene/Holocene
warming.

At the beginning of the Late Preboreal time, between
11,270 and 11,210 cal year BP, there was a sudden shift to a
warmer and more humid climate, and forest vegetation
expanded once more. Expansion of pine occurred in the later
part of the Late Preboreal. This can also be inferred from the
increase in organic matter in lake sediments from central
Latvia after 11,200 cal year BP, likely to be due to the
reduced inflow of minerogenic matter in a denser forest
(Puusepp and Kangur 2010).

As indicated by the Greenland ice core GISP2 isotope
data, at the Preboreal/Boreal (PB/BO) boundary air tem-
peratures increased by 4 = 1.5 °C (Grachev and Severing-
haus 2005). At this boundary between 10,770 and
10,700 cal year BP, dense pine woodland started to expand
in the southern part of the Baltic Sea basin (Bos et al. 2007).
In north-western Russia, boreal forest comprising Pinus,
Picea, Betula, Alnus incana was present at lower altitudes
(Subetto et al. 2002).

At that time, open landscapes typical of the Preboreal
cooling changed to poplar—pine-birch closed vegetation in
southern Finland. From 11,000 cal year BP onwards, the
glacial boundary retreated fast in the south of the modern
boreal belt in Finland, and at about 10,700 cal year BP the
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Fig. 2.5 The configuration of the Ancylus Lake stage during the
maximum transgression at ca. 10.5 cal year BP (Andrén et al. 2011)

region was free of ice, although the ice boundary was still
very close. According to estimates made by (Heikkild and
Seppéd 2003), between 10,700 and 10,500 cal year BP, the
mean annual temperatures were about —3.0 to 0 °C. These
temperatures correspond to the modern temperature at 70°N.

This climate warming caused the rapid melting of the
continental ice sheets. The subsequent isostatic uplift cut-off
the Baltic Sea basin from the Atlantic Ocean and lead to its
conversion into a large freshwater basin (Ancylus Lake).
The culmination of the transgression phase of this lake is
dated to about 10,700 cal year BP (Yu 2003). The Ancylus
Lake stage lasted until approximately 9500 cal year BP. The

contemporary Baltic Sea basin is part of the last Littorina
Stage when significant water level and salinity variations
took place (see Fig. 2.5).

Beetle data from southern Sweden dated to between ca.
11,000 and 9000 cal year BP (Olsson and Lemdahl 2010;
Olsson et al. 2010) suggest temperatures of the warmest
month similar to present values. The relatively low numbers
of aquatic species imply relatively dry and continental
conditions. Reconstructed temperatures based on coleopter-
an data from Abisko are also similar to present temperatures
(Buckland et al. 2011).

A temperature rise started after 10,000 cal year BP and
lasted until the beginning of the cold event at 8200 cal year
BP. Over the greater part of southern Sweden, Estonia,
Latvia and Lithuania, open boreal woodlands and sparse
birch vegetation were established. Summer air temperatures
rose by 7-10 °C above the level attained during the Younger
Dryas. However, major environmental changes in the area
had begun already in 10,300-10,200 cal year BP, when
deciduous trees including thermophilous species spread into
the region.

According to data from Lake Hancza in north-eastern
Poland (11,600 cal year BP), the shrub pollen content of lake
sediments decreased and a shift from clastic—detrital lake
deposits to autochthonous sediments dominated by bio-
chemical calcite occurred at the beginning of the Holocene.
Warmer conditions ensued, and between 10,000 and
9000 cal year BP pollen spectra showed an increased content
of pollen from broad-leaved trees. The organic content of the
lake sediments also increased (Lauterbach et al. 2011).
Figure 2.6 shows the reconstructed annual mean air tem-
perature for south-central Sweden based on pollen data from
Lake Flarken (Seppa et al. 2005).

The transition from the Ancylus Lake to the Littorina Sea
in the Baltic Sea basin is marked by evidence of a weak
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brackish phase between 9800 and 8500 cal year BP, called
the Early Littorina Sea (Andrén et al. 2011). The ensuing
brackish-marine stage is defined by evidence of significantly
increased seawater influx (Hyvérinen et al. 1988) and an
opening of the Oresund Strait, an event dated to around
8500 cal year BP (Bjorck 1995; Yu 2003).

Between 11,000 and 9500 cal year BP, air temperatures
in the Baltic Sea basin slowly raised reaching values of
~0.5 °C lower than at present. A prominent warming started
about 9000 cal year BP and lasted until the Holocene ther-
mal maximum (HTM) about 8000—4500 cal year BP, with
summer air temperatures 2.5-3.5 °C above modern levels.
Davis et al. (2003) reconstructed quantitative characteristics
of the climate for the past 12,000 years in western Europe
based on analyses of pollen data from more than 500 sec-
tions. In northern Scandinavia, summer air temperatures
close to the modern levels have been inferred from pollen
data (Seppd and Birks 2001) and independent estimates
based on chironomid and diatom assemblages (Rosén et al.
2001).

The temperature estimates based on macrofossils (for
example, tree-line position) indicate a rapid and stable
warming after 10,000 cal year BP across the entire northern
Scandinavia (Seppa and Birks 2001). Climate reconstruc-
tions for central Sweden using pollen spectra from Lake
Gilltjdrnen sediments show a rapid increase in summer
temperatures from 10.0 to 12.0 °C between 10,700 and
9000 cal year BP. This stable positive trend remained until
the sudden cooling at about 8200 cal year BP (Antonsson
et al. 2000).

2.4.3 The ‘8.2 ka Cold Event’

The ‘8.2 ka cold event’ was first identified from changes in
oxygen isotope composition in ice cores from the Summit
site in Greenland. The decrease in air temperature during this
event has been estimated at 6 £ 2 °C in central Greenland
(Allen et al. 2007; Alley et al. 1997; Muscheler et al. 2004;
Alley and Agustsdottir 2005; Rohling and Pilike 2005;
Thomas et al. 2007). An independent method to estimate
both air temperature change and the duration of this cold
phase, based on the concentrations of 8"°N in nitrogen (N,)
in ice cores (Leuenberger et al. 1999; Kobashi et al. 2007,
Thomas et al. 2007). Kobashi et al. (2007) from the GISP2
ice core data, with a time resolution of ~ 10 year, showed a
complex time evolution of this event.

The duration of the entire cold event was about
160.5 + 5.5 years, the coldest phase occurring at 69 + 2 years
(Thomas et al. 2007). A drop in air temperature of 3 + 1.1 °C
occurred within less than 20 years. Independent estimates of
changes in air temperature during this cooling event have
been obtained from isotope data from four Greenland ice
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cores: NGRIP, GRIP, GISP2, and Dye-3 (Thomas et al.
2007). According to the GRIP core data, the event has been
dated to ca. 8190 ice years ago. The data from the GISP2
core revealed two milder cool stages: ca. 8220 and ca. 8160
ice years ago. The initial stage of cooling is more explicitly
recorded in the NGRIP core data.

Independent empirical data, such as marine sediment
cores with high resolution, lake sediments, clay varves,
speleothem isotope data, and pollen diagrams among others,
indicate that the cooling was widespread throughout the
entire Baltic Sea basin, except for the most northern regions
north of 70°N. The high-altitude glaciation intensified across
all regions. In central and southern Norway, the snow line
(equilibrium line altitude) lowered by 200 m (Nesje and
Dahl 2001; Nesje 2009). The altitude of the upper boundary
of arboreal vegetation also lowered (Seppé and Birks 2001;
Seppa et al. 2007, 2008).

Pollen diagrams from lake and continental sediments
provide independent evidence of this cooling. Davis et al.
(2003) clearly identified the 8.2 ka cold event across the
whole of western Europe, with the lowest air temperatures in
areas adjacent to the North Atlantic Ocean (Seppi et al.
2008; Rasmussen et al. 2009).

Pollen data from Estonia and southern Fennoscandia
indicate a 1 °C air temperature drop (Fig. 2.7). At Lake
Rouge in Estonia, air temperature decreased by 1.8 °C
(Veski et al. 2004), which agrees with estimates from pollen
data from lakes in different part of Sweden (Lakes Gil-
Itjarnen, Flarken and Trehorningen) (see Fig. 2.8).

Lake sediments from four sites—Lake Rouge (Estonia),
Lake Flarken (Sweden), Lake Arapisto (Finland) and Lake
Laihalampi (Finland), all located south of 61° N—indicate
that the pollen percentage for the thermophilous deciduous
tree taxa Corylus and Ulmus, decreased from 10 to 15 % in
the Early Holocene to 5 % between 8250 and 8050 cal year
BP (Seppé et al. 2007). This implies a temperature drop of
0.5—1.5 °C at all these sites. Here, the cold event lasted 200—
300 years and ended by a sudden temperature rise. In Es-
tonia, the cold event lasted longer as indicated by a longer
period of vegetation re-establishment after a decrease in
annual air temperature of at least 1.5-2.0 °C (Seppéd and
Poska 2004; Veski et al. 2004).

The 8.2 ka cold event has been identified in pollen dia-
grams from lake sediments from eastern Latvia (Eini, Mal-
muta) and the Gulf of Riga displaying a decrease in Alnus,
Corylus and also Ulmus, and some increase in grass pollen.
According to Heikkild and Seppd (2010), a relatively warm
and stable climate was interrupted by cooling at about 8350—
8150 cal year BP when mean annual air temperatures
dropped by 0.9-1.8 °C. This was reflected in a change in
vegetation composition, characterised by a decrease in
broad-leaved tree productivity and an increase in the pollen
of boreal species (Heikkild and Seppéd 2010). The limit of
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Fig. 2.7 Two climate
reconstructions for the cold event
about 8200 cal year BP: annual
air temperature reconstructed

from pollen data from Lake o
Rouge, Estonia (Veski et al. ®
2004) and pollen data from Lake :é
Flarken, Sweden. The blue bar ©
highlights the timing of the 2
‘8.2 ka cold event’ (adapted from E
Seppd et al. 2005) =
o
g
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o
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detection for Ulmus and Tilia pollen is reached in the second
part of the Boreal period when their pollen almost disappears
before its contribution to the pollen assemblages starts rising
again at beginning of the Holocene Thermal Maximum.

Re-establishment of Picea in the eastern Baltic Sea region
(within the territory of the present Lithuania) is dated to
8600-8000 cal year BP. This short climatic deterioration may
have limited the expansion of deciduous trees, providing
more space for the expansion of spruce. The expansion of
spruce may have been a response to a wet and cool climate
with colder and snowier winters (Seppéd and Poska 2004).

A section containing about 400 layers of varved sedi-
ments in west-central Sweden, supported by radiocarbon
dating and by dendrochronological data, provides a detailed
account of environmental development in this region, iden-
tifying an analogue of the 8.2 ka cold event between
8066 + 25 cal year BP and 7920 + 25 cal year BP. Snow
precipitation increased during this cold period. The esti-
mated duration of the 8.2 ka cold event has been estimated at
150 years (Snowball et al. 2002, 2010; Zillén et al. 2008;
Zillén and Snowball 2009). There are no clear changes in the
beetle assemblages from southern or northern Sweden that
would indicate a cold spell during this time. This may be due
to the insufficient time resolution of the data to identify this
change.

l. Borzenkova et al.
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In Germany, changes in the isotope composition of
ostracod valve carbonate suggest this cold event lasts for
about 200 years (von Grafenstein et al. 1998). Almost all
data indicate that the decrease in air temperature was sig-
nificantly greater in winter than in summer. This promoted
an earlier freezing and later thawing of sea and lake surfaces.

The causes of the cooling during the 8.2 ka cold event
and other cold episodes in the Lateglacial/Early Holocene
drew the early interest of researchers (Alley et al. 1997,
Barber et al. 1999; Leuenberger et al. 1999; Marotzke 2000;
Clark 2001; Clark et al. 2002; Clarke et al. 2004; Alley and
Agﬁstsdéttir 2005; Denton et al. 2005; Kobashi et al. 2007;
Thomas et al. 2007; Yu et al. 2010). Although some scien-
tists attribute the 8.2 ka cold event to changes in incoming
solar radiation (Bos et al. 2007), most studies relate this
cooling and other cooling events in the past 13,000 years to
changes in the circulation of surface and deep water in the
North Atlantic Ocean driven by melt water from the conti-
nental ice sheets.

Clark (2001) and Clark et al. (2002) assumed that
freshening of the sea surface layer of the North Atlantic
Ocean not only disturbed the circulation in the surface layer
but also hindered the formation of deep water, thus affecting
the intensity and position of the Atlantic ‘conveyor belt’
itself. Drainage of glacial lakes Agassiz and Ojibway due to
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Fig. 2.8 Quantitative
reconstructions of mean annual
air temperature from pollen data
for three lakes (C-Gilltjarnen,
B-Flarken, A-Trehorningen).
The grey bar highlights the
timing of the ‘8.2 ka cold event’
(adapted from Antonsson and
Seppé 2007)

Mean annual temperature °C

the melting of the Laurentide Ice Sheet ca. 8470 cal year BP
(~7700 '*C year BP), during which about 2 x 10'* m® fresh
lake water could have been released within less than
100 years, could have exerted a serious impact on the for-
mation of sea ice, and thus significantly changing the timing
of its formation in autumn and melting in spring. Sea ice has
a higher albedo than open water, and a longer period of sea
ice would cause an additional cooling (Barber et al. 1999;
Clark 2001; Ganopolski and Rahmstorf, 2001; Fisher et al.
2002; Clarke et al. 2004; Wiersma and Renssen 2006;
Widerlund and Andersson 2011).

2.4.4 The Holocene Thermal Maximum

Pollen and chironomid records show that the period between
7500 and 5500 cal year BP was the warmest for the entire
Baltic Sea basin area, although temperatures peaked at dif-
ferent times in different parts of the Baltic Sea basin, with
amplitude varying from 0.8 to 1.5 °C and higher. The cold
event at about 8.2 ka BP was followed by a warm period
with air temperature and annual precipitation higher than
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present. At that time, forest vegetation with thermophilous
species flourished. In northern Finland, the warmest climate
of the Holocene occurred between 8200 and 5700 cal year
BP, with a temperature maximum at ca. 7950-6750 cal year
BP. Pollen diagrams of Lake Tsuolbmajavri, northern Fin-
land, suggest July temperatures around 13 °C. They dropped
by 1 °C only after about 5750 cal year BP (see Fig. 2.9).
According to the increasing Pinus sylvestris pollen per-
centages and by the decrease of lycopod and fern spore
values, the mean annual sum of precipitation must have
rapidly fallen to below 500 mm year ' ca. 6650-
5700 cal year BP (Seppd and Birks 2001), due to still
unknown causes.

In the north-western part of Russia, forest vegetation with
spruce and deciduous trees predominated (Ulmus, Tilia,
Quercus). Between 8000 and 4500 cal year BP, summer
temperatures were 2.0-2.5 °C and precipitation was 100-
150 mm year™' higher than present (Arslanov et al. 1999,
2001). On the Kola Peninsula, the warm period occurred
between ca. 8000 and 4200 cal year BP with summer tem-
peratures peaking around 6000-5000 cal year BP when July
temperature was 13.6 °C (Solovieva et al. 2005).
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Fig. 2.9 Reconstructed summer
temperature in the northern and
southern parts of the Baltic Sea
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Giesecke et al. (2008) reconstructed winter (January)
temperatures for the past 11,000 years using pollen data
from three lakes (two in central and western Sweden and one
in southern Finland) (Fig. 2.10). The highest winter tem-
peratures were found to have occurred between 7000 and
6000 cal year BP. Quantitative reconstructions indicate that
the climate in Fennoscandia has become increasingly con-
tinental over the past 7000 years, and mostly reflecting
winter cooling. These reconstructions suggest that the Early
Holocene in Fennoscandia was the most oceanic period, but
probably with higher temperature variability. Millennial
reconstructions of the North Atlantic Oscillation Index since
the Holocene Thermal Maximum until present based on
Greenland ice core data suggest a long-term negative trend,
and thus increased continentality (Olsen et al. 2012). This is
supported by a simulation with the coupled atmosphere—
ocean model ECHO-G driven by changes in orbital config-
uration (Hiinicke et al. 2010).

Reconstructions of mean annual air temperature by pollen
data from Lake Trehorningen in south-western Sweden
show that the maximum temperatures 2.5-3.0 °C above the
modern values occurred between 7000 and 4000 cal year
BP. In northern and eastern Scandinavia, mid-Holocene
temperatures were somewhat lower, about 1.5-2.5 °C above
present-day values (Antonsson and Seppd 2007). The
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presence of a number of beetle species during the Mid-
Holocene that today are found in central Europe suggests
higher temperatures than present in southern Sweden during
that period. The mutual climate range (MCR) reconstruc-
tions based on stenothermic beetles from Abisko (Buckland
et al. 2011) indicate a climatic optimum between 7500 and
6000 cal year BP, with mean summer temperatures about
3 °C higher than at present.

In central Sweden, thermophilous vegetation (oak and
linden) expanded after 7000 cal year BP. This type of veg-
etation requires high summer temperatures and is relatively
resistant to low winter temperatures. During the warmest
period in the Holocene (between 7000 and 4000 cal year
BP), the range of Tilia advanced 300 km north compared to
its modern position. Over that period, precipitation
decreased and lake levels dropped. Near Lake Gilltjairnen
(60°N), a maximum mean annual temperature of 6.0-7.0 °C
occurred at about 6500 cal year BP, compared to 5.0 °C at
present (Antonsson et al. 2006). Reconstructions of summer
air temperature in central Sweden using fossil Chironomidae
composition show that these temperatures varied within
wide limits, from —0.8 to +0.8 °C of its modern values
(Brooks and Birks 2000, 2001; Velle et al. 2005). In Estonia,
Ulmus and Tilia spread most widely between 7000 and
5000 cal year BP, which coincides with the maximum in
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Fig. 2.10 The winter (January)
air temperature in parts of the
Baltic Sea basin over the past
11,000 years, obtained by pollen
from three lakes: Laihalampi
61°29N (southern Finland),
Klotjérnen 61°49N (Sweden),
Holtjarnen, 60°39N (Sweden)
(adapted from Giesecke et al.
2008)

January temperature, °C

summer air temperature. At that time, these species occupied
about 40 % of the Estonian territory compared to 1 % at
present (Saarse and Veski 2001).

Reconstructions based on sediment data from lakes
Holzmaar and Meerfelder in the Westeifel Volcanic Field
(Germany) show that temperatures were 1 °C higher than at
present and declined after 5000 cal year BP (Litt et al. 2009).

In Latvia, the warmest climate of the Holocene occurred
between about 8200 and 5700 cal year BP with temperatures
more than ~2.5-3.5 °C above modern values and a peak
warming of about 3.0-3.7 °C at ca. 7950-6750 cal year BP
(Heikkild and Seppd 2010). Temperatures subsequently
declined towards present-day values (Figs. 2.8 and 2.9).
Deciduous forest appeared here later than in Estonia. Ulmus
started to spread in the first half of the boreal period and
Tilia at about 7000-5000 cal year BP (Heikkild and Seppa
2010). With the beginning of the Atlantic warming, mixed
deciduous forest composed of Ulmus, Tilia, Alnus, Corylus,
and Picea expanded (Mirniece et al. 1999; Ozola et al.
2010). The maximum values of Ulmus and Tilia pollen are
found in the deposits formed in the first part of the Atlantic
warming, but the maxima of the Quercus pollen occur in the
later period. A short climate deterioration in the central part
of the Holocene Thermal Maximum has been identified in
pollen diagrams from Eini Lake, Malmuta River mouth
(Seglins et al. 1999) and the Gulf of Riga. The Atlantic
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warming is clearly identified in pollen diagrams from lagoon
sediments. During the second part of the Atlantic period,
water level in the lagoon basins gradually decreased. The
lagoons gradually filled up and lake sediments record the
presence of fen peat with a dominance of Carex species,
such as Carex elata, C. lasiocarpa, C. teretiuscula,
C. aproximate and Hypnum (Cerina et al. 2010).

In Lithuania, the major environmental changes started
after 10,300-10,200 cal year BP when deciduous trees,
including thermophilous species, spread in this region. In
eastern Lithuania, the expanding deciduous taxa, such as
Corylus (ca. 10,200-10,000 cal year BP), Alnus (8200—
8000 cal year BP), and broad-leaved species such as Ulmus
(ca. 10,000 cal year BP), Tilia (7700-7400 cal year BP) and
Quercus (5200 cal year BP), formed a dense mixed forest.
Picea reappeared at 7300-6800 cal year BP (Gaidamavicius
et al. 2011). In north-western Lithuania, immigration of
Corylus was dated back to 7600-7200 cal year BP, Alnus—
back to 7300-6900 cal year BP, and Ulmus—back to 8100—
7500 cal year BP (Stancikaité et al. 2006). After about 9800—
9900 cal year BP, the expansion of deciduous species was
accompanied by the spread of Cladium mariscus (L.) Pohl,
suggesting that minimum mean July temperature increased
up to +15.5 °C even in the northern part of the country.
Development of deciduous forest requires moist and fertile
soil and high humidity. Therefore, its expansion confirmed
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that such ecological conditions pre-existed there. The
Holocene Thermal Maximum, ca. 8000-4500 cal year BP,
with dryer and warmer summers reflecting stronger conti-
nentality (Seppd and Poska 2004), was generally responsible
for expansion of deciduous trees to the eastern Baltic Sea
region. These taxa continued to flourish there between about
7500 and 4200 cal year BP (Stancikaité et al. 2003, 2004,
2006, 2008, 2009; Giesecke and Bennett 2004; Giesecke
et al. 2008; Gaidamavicius et al. 2011).

In central Poland, Tilia and Quercus appeared about
9300 cal year BP. However, they did not become widespread
until 80007000 cal year BP. At the same time, Alnus—and
in mountainous regions, Picea—spread widely. Then, at
about 5000 cal year BP, the climate became wetter and
colder (Pazdur 2004; Lauterbach et al. 2011). It should be
noted that the first signs of anthropogenic deforestation are
recorded at 6500 cal year BP in this region.

For northern Europe as a whole, Davis et al. (2003) dated
the well-defined thermal maximum of the Holocene at ca.
6000 cal year BP. For the Baltic Sea region, the highest
temperatures occurred around 6500 cal year BP and were
1.5-2.5 °C above present-day values in the north-west area
and 1.0-1.5 °C in the north-east.

2.4.5 Late Holocene Cooling

As is clear from Figs. 2.7, 2.8 and 2.9, climate has been
relatively unstable across the Baltic Sea basin over the past
4500 years, with alternating warm and cold periods super-
imposed on a general cooling trend.

Different proxy data indicate a two-stage air temperature
decrease in the Late Holocene. The first occurred between
5000 and 4500 cal year BP and the second between 4300 and
3300 cal year BP. During each of these periods, the
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temperature drop was at least 1 °C. A warming at ca. 3200 and
cooling at ca. 2800 cal year BP are revealed by detailed pal-
aeoclimatic reconstructions (Zubakov and Borzenkova 1990;
Arslanov et al. 2001; Bjune et al. 2009). Although the general
trend of the Late Holocene cooling is probably related to
decreased summer solar radiation due to astronomical factors,
the causes of the superimposed oscillations are still unclear.

Climate cooling in north-western and northern Russia and
other regions of the Baltic Sea basin started at about
4500 cal year BP. A warmer period at about 3500 cal year
BP and a colder period at about 2500 cal year BP are
apparent, superimposed on the general cooling trend
(Arslanov et al. 2001; Subetto et al. 2006).

Analyses of Lake Igelsjon sediments in southern Sweden
suggest that relatively warm conditions remained until
4700 cal year BP, followed by an abrupt hydrological shift
to cooler and/or wetter conditions by around 4000 cal year
BP (Jessen et al. 2005). A cooling trend thereafter, up to pre-
industrial times, was punctuated by a series of short rapid
warm fluctuations. Pollen diagrams show changes in vege-
tation composition and a distinct decrease in thermophilous
species (primarily Corylus). About 2000 cal year BP, the
temperatures were already close to modern values (Jessen
et al. 2005).

Proxy data reconstructions show that a trend towards
cooler and wetter conditions prevailed across Fennoscandia
during the past 2000—1500 years (Bjune et al. 2009; Esper
et al. 2012). These climate trends are shown by, for example,
880 records from lake sediments (Hammarlund et al. 2003;
Rosqvist et al. 2007), tree ring-inferred summer temperature
and pollen data. The mean July temperature reconstructions
based on these data obtained from 11 lakes located in the
different landscape zones in the northern parts of Norway,
Sweden, Finland, and north-western Russia are shown in
Fig. 2.11.

Temperature (°C)

-140 -135 -130 -06 -02 02 06 6.0 7.2 84 96 10.812.0
O— L 1 |I|l|lJI|l|I|JJI|IJ_JI T — 1 2000
250 L 1750
500 L 1500
o
@ 750 ™
> 9
= 1000 ~ 1000 =
o >
o 12504 —-750 O
()]
< 1500 - 500
17504 (a) 1(b) 1 (c) ~ 250
2000 0

Fig. 2.11 Three proxy climate records covering the past 2000 years
from northern Fennoscandia: a §'%0 from calcareous lacustrine
sediments from Abisko, Sweden (Rosqvist et al. 2007); b pollen-

inferred mean July temperature deviations from 11 lakes. ¢ tree ring-
inferred summer (April-August) temperature from the Tornetriask
region, Sweden (Grudd 2008), (Bjune et al. 2009)
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In Poland, analyses of lake sediments of the Late Holo-
cene, including pollen spectra, indicate that lake levels rose
and peat mires developed at this time. Between 5000 and
4200 cal year BP, the climate was relatively warm and dry,
but by the end of this period became more humid. The
dominant species in forest associations changed slightly. In
the mountains, spruce expanded and Carpinus and Fagus
migrated from the south-east into this region. At about
3500 cal year BP, Abies spread from the south-west and
became a forest-forming species in southern Poland
(Kulesza et al. 2011). Picea spread to the north-east of
Poland and Fagus penetrated this region from the west.
Pazdur (2004) showed that the Subatlantic period started
about 2800 cal year BP.

According to Heikkild and Seppd (2010), summer air
temperature dropped by ~3°C in Latvia during the Late
Holocene. Pollen diagrams show changes in vegetation; a
significant decrease and almost disappearance of the ther-
mophilous broad-leaved species and Corylus. The dominant
tree species over the past 3000 years was Pinus and Betula
(Mirniece et al. 1999; Kalnina 2008; Kuske et al. 2010b),
except in the central part of the Subatlantic period when the
Picea pollen curve, and to a lesser extent Alnus and Quercus,
rose again. Dwarf shrub (mainly Ericales) and grass pollen
(Poaceae, Cyperaceae) concentrations increased during the
past 1000 years, reflecting a decrease in forest cover, which
resulted from both climatic and human impacts (Ozola et al.
2010; Kalnina et al. 2012).

Analyses of isotopic strontium concentrations in molluscs
can give information about past salinity in the Baltic Sea
(Widerlund and Andersson 2011). Data suggest that the
difference in surface salinity in the various Baltic Sea basins
has been much less in the past that now and that the general
trend over the past two millennia is towards freshening, with
this trend strongest in the Bothnian Bay. These results would
be consistent with a decrease in summer evaporation caused
by increasingly colder summers, or with an annual increase in
precipitation. Since the seasonality of the orbital forcing is
quite different from that which is likely for a GHG-forced
future climate, an extrapolation of these trends is not justified.

2.5 Conclusion

Over the Holocene, the Baltic Sea area has undergone major
changes due to two interrelated factors. First, the demise of
the Fennoscandian ice sheet that had previously accumulated
as part of the 100-thousand-year-long glacial cycle. This
demise started around 18,000 years ago, but due to the long
timescales involved in land-ice dynamics and the slow
crustal readjustment to the disappearance of the weight of an
ice sheet 3 km deep, its effects are felt throughout most of
the Holocene. The most important effect of the melting of
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the ice sheets is an interplay between global sea-level rise
due to the increase in the ocean volume and a regional
isostatic rebound (uplift) of the earth’s crust. This interplay
led to a series of transitions of the Baltic Sea basin as a
brackish sea or freshwater lake, with periods of isolation and
periods of interchange with the North Sea. The modern
configuration of the Baltic Sea as a brackish Mediterranean
or inland sea was established around 4500 years ago. Sec-
ond, changes in the orbital configuration of the Earth. This is
thought to be the major trigger for glacial to interglacial
transition, but also modulated solar insolation to the high
northern latitudes during the Holocene and thus strongly
influenced the energy balance of the Baltic Sea area. Sum-
mer solar insolation modulated by these changes peaked
around 7000-6000 years ago. Its effects were recorded in a
phase of warm temperatures, extended vegetation cover and
a progressive millennial cooling thereafter.

The instruments used to reconstruct the climate of the
Baltic Sea area during the Holocene are multifaceted. Pal-
aeobiological and geochemical records that, at least partly,
reflect past environmental conditions can be used to recon-
struct past temperature and/or precipitation in some seasons.
Among these, the more widely used are pollen and spore
assemblages derived from dated lake sediments, tree ring
data, and fossil remains that may be indicative of the spatial
spread of thermophilous or halophilous species and thus may
give information about past temperatures or salinity.

The Baltic Sea area underwent a series of climatic phases
during the Holocene. The Younger Dryas occurred in a
transitional period between the Last Ice Age and the Holo-
cene and ended around 11,500 years ago. Temperatures then
rose, land ice partially disappeared, and the earth’s crust rose
causing a drop in relative sea level, giving rise to a large
freshwater lake (Ancylus Lake). As temperatures and sea
level continued to rise (due to the melting of the northern
hemisphere ice sheets), a connection was established
between the North Atlantic Ocean and Ancylus Lake
forming the brackish Littorina Sea. The rise in temperature
was interrupted by another climatic cold event, however,
about 8200 years ago which is thought to have been caused
by freshwater drainage from the North American ice sheet
into the North Atlantic Ocean. This event was shorter and
less intense than the Younger Dryas, with a drop in tem-
perature of about 2 °C lasting for about 200 years. This event
was the last cooling episode of the Early Holocene and was
followed by a stable and relatively warm period with sum-
mer temperatures 1.0-3.5 °C higher than at present. The
period between 7500 and 5500 years ago was the warmest in
the Baltic Sea basin area as a whole, although the timing of
maximum temperatures was not synchronous in different
parts of the region. Thereafter, a trend of northern hemi-
sphere cooling and increased climatic instability began,
typical of the Late Holocene interval. Temperatures in the
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Baltic Sea region started to drop around 50004500 cal year
BP coincident with decreased summer solar insolation due to
the quasi-cyclical changes in the Earth’s orbit. The climatic
variation during the Lateglacial and Holocene is reflected in
the changing lake levels and vegetation and in the formation
of a complex hydrographical network that set the stage for
the Medieval Warm Period and the Little Ice Age of the past
millennium.

Open Access This chapter is distributed under the terms of the Creative
Commons Attribution Noncommercial License, which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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This chapter summarises the climatic and environmental information that can be inferred from
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3.1 Introduction

This chapter addresses climate variability in the Baltic Sea
basin over the past millennium (1000 years). Climate change
at the millennial time scale was not discussed in the previous
assessment of climate change in the Baltic Sea region
(BACC Author Team 2008).

Understanding of millennial climate variability is mainly
based on proxy data (see Sect. 3.2). Historical notes in the
form of chronicles containing information about extreme
weather events, and weather-related disasters are important
sources of data about climatic conditions in the past millen-
nium. Together with historical documents, dendroclimatology
has provided much of the information on the climatic con-
ditions of the past millennium. Tree-ring width and wood
density are the main sources of dendroclimatological data.
Other proxy data are of less importance for the past millen-
nium and are more relevant for reconstructing the climatic
conditions of the Holocene as a whole. Temperature and
precipitation data for the Baltic Sea region, as reconstructed
from different proxy data sets were also compared against the
results of a regional climate model simulation at the Swedish
Meteorological and Hydrological Institute (Schimanke et al.
2012). The chapter also describes the main climatic drivers, of
which solar radiation factors, atmospheric circulation patterns
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and volcanic eruptions appear the most important. The most
unusual weather conditions in the Baltic Sea area in each
century have been described in several publications (e.g.
Rojecki 1965; Borisenkov and Pasetsky 1988, 2002; Pfister
1992, 1999; Glaser 2008).

3.2 Data Sources and Methodology

Research on millennial climate variability is mainly based on
proxy data. This is because long-term instrumental measure-
ments of meteorological elements (usually limited to atmo-
spheric pressure, air temperature and wind) were recorded at
only a few stations and over a relatively short period.

The first non-regular measurements of atmospheric
pressure by means of a barometer constructed by Torricelli
in 1643 were made in the period 1649-1658 in Clermont-
Ferrand, Florence, Paris and Stockholm (von Rudloff 1967).
The first regular meteorological measurements were laun-
ched in Greenwich (1774). The oldest continuous series of
atmospheric pressure data for the Baltic Sea basin and sur-
rounding areas date back to the nineteenth century: Prague
(1800), Oslo (1816), Warsaw (1826), St Petersburg (1837),
Copenhagen (1842), Stockholm (1844), Berlin (1848),
Uppsala (1855), Haparanda (1859) and Helsinki (1882).

The first non-regular attempts at measuring air tempera-
ture began between 1654 and 1670 in Florence and Pisa in
Italy (von Rudloff 1967); however, the longest homogenised
and uninterrupted series of temperature data began in 1659
in central England (Manley 1974). In the Netherlands, direct
temperature measurements started in 1705 in De Bilt (Cowie
2007). For the Baltic Sea basin, temperature measurements
were initiated around the mid-1700s, with a denser coverage
of the southern region in the late eighteenth century. The
oldest continuous observational records of temperature are
from Sweden: Uppsala (1739—non-regular measurements
started in 1722), Lund (1741) and Stockholm (1756); Rus-
sia: St. Petersburg (1743); and Denmark: Copenhagen
(1798) (von Rudloff 1967). A few temperature series began
in the eighteenth century in central Europe: Berlin (1719),
Jena (1770), Prague (1775), Warsaw (1779), Vilnius (1781),
Wroclaw (1791) and Krakow (1792).

The oldest measurements of precipitation in Europe
started in 1715 in Hoofddorp-Zwanenburg in the Nether-
lands and in 1725 in Padova in Italy. In the Baltic Sea area,
the oldest precipitation station is Uppsala (1739) (von
Rudloff 1967). In the first half of the nineteenth century,
precipitation was also measured in a few other places:
Warsaw (1803), Prague (1804), Copenhagen (1805), Jena
(1827), Dresden (1828), Helsinki (1844) and Berlin (1847).

Historical notes in the form of chronicles containing
information about extreme weather events and weather-
related disasters are important sources of data about climatic

T. Niedzwiedz et al.

conditions of the past millennium. In many cases, such
notations are very precise as they locate events in space and
time, sometimes even with an accuracy of a day. A sys-
tematic daily weather diary carried from 1502 to 1540 in
Krakéw and surroundings by Marcin Biem, a professor of
Krakéw Academy (Bokwa et al. 2001; Limanowka 2001) is
unique on the European scale. A similar weather diary for
the north-eastern part of Poland was kept by Jan Antoni
Chrapowicki (Nowosad et al. 2007; Przybylak and Marci-
niak 2010) for the period 1656-1685. Borisenkov and
Pasetsky (1988, 2002) compiled information about climate
extremes and natural disasters from Russian chronicles. In
Switzerland, Pfister (1992) established the European Centre
of Historical Climate with the European Climate Historical
database—EURO-CLIMHIST (Pfister 1992; Brazdil et al.
2010). Later, Glaser (2008) published the complete climate
history for central Europe and Germany, covering the past
1200 years. Brazdil et al. (2005) discussed the state of
European historical-climatological research with special
attention to data sources, methods and significant results.

Together with historical documents, dendroclimatology
has provided a large part of information on climatic condi-
tions of the past millennium. Tree-ring width and wood
density (Ljungqvist 2010) are the main sources of dendro-
climatological data. Several recent multi-proxy reconstruc-
tions were made for the northern hemisphere (Jones et al.
1998, 2001a, b, 2009; Mann et al. 1998, 1999, 2008; Ber-
trand et al. 2002; Mann and Jones 2003; Jones and Mann
2004; Moberg et al. 2005; Ljungqvist 2010; Ljungqvist et al.
2012). On a regional scale, the most important reconstruc-
tions based on tree-ring or multi-proxy data are for Fenno-
scandia (Briffa et al. 1992; Gouirand et al. 2008; Lindholm
et al. 2009, 2011; Esper et al. 2012), Finland (Helama et al.
2002, 2005, 2009b; Ogurtsov et al. 2008; Luoto and Helama
2010), central and northern Sweden (Gunnarson and Lin-
derholm 2002; Linderholm and Gunnarson 2005; Moberg
et al. 2006; Grudd 2008), eastern Norway (Kalela-Brundin
1999), Germany (Glaser 2008; Glaser and Riemann 2009),
the north-western Baltic Sea (Klimanov et al. 1985), Russia
(Klimenko and Solomina 2010), and Poland (Przybylak
et al. 2005, 2010; Przybylak 2007, 2011; Szychowska-
Krapiec 2010; Koprowski et al. 2012). Although many of
the data sets concern the Alps (Biintgen et al. 2005, 2006),
they are well correlated with the central European mountains
(Bednarz 1984, 1996; Bednarz et al. 1999; Niedzwiedz
2004; Biintgen et al. 2007, 2012).

Other proxy data were also applied to the millennium
temperature reconstructions, for example, peat-bog deposits
(Lamentowicz et al. 2008, 2009), lake fossils and sediments
from Tsuolbmajavri Lake in northernmost Finland (Korhola
et al. 2000), laminated lake sediments in Gosciaz Lake in
central Poland (Starkel et al. 1996; Ralska-Jasiewiczowa et al.
1998) and borehole temperatures (Majorowicz et al. 2004;
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Majorowicz 2010). The reliability of the reconstructions
is discussed by Holmstrom (2011). For northern
Sweden, a summer-temperature reconstruction for the past
2000 years was achieved using pollen-stratigraphical data
(Bjune et al. 2009). Among other biological proxies, a few
reconstructions were based on diatoms (Korhola et al. 2000;
Weckstrom et al. 2006) and chironomids (Korhola et al.
2002). These data are of less importance for reconstructing
the climatic conditions of the past millennium and better
used for reconstructing the climate of the Holocene as a
whole.

Proxy records are clearly useful for helping understand
the spatial and temporal variability of climate change,
especially over periods shorter than the millennial time
frame and which fall outside the instrumental period. Other
data sets, such as long-term variability in Baltic Sea ice
cover (Koslowski and Glaser 1999), runoff or oxygen con-
ditions (Hansson and Omstedt 2008; Hansson et al. 2011;
Hansson and Gustafsson 2011) can be used in combination
with climate models to increase understanding.

General Features of the Millennial
Climate

3.3

According to the scientific literature, four climatic periods
have occurred over the past millennium (Lamb 1977, 1982;
Grove 1988; Folland et al. 1990; Brazdil 1996; Crowley
2000; Crowley and Lowry 2000; Bradley et al. 2003; Brazdil
et al. 2005; Xoplaki et al. 2005; NCR 2006; Esper and Frank
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2009; Jones et al. 2009; Brazdil and Dobrovolny 2010;
Biintgen and Tegel 2011; Biintgen et al. 2011b; Ogurtsov
et al. 2011; Przybylak 2011; Ljungqvist et al. 2012):

e Medieval Warm Period (MWP 900-1350) or Medieval

Climate Anomaly (MCA)

e Transitional Period (TP 1350-1550)
e Little Ice Age (LIA 1550-1850)
e Contemporary Warm Period (CW after 1850).

The dates for the four climatic periods are approximate
and may differ slightly from one geographical region to
another (Ljungqvist et al. 2012). Some shorter intervals are
mainly related to the changes in solar activity or large vol-
canic eruptions. The Contemporary Warm Period is
addressed in detail in Chaps. 4-9.

A comparison of late spring (April-June) precipitation
and summer (June—August) air temperature across Europe
between the southern Baltic Sea and the Alps (Fig. 3.1) was
reported by Biintgen et al. (2011b) for the last 2500 years,
together with possible impacts on civilisation.

Gouirand et al. (2008) reported variability in summer
temperature for the whole of Fennoscandia (Fig. 3.2) over
the past 1500 years. All four periods of the past millennium
(MWP, TP, LIA and CW) are visible. The curves for central
Europe (Fig. 3.1) and Fennoscandia (Fig. 3.2) show simi-
larities but the deepest cooling in Fennoscandia is observed
at the beginning of eighteenth century, while in central
Europe summer temperature, negative anomalies are higher
in the first decades of the nineteenth century. Also, a cool
episode during the MWP in the first half of the twelfth
century in Fennoscandia is sharper than in central Europe.
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Fig. 3.1 Reconstructed April-June (AMJ) precipitation totals (fop)
and summer (June—August) temperature anomalies (bottom) for central
Europe with respect to 1901-2000. Error bars are £1 RMSE (Root-
Mean Square Error) for the calibration periods. Black lines show
independent precipitation and temperature reconstructions from

Germany (Biintgen et al. 2010) and Switzerland (Biintgen et al.
2006). Bold lines are 60-year low-pass filters. Periods of demographic
expansion, economic prosperity and societal stability are noted, as are
periods of political turmoil, cultural change and population instability.
Biintgen et al. (2011b)
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Fig. 3.2 Regional-average summer (June-August) temperatures AD
442-1970 for Fennoscandia created by merging seven reconstructions
based on seven networks (Gouirand et al. 2008). The time series is
extended to year 2000 with instrumental data. Data are shown as
smoothed (Gaussian filtered) temperatures, highlighting variability on

Mean January—April air temperature for the period 1170—
1994 (Fig. 3.3) and 10-year anomalies of winter and summer
air temperature from 1401 to 1800 (Fig. 3.4) have been
reconstructed for Poland. The climatic history for Poland
over the past millennium was reconstructed by Przybylak
(2011) and more comprehensively by Przybylak et al.
(2010). Tree-ring reconstruction of January—April air tem-
perature indicates three relatively cool periods: 1475-1500,
1600-1660 and 1725-1830 (Fig. 3.3). The peak temperature
of an exceptionally warm episode occurring 1661-1675 is
slightly lower than indicated by other reconstructions for
central Europe (compare Fig. 3.9). Cold anomalies for
winter temperature in Poland (Fig. 3.4) suggest an increased
annual temperature range during the LIA. A cool period at
the final phase of the LIA in the first half of the nineteenth
century is also found in a reconstruction based on the full

25

Rek - 11 —Rek - 50

20
1.5
0.5

0.0
1150 1250 1350 1450
Fig. 3.3 Reconstructed mean January—April air temperature in Poland
for the period 1170-1994 using a standardised chronology of Scots pine
(Pinus sylvestris L.) tree-ring widths (modified after Przybylak et al.

2005; Przybylak 2011). Rek-11 and Rek-50 represent 11- and 50-year

1550

timescales longer than 10 years (thin black), 30 years (thick dark grey) and
100 years (thick light grey). The dashed horizontal line is the average for
the entire period. The uncertainty in reconstructed temperatures (based on
the calibration period statistics) is illustrated by +2 standard errors with
grey shading (for the 10-year smoothing only)

depth of ground temperature in boreholes (Majorowicz et al.
2004).

Climate change during the past millennium over the Baltic
Sea region was simulated by the Swedish Meteorological and
Hydrological Institute using a regional climate model (Schi-
manke et al. 2012). The authors used the Rossby Centre
Regional model (RCA3) with boundary conditions from the
general circulation model ECHO-G. RCA3 includes radiative
forcing, changes in orbital parameters, changes in greenhouse
gas concentration and atmospheric circulation. The model
covers the whole Baltic Sea area and its surroundings and has
a horizontal resolution of about 50 %X 50 km. Results were
presented as 50-year running means; air temperature is largely
underestimated (Schimanke et al. 2012). Biases in annual
precipitation are about 20 % in the Baltic Sea region and
during winter and autumn exceed 50 %.

Obs
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1650 1750 1850 1950

running means; reconstruction using areally averaged air temperature
from Warsaw, Bydgoszcz and Gdansk for calibration. Obs: measured
mean January—April area-averaged air temperature from Warsaw,

Bydgoszcz and Gdansk (Przybylak et al. 2005; Przybylak 2007, 2011)
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Fig. 3.4 Reconstructed mean °c DJF
10-year air temperature in Poland 2,0
from 1401 to 1840 based on
historical sources winter (DJF) 1.0
and summer (JJA). I and 2 0,0 J] J]
anomalies with respect to I [
19011960 and 1789-1850 ‘0
means, respectively. Przybylak 2.0
(2011)
3,0
-4,0
o o o o o c o o o o o o o o o c o o o o
T o2 W w9 o @ iy e o e e B e Ty g g i 9@
S N ¥ O ®» O N ¥ © ® O N ¥ © ® O N ¥ O ®
= = =+ =+ =+ w3y s uw w un w w w w w P P P - P~
oc JJA
08
06
04 n n
02
: O 1 Y [P
2 1 1 71 1
04
06
-0,8
o o o o o O o 9o o 9 oo 9 9 o 9 oo 9 o 9o 9
T R RR 9T LR T R LBEIFTRERS
FIISITLLIBBESLTEEBREEERE
m1 02
The 50-year running means for the annual temperature 1f e
anomalies over Sweden varied from —0.5 °C in the seven- —DJF
teenth century during the LIA to about +0.4 °C in twelfth to 05k ——JJA
thirteenth centuries representing the MWP (Fig. 3.5). The TP '
is clearly expressed by anomalies varying from about 0 °C
through the fourteenth century to about —0.2 °C at 1550. 0r
Winter temperature anomalies are larger ranging from
about —0.9 °C in 1700 to +0.8 °C at the middle of the twelfth _05
century (Fig. 3.5). Variability in summer temperature
anomalies is less than for the annual anomalies, ranging
— [¢] H s o -1t L L . N L
from —0.3 °C in the early eighteenth century to +0.3 °C 1000 1200 1400 1600 1800

during the MWP near the mid-twelfth century.

The variability in annual and winter temperature anom-
alies for the Baltic Sea region presented in Fig. 3.5 (Schi-
manke et al. 2012) differs from other reconstructions. Winter
temperature anomalies are lowest in the latter half of the
seventeenth century (—0.9 °C). This shows some agreement
with the reconstructed winter temperatures for the greater
Baltic Sea area (Eriksson et al. 2007) discussed in Sect. 3.5.
A large discrepancy is visible in the first half of the eigh-
teenth century when the reconstructed winter temperature
anomaly is greatest in the LIA, while the model simulation
indicates a warm episode near 1800, which Eriksson et al.
(2007) suggested was the coolest in the LIA (based on 15-
year running means for temperature).

Fig. 3.5 The 2-m temperature anomaly with regard to the preindustrial
mean (950-1900) for the winter (DJF), summer (JJA) and annual mean
averaged over the Baltic Sea region. The coloured sections highlight the
periods that are defined as MWP (red) and LIA (blue). The darker
colours reflect the 50-year periods which are considered for the analysis
of the Baltic Sea. After Schimanke et al. (2012)

Reconstructing past precipitation using proxy measure-
ments is more difficult than for temperature and is only
possible for parts of the year. There is no possibility of
reconstructing annual precipitation data from proxy data.
Biintgen et al. (2011b) reconstructed total precipitation from
April to June for central Europe between the southern Baltic
Sea and the Alps. Warm and dry summers are typical during



56

Fig. 3.6 a Central European and

—_
=
—
-

T. Niedzwiedz et al.

Network Extremes West-Mid Extremes West-East Extremes

g N (+15/-28) (+10/-8) . ‘1 (+51-3)
regional fir TRW (Tree Ring - * . Rerseini g =
Width) extremes, and b their E 2r y UL s | g el 4% o Lol T %5g foe 1
centennial changes over the past ﬁ 0 8 3 N 8 (b), 8 =
millennium (network extremes N - E .g
were double weighted), compared E ok 1° %%
to ¢ annual-resolve and 40-year E F T e
low-passed Central European E Ap 8 g8 g g ] - Ega:l
April-June precipitation ur ST I 4.1 4l > ST IR UL
variability (Biintgen et al. 2011c) ® L V0 s [ UT L thes o T
(f) FB.ZE
e 2f 1052 1318
g " 1187
g |
1361
= E I { 1762 1956
; 2t . 1397
« 1167 o8
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Years (AD)
15
{600 & 3.4 The Medieval Warm Period (MWP
—_— @
3 2 900-1350)
£ E
=
B 145 s . .
= o At the turn of the tenth and eleventh centuries, relatively
2 o8 ‘g stable climate conditions with few extremes prevailed in the
g = . . .
a o Baltic Sea basin and the surrounding parts of Europe. Hot
141 = and dry summers were noted in 993 and 994, respectively.
. . . 560 For example, in Russian chronicles, eight droughts (1000,
1000 1200 1400 1600 1800

Fig. 3.7 Annual precipitation in the Baltic Sea catchment area (green)
and statistical estimated runoff (blue) as 50-year running means. After
Schimanke et al. (2012)

the MWP (900-1350). The onset of the TP in the latter half
of the thirteenth century is indicated by cooler and wetter
summers. Total precipitation between April and June over
the past millennium in central Europe is presented in
Figs. 3.1 (Biintgen et al. 2011b) and 3.6 (Biintgen et al.
2011c). Generally, the MWP was drier than the first half of
the TP and the LIA in spring and early summer seasons.

Annual precipitation simulated in the Baltic Sea catch-
ment area by a regional climate model (Schimanke et al.
2012) and shown in Fig. 3.7 indicates that the annual totals
are larger during the MWP than the TP and the LIA. The
annual precipitation data cannot be compared with the
reconstructed data for April-June. However, the very dry
period in the latter half of the fifteenth century is marked in
both precipitation series. The variability of river runoff to the
Baltic Sea follows changes in precipitation. However, the
simulation of river runoff for the period 1500-1995 by
Hansson et al. (2011) presented in Chap. 5, Fig. 5.3 indicates
no significant long-term change.

1025-1028, 1035, 1037, 1092), four wet summers with rain
and floods (1002, 1031, 1034, 1043) and seven severe
winters (1034/35, 1043/44, 1047/48, 1056/57, 1058/59,
1066/67, 1076/77) were noted in the eleventh century (Bo-
risenkov and Pasetsky 1988, 2002).

In Europe, the warmest conditions occurred between
1200 and 1250, and the MWP ended about 1350 (Borisen-
kov and Pasetsky 1988, 2002). Chernavskaya (1996)
reconstructed the June temperature changes in European
Russia over the past two millennia based on pollen analysis
in peat bogs. Data from Polistovo (56.8°N, 38.1°E) suggest
an earlier occurrence of the MWP (ninth to tenth centuries)
in European Russia than in central Russia (tenth to eleventh
centuries). Two periods of strong cooling occurred in the
middle of the twelfth century and at the end of the fourteenth
century. On the East European Plain, summer temperatures
during the MWP were found to be above the long-term
average between 900 and 1200 (Klimenko and Solomina
2010). For Fennoscandia (Fig. 3.2), summer temperatures
were elevated in the tenth and eleventh centuries (Gouirand
et al. 2008). Even warmer summer periods were noted in the
late twelfth century, succeeding the extreme cool summers in
the mid-twelfth century.


http://dx.doi.org/10.1007/978-3-319-16006-1_5
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Recent investigations of Fennoscandia by Ljungqvist
(2010) showed that the MWP occurred between 800 and
1300. At that time, warm-season (May—September) tem-
peratures exceeded the contemporary warming of the end of
twentieth century by about +0.5 °C. The start of the warming
was noted between the ninth and tenth centuries, and the
peak temperature appeared at the beginning of the second
half of the twelfth century. In a winter temperature simula-
tion over the Baltic Sea region (Schimanke et al. 2012)
during that time anomalies reached their highest value of
+0.8 °C for the MWP (Fig. 3.5). Lower temperatures
occurred at the end of the MWP, about 1350. A diatom-
based July temperature reconstruction for the past 800 years
in northern Scandinavia (Weckstrom et al. 2006; Holmstrom
2011) indicates that temperature was about 0.2 °C higher in
the latter half of the fifteenth century than in 1970-2000. An
exceptionally warm period occurred in 1220-1250 and in the
latter half of the fifteenth century (1470-1500) in the
TP. The frequency of extreme temperature events in Russia
increased in the twelfth century (Borisenkov and Pasetsky
1988, 2002). Winter-simulated temperature indicates the
second warm episode of the MWP in the latter half of the
thirteenth century (Schimanke et al. 2012) for the Baltic Sea
region (Fig. 3.5). At the beginning of the fourteenth century,
climatic conditions cooled rapidly. In 1315, a serious famine
in northern Europe resulted from a series of very cold
winters (1302/03 and 1305/06) and cool and wet summers
(1314-1317) across the whole of Europe (Cowie 2007).

There is less information available on precipitation in the
MWP (Gouirand et al. 2008; Biintgen et al. 2011b, c).
Nevertheless, a regional dendroclimatic precipitation recon-
struction from southern Finland showed a uniquely pro-
longed rainfall deficit coinciding with the MWP (Helama
et al. 2009a). The drought was particularly severe between
1000 and 1200. The simulation of annual precipitation for
the Baltic Sea catchment using a regional climate model
(Schimanke et al. 2012) shows that the driest period was the
mid-eleventh century and that two wet periods occurred in
the first half of the twelfth century and the latter half of the
thirteenth century (Fig. 3.7). As a generalisation, relatively
dry periods occurred in Europe in the years: 1272-1291, and
1300-1309, while the wettest conditions were noted in
1312-1322 (Borisenkov and Pasetsky 1988, 2002). In
April-June in central Europe (Fig. 3.6), wet conditions were
observed in 1052, 1187 and 1316, and the driest in 1167
(Biintgen et al. 2011c). Distinct wet periods with frequent
floods were recognised in this region at 1020-1030 and
1075-1100 (Starkel 2001).
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The Transitional Period
(TP 1350-1550)

3.5

The increase in the intra-seasonal variability of climate at the
end of the MWP in the period 1270-1350 is considered to be
the beginning of the LIA; however, Brazdil et al. (2005)
suggested that the following 200-year period should be
treated as transitional between the MWP and the LIA. This
period was characterised by a great variability of climatic
conditions. At that time, temperature decreased by about
1.2 °C, but cooling occurred until the latter half of the six-
teenth century (Borisenkov and Pasetsky 1988, 2002).
During this period, the decreasing tendency of mean annual
and seasonal temperatures simulated for Baltic Sea region
(Fig. 3.5) is clearly visible.

Over the majority of Europe and Russia, very unfa-
vourable conditions for agriculture in the period 1400-1480
were linked to large fluctuations in temperature and pre-
cipitation. For example, the summers of 1428, 1434, 1436
and 1438 were hot and dry and the summer of 1435 was
cool and dry, whereas the summers of 1432, 1437 and 1439
were extremely wet with flooding (Borisenkov and Paset-
sky 1988, 2002). In central Europe (Fig. 3.6), the first part
of the TP up to about 1430 was very wet according to the
reconstructed April-June precipitation curve (Biintgen et al.
2011c) and followed by very dry conditions with an
extremely dry and hot spring and summer in the year 1504
(Glaser 2008).

In Poland (Fig. 3.4), severe winters were detected in four
decades: 1401-1410, 1451-1460, 1511-1520 and 1541-
1550 (Przybylak 2011). The warmest were winters during
the years 1521-1530. Similar thermal conditions in winter
based on historical sources were found in Latvia (Jevrejeva
2001) and Estonia (Tarand and Nordli 2001). The summers
were relatively warm in two decades: 1471-1480 and 1491-
1500.

The first halves of the fifteenth and sixteenth centuries
appear relatively warm periods, but there was large vari-
ability (Helama et al. 2009b). Climatic variability may be
reflected in the proxy instability. According to a diatom-
based reconstruction, the warmest 30-year non-overlapping
period in northern Scandinavia occurred in 1470-1500
(Weckstrom et al. 2006); however, according to a dendro-
climatic reconstruction in this region, the summers of the late
fifteenth century were anomalously cold (Helama et al.
2009b). There were very warm conditions in Fennoscandia
in summer at the end of the TP (Gouirand et al. 2008;
Fig. 3.2).
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3.6 The Little Ice Age (LIA 1550-1850)

In the latter half of the sixteenth century, the temperature
dropped. This tendency was particularly clear in the period
1569-1579. Another sequence of extremely wet and cool
summers was identified at the end of the sixteenth century
(Borisenkov and Pasetsky 1988, 2002). The longest con-
secutive cold period occurred from the late sixteenth century
to the mid-eighteenth century (Gouirand et al. 2008), which
is in very good agreement with a regional climate model
simulation for temperature in the Baltic Sea region (Schi-
manke et al. 2012; Fig. 3.5). But a short sequence of very
warm summers was observed in the latter part of eighteenth

Fig. 3.8 Winter climate
conditions in the greater Baltic
Sea region since 1500. The grey
colour shows seasonal winter data
from two gridded data sets: (top
to bottom) Baltic Sea mean winter
air temperature. Black line in all
panels is a 15-year running mean.
Blue and red fields cover periods
classified as cold and mild,
respectively (Eriksson et al. 2007)

Temperature (°C)

century, just before the prolonged cooling at the end of the
eighteenth and during the nineteenth century (Fig. 3.2).
Eriksson et al. (2007) analysed the complex description
of winter climate conditions during the LIA for the greater
Baltic Sea region (50-70°N, 0-30°E). Their study is based
on well-documented time series of ice cover, sea-level
pressure and winter surface-air temperatures. Using winter
temperature in connection with atmospheric circulation and
ice conditions, they found four cold and three warm periods
during the LIA (Fig. 3.8). In the latter half of the sixteenth
century, a cool phase (1562-1576) passed to a relatively
mild period (1577-1591). In the seventeenth century, two
phases of cold winters, 1597-1629 and 1663-1706, were
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divided by the mild period of 1630-1662. The first half of
the eighteenth century (1707-1750) which includes the
warmest winter (1723/24) is considered to be the major
warm period. At this time, the maximum ice extent in the
Baltic Sea was similar to present-day conditions, albeit there
are many uncertainties related to the observations at that
time (Seind and Palosuo 1996; Hansson and Omstedt 2008).
The period 1730-1745 has also been described as particu-
larly variable interannually, swinging from extremely mild
to extremely cold winters (Jones and Briffa 2006). The
occurrence of cold winters is related to the Late Maunder
Minimum (1675-1715) which has also been discussed by
Luterbacher et al. (2001) and in Chap. 4, Sect. 4.2.3. The
longest cool period in the final phase of the LIA in the Baltic
Sea region (1750-1877) coincided with the Dalton
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Minimum (1790-1840) in solar activity (Eriksson et al.
2007; see also Chap. 4). During the entire LIA, no down-
ward trend in ice break-up date of the river Daugava was
detected (see also Chap. 5).

A new reconstruction of the Baltic Sea region climate for
the past 500 years was prepared by Brazdil et al. (2010) on
the basis of instrumental data and documentary evidence
under the MILLENNIUM project. January—April mean
temperatures were reconstructed for Stockholm (1502-2008)
and central Europe (1500-2007). In central Europe, the
coldest conditions were observed in the sixteenth century,
while in central Sweden the end of the seventeenth century
was cooler (Fig. 3.9). In central Europe, the warmest period
was the first half of the eighteenth century, while in Stock-
holm such conditions occurred at the end of the eighteenth

Fig. 3.9 Comparison of
reconstructed JFMA
(January—April) temperatures
for Stockholm (1502-2008)
and CEuT (Central European
Temperature) (1500-2007) | 1
(anomalies from the 1961-1990 -4 | ! [ |
mean). Original series of CEuT 6
(a) and Stockholm (b) are 8
smoothed with a 30-year 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
Gaussian filter (¢) and compared
using 31-year running 6
correlations between unfiltered T 4 (b)
data (d). The horizontal solid line = 2
in d denotes the critical value of ot |
; : 2 01T
correlation coefficients for =
a = 0.05 for one-tailed ¢ test 5 2
(Brazdil et al. 2010) g -4
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Fig. 3.10 Reconstructed and modelled northern Scandinavian summer
temperature variations over the past five centuries (Biintgen et al.
2011a). a Actual (black) and reconstructed (red) JJA (June—August)
temperature anomalies (°C) with error estimates (grey) and the ten
warmest and coldest decades superimposed (colour boxes). b Compar-
ison of the actual and reconstructed temperatures with five existing

century. In the recently modelled and reconstructed northern
Scandinavian summer temperatures since 1500 (Fig. 3.10),
the longest cool period covered the first half of the seven-
teenth century (Biintgen et al. 2011a) and the beginning of
the eighteenth century as well as in the early nineteenth
century. The warmest conditions occurred just after the
middle of the eighteenth century.

There are several climate reconstructions based on the
documentary and instrumental data for the period since
1500. Koslowski and Glaser (1999) constructed an ice
winter severity index and temperature for the western Baltic
Sea region, covering the period of 1500-1759. Temperature
series were reconstructed for Stockholm (Moberg et al.
2002; Leijonhufvud et al. 2010), Tallin (Tarand and Nordli
2001), Poland as a whole (Dobrovolny et al. 2010; Luterb-
acher et al. 2010; Przybylak et al. 2010) and the Tatra
Mountains (Bednarz 1984; Niedzwiedz 2004; Biintgen et al.
2007), and several parts of central Europe (Pfister 1992;
Brazdil 1996; Luterbacher et al. 2004; Dobrovolny et al.
2010).

Glaser et al. (2010) reconstructed the variability of floods
in Europe since 1500. The precipitation conditions are pre-
sented in Figs. 3.1 and 3.6. The wettest conditions during the
LIA were observed in 1675 (Glaser 2008) and the first half
of the eighteenth century, and the driest were the years 1504
and 1762 (Biintgen et al. 2011c). In southern Finland, con-
ditions were markedly wetter during the LIA than the MWP,
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(green) reconstructions. ¢ Comparison of the actual and reconstructed
temperatures with CCSM3 surface-air temperature (pink) and sea
surface temperature (blue) model simulations. Mean and variance of the
data are scaled against JJA temperature (1860-2006), expressed as
anomalies (relative to 1961-1990) and 20-year low-pass filtered

as inferred from tree rings (Helama et al. 2009a). An
exception was a period of transient drought which, as the
same dendroclimatic reconstruction indicates, occurred
during the first decades of the nineteenth century. A regional
model simulation of annual precipitation (Schimanke et al.
2012) shows that the driest period of the LIA was the latter
half of the seventeenth century (Fig. 3.7). For central-east
Sweden the low May—June precipitation was found by
Jonsson and Nilsson (2009) to occur in the periods 1560—
1590 and 1694-1751. The clustering of heavy rainfall years
is typical for the LIA, causing the floods in central Europe in
1590-1610, 1705-1715 and 1800-1815 (Starkel 2001).
They coincide with the relatively cool periods of Spérer,
Maunder and Dalton solar activity minima.

In the seventeenth century, the winter of 1657/58 was
exceptionally cool. Modelled Baltic Sea ice extent indicates
that it was one of the coldest winters for the Baltic Sea since
1500 (Hansson and Omstedt 2008). The sequence of cool
summers and winters occurred over the period 1690-1699.
In Sweden, climatic conditions favourable for agriculture
occurred in 1604-1620 (Borisenkov and Pasetsky 1988,
2002). According to a diatom-based July temperature
reconstruction in Finnish Lapland (Weckstrom et al. 2006),
particularly cold 30-year periods were detected between
1640-1670 and 1750-1780. In several reconstructions, the
low-frequency variability of LIA temperature is underesti-
mated (e.g. von Storch et al. 2004; Zorita et al. 2007,
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Christiansen and Ljungqvist 2011). A new method of tem-
perature reconstruction (Christiansen and Ljungqvist 2011)
showed that in the seventeenth century, the lowest temper-
ature anomaly in the cooling northern hemisphere reached a
50-year smoothing value 1.1 °C below the contemporary
level (1880-1960). The period 1630-1700 was the coolest
consecutive period of the entire past millennium.

At the beginning of the eighteenth century, the winter of
1708/09 was perhaps the coldest winter of the past 500 years
(Luterbacher et al. 2004). In Poland, the coolest winters were
recorded in the decades 1701-1710 and 1741-1750, while the
coldest summers were found in the decade 1731-1740
(Przybylak 2011). Very cold winters were also observed at the
end of eighteenth century in 1783/84, 1788/89, 1794/95 and
1798/99 (Borisenkov and Pasetsky 1988, 2002). This cold
period continued to the end of the first half of the nineteenth
century. In 1815, the Tambora volcanic eruption in Indonesia
discharged large amounts of ash into the upper atmosphere,
resulting in the famous ‘year without a summer’ in 1816. This
particular year, the summer in western Europe was unusually
cold. However, that was not the case in the Baltic Sea basin
(Briffa and Jones 1992). In eighteenth century in Poland,
precipitation showed large variability. The period 1731-1750
was wetter than normal (Przybylak 2011). But between 1751
and 1766, during a generally dry period with 13 dry years, the
wettest was 1755 and the driest 1762.

Dendroclimatological studies have identified several cool
and rainy summers in the Carpathian Mountains (southern
Poland) in the latter part of the LIA: 1650-1660, 1670—
1685, 1690-1719 and 1735-1745 (Bednarz 1984, 1996).
The final phase of the LIA in the first half of the nineteenth
century was also marked by a sequence of exceptionally cold
years between 1812 and 1824. In that period, average winter
temperature in Russia and a large part of Europe was lower
than normal by as much as 10-12 °C (Borisenkov and
Pasetsky 1988, 2002). In central Europe, the winter of 1829/
30 was extremely cold, as well as the winters of 1822/23 and
1837/38. In Norway, based on farmer diaries (Nordli et al.
2003), the severely cold spring/summer (April-August)
decadal temperatures were found around 1740, and the
1800s and 1830s.

The cooling during the LIA had an important influence on
human society. At the turn of the thirteenth and fourteenth
centuries, the number of farms in northern Norway decreased
due to a drop in temperature (Cowie 2007). In Finland,
abandoning of farms in the sixteenth and seventeenth cen-
turies coincided with a long-term summer temperature
cooling, implying that the desertion may have resulted from
a change in climatic conditions that significantly limited
agriculture as a means of subsistence (Holopainen and He-
lama 2009). In the same region, harvest records show that
during the poorest years the amount of grain harvested was
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less than had been sown (Holopainen and Helama 2009).
Very unfavourable weather conditions in 1697 resulted in a
failed crop. This caused widespread famine, followed by
over a third of the Finnish and a fifth of the Estonian pop-
ulation dying in just a few years (Cowie 2007). Also, the
cold winter of 1657/58 permitted the Swedish King Charles
X to walk across the frozen Belts and Sound with his army
and occupy all of Denmark, except for Copenhagen, with a
large loss of land for the Danish (Neumann 1978; Hansson
and Omstedt 2008).

There are discrepancies in the dates of both the end of the
LIA and the beginning of the CW. The majority of scientists
agree on 1850 as being crucial (e.g. Grove 1988). However,
some climatologists claim that the LIA did not finish until
the last decades of the nineteenth century (e.g. Lamb 1977).
In southern Poland (Tatra Mountains) according to summer
temperature data, the final episode of the LIA Ilasted
103 years: 1793-1895 (Niedzwiedz 2004).

3.7 Conclusion

According to the scientific literature, there are four climatic
periods of the past millennium: the Medieval Warm Period
(MWP 900-1350), the Transitional Period (TP 1350-1550),
the Little Ice Age (LIA 1550-1850), and the Contemporary
Warm Period (CW after 1850). The MWP started at the
beginning of the tenth century with relatively stable climate
conditions, and few extremes prevailed in the Baltic Sea
basin and the surrounding parts of Europe. The warmest
conditions occurred between 1200 and 1250. Two periods of
strong cooling were detected in the middle of the eleventh
and at the beginning of the fourteenth century. During the
MWP in Fennoscandia, warm-season (May—September)
temperatures exceeded the contemporary warming of the end
of twentieth century by about +0.5 °C. The following 200-
year period should be treated as a transitional period between
the MWP and LIA. This period was characterised by a great
variability in climatic conditions; at that time, temperature
decreased by about 1.2 °C. In the latter half of the sixteenth
century, the temperature dropped, initiating the LIA. Winter
temperatures in combination with atmospheric circulation
and ice conditions indicate four cold and three warm periods
during the LIA. In the recently modelled and reconstructed
northern Scandinavian summer temperatures since 1500, the
longest cool period prevailed during the first half of the
seventeenth century and at the beginning of the eighteenth
century, as well as during the first years of the nineteenth
century. During these main historical climatic periods, cli-
matic conditions were not uniform. Shorter warm/cool and
wet/dry fluctuations were observed depending on regional
factors.
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Introduction

The six chapters of this part describe the observed climatic
changes in the atmosphere, on land (river runoff, cryosphere)
and at sea (circulation and stratification, sea ice, sea level and
wind waves) for properties in the Baltic Sea drainage basin
over the past 200 to 300 years. This period is characterised by
the existence of in-situ measurements in contrast to earlier
periods for which the information is mainly obtained by
proxy data (see Part I). The Baltic Sea area is relatively
unique with a dense observational network covering an
extended time period. Continuous time series extend back to
the mid-eighteenth century for a few stations. A denser net-
work of stations measuring continuously with relatively good
accuracy has been developed since the mid-nineteenth cen-
tury. The start of environmental monitoring by satellites in
1978 has meant increased coverage in space and time, espe-
cially in regions not covered by conventional observations,

and the inclusion of additional variables has enhanced the
possibility for extracting and analysing the data enormously.
Data analysis may be subdivided into three periods: an early
period with sparse and relatively uncertain measurements, a
period with well-developed synoptic stations, and the past 30
+ years characterised by the availability of satellite data and
sounding systems. It cannot be expected that data spanning
such long periods is homogeneous in time. Conclusions
concerning long-term trends should only be drawn from
homogenised data. It is important to have a good under-
standing of climate change over the past 200 years, since it is
during the latter part of this period that the recent anthropo-
genic influence can potentially be seen. The focus of the
following six chapters is on physical environmental param-
eters such as patterns of atmospheric circulation, radiation
and temperature, and on parameters related to the water cycle
(precipitation, hydrology and the cryosphere). Most of these
parameters are strongly interdependent.



Anna Rutgersson, Jaak Jaagus, Frederik Schenk, Martin Stendel,
Lars Barring, Agrita Briede, Bjorn Claremar, Inger Hanssen-Bauer,
Jari Holopainen, Anders Moberg, @yvind Nordli, Egidijus Rimkus,
and Joanna Wibig

Abstract

This chapter describes observed changes in atmospheric conditions in the Baltic Sea drainage
basin over the past 200-300 years. The Baltic Sea area is relatively unique with a dense
observational network covering an extended time period. Data analysis covers an early period
with sparse and relatively uncertain measurements, a period with well-developed synoptic
stations, and a final period with 30+ years of satellite data and sounding systems. The
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climate of the Baltic Sea basin, especially the North Atlantic Oscillation. Warming has been
observed, particularly in spring, and has been stronger in the northern regions. There has been
a northward shift in storm tracks, as well as increased cyclonic activity in recent decades and
an increased persistence of weather types. There are no long-term trends in annual wind
statistics since the nineteenth century, but much variation at the (multi-)decadal timescale.
There are also no long-term trends in precipitation, but an indication of longer precipitation

periods and possibly an increased risk of extreme precipitation events.
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4.1 Introduction

This chapter reports on trends and variability in atmospheric
parameters over the past 200-300 years. The focus is on
large-scale atmospheric circulation and its changes, as well
as on observed changes in surface variables such as wind,
temperature and precipitation. Situated in the extra-tropics of
the Northern Hemisphere, the Baltic Sea basin is under the
influence of air masses from the Arctic to the subtropics. It is
therefore a region of very variable weather conditions. From
a climatological point of view, the region is controlled by
two large-scale pressure systems over the north-eastern
Atlantic Ocean—the Icelandic Low and the Azores High—
and a thermally driven pressure system over Eurasia (high
pressure in winter, low pressure in summer). In general,
westerly winds predominate, although any other wind
direction is also frequently observed. As the climate of the
Baltic Sea basin is to a large extent controlled by the pre-
vailing air masses, atmospheric conditions will therefore be
controlled by global climate as well as by regional circula-
tion patterns. The atmospheric parameters are strongly in-
terlinked (i.e. the circulation influences the wind,
temperature, humidity, cloudiness and precipitation patterns,
and the radiation and cloudiness influence surface
temperature).

4.2 Large-Scale Circulation Patterns

The atmospheric circulation in the European/Atlantic sector
plays an important role in the regional climate of the Baltic
Sea basin (Hurrell 1995; Slonosky et al. 2000, 2001; Moberg
and Jones 2005; Achberger et al. 2007). The Baltic Sea
region is influenced in particular by the North Atlantic
Oscillation (NAO; Hurrell 1995). The NAO influences
northern and central Europe and the north-east Atlantic and
therefore also the climate in the Baltic Sea basin. The impact
of the NAO is most pronounced during the winter season,
November to March (Hurrell et al. 2003). While the NAO is
defined in relation to conditions within the European/
Atlantic sector, it is in fact part of a hemispheric circulation
pattern, the Arctic Oscillation (AO; e.g. Thompson and
Wallace 1998). See Box 4.1.

Box 4.1 North Atlantic Oscillation

The NAO is the dominant mode of near-surface
pressure variability over the North Atlantic and
neighbouring land masses, accounting for roughly

A. Rutgersson et al.

one-third of the sea level pressure (SLP) variance in
winter. In its positive (negative) phase, the Icelandic
Low and the Azores High are enhanced (diminished),
resulting in a stronger (weaker) than normal westerly
flow (Hurrell 1995). For strongly negative NAO
indices, the flow can even reverse when there is higher
pressure over Iceland than over the Azores.

There is no unique way to define the spatial
structure of the NAO. One approach uses one-point
correlation maps (Hurrell et al. 2003). These can be
used to identify the NAO as regions of maximal
negative correlation over the North Atlantic (e.g.
Wallace and Gutzler 1981). Points identified by this
procedure are situated near or over Iceland and over
the Azores extending to Portugal, respectively. Other
approaches use principal component analysis, in
which the NAO is identified by the eigenvectors of the
cross-correlation matrix which is computed from the
temporal variation of the grid point values of SLP,
scaled by the amount of variance they explain (e.g.
Barnston and Livezey 1987) or clustering techniques
(e.g. Cassou and Terray 2001a, b). A third option uses
latitudinal belts. An index defined this way yields
higher correlations with air temperature and precipi-
tation in the eastern Baltic Sea region (e.g. Li and
Wang 2003).

The NAO is the first mode of a principal compo-
nent analysis of winter SLP. The second mode is
called the east Atlantic pattern (Wallace and Gutzler
1981) and represents changes in the north—south
location of the NAO (Woolings et al. 2008). It is
characterised by an anomaly in the north-eastern North
Atlantic Ocean, between the NAO centres of action.
Negative values mean a southward displacement of the
NAO centres of action and lower temperatures (Moore
and Renfrew 2012), positive values correspond to
more zonal winds over Europe and expected higher
temperatures. The third dominant mode is the Scan-
dinavian pattern, also called the Eurasian (Wallace and
Gutzler 1981) or blocking pattern (Hurrell and Deser
2009), which in its positive phase is characterised by a
high-pressure anomaly over Scandinavia and a low-
pressure anomaly over Greenland. This indicates an
east-west shift of the northern centre of variability
defining the NAO.

As shown in Fig. 4.1, the strongly positive NAO
phase in the 1990s can be seen as a component of
multi-decadal variability comparable to conditions at
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4.2.1 Circulation Changes in Recent

the beginning of the twentieth century rather than as Decades
part of a trend towards more positive values.

The long-term annual variations in the NAO are in From a long-term perspective, the behaviour of the NAO is
good agreement with 99th percentile wind speeds irregular. However, for the past five decades, specific peri-
(Wang et al. 2011) over western Europe and the first ods are apparent. Beginning in the mid-1960s, a positive
principal component (PC1) calculated over eight dif- trend has been observed, that is towards more zonal circu-
ferent pressure-based storm indices over Scandinavia lation with mild and wet winters and increased storminess in
(Barring and Fortuniak 2009), showing large multi- central and northern Europe, including the Baltic Sea area
(decadal) variations in atmospheric circulation and (e.g. Hurrell et al. 2003). After the mid-1990s, however,
related wind climates (Fig. 4.2 and further discussed in there was a trend towards more negative NAO indices, in
Sect. 4.3.2). other words a more meridional circulation. These circulation

changes are apparently independent of the exact definition of

Fig. 4.2 Time evolution of the
99th percentiles of the
geostrophic wind index
(Alexandersson et al. 1998, 2000,
top), a reconstructed NAO index
(Luterbacher et al. 2002, centre)
and the first principal components
of the Lund and Stockholm
storminess indices (PC1) over the
Baltic Sea region. Thick curves
are filtered with a Gaussian filter
(o = 4) to focus on inter-decadal

variations (Bérring and Fortuniak
2009) _PC1 Lund o
= PC1 Stockholm :
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the NAO (see also Jones et al. 1997; Slonosky et al. 2000,
2001; Moberg et al. 2005).

Kysely and Huth (2006, see Fig. 4.3) discussed the
intensification of zonal circulation, especially that during the
1970s and 1980s. The stronger zonal circulation does not
appear isolated, but coincides with changes in other atmo-
spheric modes. In recent winters, the authors noted an
intensification of cyclonic activity over Fennoscandia along
with more frequent blocking situations over the British Isles.
At the same time, less cyclonic activity is observed over the
Mediterranean. While there is a general increase in the zo-
nality of the flow in winter, the opposite appears to occur in
summer (Kaszewski and Filipiuk 2003; Wang et al. 2009a).

There are also indications (Kysely 2000; Werner et al.
2000; Kysely 2002; Kysely and Huth 2006) that weather
types (as defined, for example, by Hess and Brezowksy
1952) are more persistent than in earlier decades. For all
weather types (zonal, meridional or anticyclonic), an
increase in persistence of the order of 2—4 days is found from
the 1970s to the 1990s. This increase in persistence may be
reflected in the increase in the occurrence of extreme events.

Getzlaff et al. (2011) and Lehmann et al. (2011, Fig. 4.4)
showed intensified cyclonic circulation and stronger
westerlies for the 1990s and 2000s compared to the 1970s
and 1980s.

Fig. 4.3 Temporal changes in
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Interpretation of circulation changes must be done with
care, and reanalysis products are often used (such as the
reanalysis from the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric
Research (NCAR) NCEP/NCAR, or the reanalysis of the
European Centre of Medium Range weather forecasts;
ERA). Despite inhomogeneities in the NCEP/NCAR
reanalysis data, both before and after the introduction of
satellites as a source of environmental monitoring data in
late 1978 (the same holds for ERA products), the results in
Fig. 4.4 probably mirror real changes. Lack of data over
ocean areas before the introduction of satellites might not
introduce major problems since several Ocean Weather
Ships (OWS) were on duty after the Second World War in
the north-east Atlantic. It appears probable that deep
cyclones were identified in particular by OWS ‘C’ (south of
Greenland) or OWS ‘M’ (east of Greenland). For the Barents
Sea region, inhomogeneities in the data cannot be com-
pletely ruled out. However, periods P3 and P4 (see Fig. 4.4
for definition), both occurring after the transition to satellites,
should be directly comparable.

Jaagus (2006) investigated the large-scale circulation over
Estonia during the second half of the twentieth century and
found a general increase in westerlies, particularly in Feb-
ruary and March with a decrease in May. Such an increase

the relative frequencies of
occurrence (in %; solid curve)
and mean lifetime (in days;
dashed curve) of groups of large-
scale circulation patterns
(‘GroBwetterlagen’; GWL) in
winter in the period 1958-2000.
Five-year running means are
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Fig. 4.4 Total number of deep
(core pressure < 980 hPa)
cyclones counted for four 20-year
periods P1-P4, based on NCEP/
NCAR reanalysis four times daily
SLP data for winter (DJFM). Unit
is number of deep cyclones, with
an increment of 100 (Lehmann
et al. 2011). See discussion of
inhomogeneities in Sect. 4.2
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may have caused additional coastal erosion along the eastern
margin of the Baltic Sea (see Chap. 20), as well as changes
in other parameters in the region (Klavins et al. 2007, 2009;
Valdmann et al. 2008; Draveniece 2009; Rivza and Brunina
2009; Avotniece et al. 2010; Klavin§ and Rodinov 2010;
Lizuma et al. 2010).

4.2.2 Long-Term Circulation Changes

There are a large number of studies discussing the influence
of long-term change in atmospheric circulation on surface
characteristics of the Baltic Sea region. Early publications,
for example, by Tinz (1996), Chen and Hellstrdm (1999),
Koslowski and Glaser (1999), Jevrejeva (2001), Omstedt
and Chen (2001) and Andersson (2002) agreed that there has
been a north-eastward shift in low-pressure tracks, which is
consistent with a more zonal circulation over the Baltic Sea
basin and the observed trend of a more positive NAO index,
at least up to the 1990s (Trenberth et al. 2007). A northward
shift in low-pressure tracks is also consistent with model
projections of anthropogenic climate change, as pointed out
by Leckebusch and Ulbrich (2004), Bengtsson et al. (2006),
Leckebusch et al. (2006), Pinto et al. (2007) and, more
recently, Lehmann et al. (2011).

Jacobeit et al. (2001, 2003) and Hurrell and Folland
(2002) discussed the strong temporal variability in the rela-
tionship between the general circulation of the atmosphere
and surface climate characteristics over the past 300 years.
Their studies suggested that the increased frequency of both
anticyclonic circulation and westerly wind types result in a
warmer climate with reduced sea-ice cover and a reduced
seasonal amplitude in temperature. Their studies concluded
that long-term (multi-decadal) climate change in the Baltic

P4: 1988/89-2007/08

Sea region is at least partly related to changes in atmospheric
circulation.

Omstedt et al. (2004) made a thorough investigation of the
past 200 years of climate variability and changes based on the
long Stockholm time series of temperature and sea level as
well as ice cover and circulation types based on pressure data
(Fig. 4.5; see also Chap. 9 for further discussion). Over the
entire period, the authors found positive trends in temperature
and sea level, increased frequencies in both westerlies and
anticyclonic circulation and negative trends for the amplitude
of the seasonal temperature cycle and sea-ice cover.
Increased westerlies indicate a stronger than normal zonal
flow with a positive NAO index, whereas anticyclonic cir-
culation indicates a north-eastward movement of the low-
pressure tracks. This is consistent with the observed upward
trend in the NAO index (Hurrell and Folland 2002) and cir-
culation changes as reported by Jacobeit et al. (2003). Eri-
ksson et al. (2007) and Eriksson (2009) extended the analysis
of Omstedt et al. (2004) by examining the covariability of
long time series from the Baltic Sea region over different
timescales during boreal winter. Over a period of 500 years,
15 periods with a clearly distinct climatic signature with
respect to circulation patterns, inter-annual variability and the
severity of winters were identified (see Chap. 3, Fig. 3.10).
The onsets of these periods appear to have been mainly dri-
ven by internal perturbations, although volcanic activity and
solar variability may also have played a role at certain times.
The analysis indicates a clear increase in mean and maximum
temperatures beginning at the end of the nineteenth century.
The seasonal index (i.e. the magnitude of the annual tem-
perature amplitude) shows a negative trend. Further inspec-
tion reveals that the frequency of both westerlies and
anticyclonic circulation is considerably higher in the twen-
tieth century than in the nineteenth century.
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Fig. 4.5 Anomalies in the Stockholm climate record together with the
circulation types that describe the vorticity of the atmospheric
circulation. Red indicates anticyclonic circulation and blue cyclonic
circulation. a Air temperature and anticyclonic circulation, b sea level
and anticyclonic circulation, ¢ seasonal index, defined as the difference

Sepp (2009) examined the increase in cyclonic activity
and the frequency of westerlies over the Baltic Sea basin
during the twentieth century and the tendency for increased
cyclogenesis. In recent years, an increase in the percentage
of deep cyclones has been observed, while the total number
has not changed. There is also a dependence on the NAO:
during its positive phase, less, but stronger cyclones form
over the Baltic Sea region.

4.2.3 NAO and Blocking

Blocking of the atmospheric flow is frequently observed in
the Baltic Sea region. Since blocking situations, once they
have developed, are often quasi-stationary and can persist
for extended periods, they are often responsible for extreme
weather events and have quite early raised the interest of
scientists (for example Namias 1947; Rex 1950b; Green
1977). Figure 4.6 gives an example of a blocking pattern
over central Europe.

Rex (1950a) subjectively defined a blocking event as a
quasi-persistent (more than 10 days) split of the mid-tropo-
spheric flow over more than 45° in longitude. Numerous
authors have suggested modifications to this definition,
including objective measures based on meridional height
gradients. These approaches were reviewed by Barriopedro
et al. (2006). Vial and Osborn (2012) discussed the poor
performance of models with respect to simulating number,
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Fig. 4.6 The 500 hPa height field on 6 March 1948, showing a typical
blocking situation (Barriopedro et al. 2006)

frequency and spatial extent of blocking situations, a prob-
lem that had persisted for many years (d’Andrea et al. 1998).

Rimbu and Lohmann (2011) used south-western Green-
land temperature measurements and stable isotope records
from ice cores as a proxy for North Atlantic atmospheric
blocking and found that in winter, warm (cold) conditions
over south-western Greenland were related to high (low)
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Fig. 4.7 Blocking index (bars) and its decadal variation (seven-year
running mean; red) for boreal winter (DJF) 1908-2005. The blocking
index takes into account spatial aspects and persistence, and it is
defined as the number of blocked days per winter in the sector 80°—

blocking activity and a negative (positive) phase of the NAO.
For summer, however, the authors found the opposite, that
warm (cold) conditions over south-western Greenland were
related to low (high) blocking activity and a positive (nega-
tive) phase of the NAO, even though a significant part of the
North Atlantic blocking variability was not directly related to
NAO variability, but rather to the exact position of the centre
of blocking, which, in turn, did show dependence on the NAO
phase. Furthermore, it is well known (e.g. Luo and Wan 2005;
Barriopedro et al. 2006) that the frequency of blocking
exhibits considerable inter-decadal variation. Rimbu and
Lohmann (2011) constructed a North Atlantic blocking index
(Fig. 4.7) which shows pronounced decadal variations with
frequent blocking in the 1910s, 1940s and 1960s as well as
after 1995, and low blocking particularly in the 1920s, 1950s,
1970s and early 1990s, in good agreement with the observed
temperature anomalies in the Baltic Sea region during the
twentieth century. The relationship, first discussed by van
Loon and Rogers (1978), also holds further back in time; very
mild south-western Greenland winter temperatures during the
Late Maunder Minimum (late seventieth and early eightieth
centuries, see Chap. 3, Sect. 3.5) coincides with above normal
blocking frequency over Europe, cold winters and above
(below) normal pressure over northern (southern) Europe
(Luterbacher et al. 2001) and above normal sea ice (Ko-
slowski and Glaser 1999). It has also been possible to simulate
these changes in blocking frequency in reconstructed (Casty
et al. 2005) and model data (Stendel et al. 2006).

4.2.4 Distant Controls of Circulation
Changes

There are also indications that circulation changes in the
Baltic Sea region are related to climate anomalies at further
distances. Several authors have addressed the question

10°W. The blocking condition must be satisfied for an interval of at
least 12.5° for at least five consecutive days (persistence criteria),
Rimbu and Lohmann (2011)

whether the NAO is influenced by ENSO (EI Nifio/Southern
Oscillation). Since there is no significant correlation between
the two indices, the effects seem to be small (e.g. Rogers
1984; Pozo-Vézquez et al. 2001; Sutton and Hodson 2003).
However, it can be expected that the influence of ENSO on
the European climate is nonlinear and so should be analysed
in terms of composites of strong anomalies of ENSO
(Bronnimann et al. 2007). In this way, in periods of pro-
nounced La Nifia or El Nifio, the European climate can be
indirectly influenced by ENSO through teleconnections via a
downstream propagation of tropical disturbance from the
Pacific to the North Atlantic (Fraedrich 1994) to the sta-
tionary Rossby waves. Another indirect link exists via the
effect of ENSO on tropical North Atlantic temperatures (e.g.
Chiang et al. 2002). Jevrejeva et al. (2003) discussed the
influence of the Arctic Oscillation (of which the NAO can be
regarded as the European/North Atlantic part) and of ENSO
on ice conditions in the Baltic Sea and found a weak, but
non-negligible contribution from the latter. Garcia-Serrano
et al. (2011) applied a principal component analysis to the
North Atlantic/European winter 200 hPa stream function and
found a discernible El Nifio signature. In contrast, von
Storch (1987) did not find a robust ENSO signal in winter.
Thus, many different mechanisms for controlling European
climate have been suggested, but with little predictive skill.

Graf and Zanchettin (2012) discussed the effects of El
Niflo on North Atlantic/European climate. Distinguishing
between ‘central Pacific’ and ‘east Pacific’ El Nifios, they
found a teleconnection via a ‘tropospheric bridge’ between
the latter and cold European winters. Seager et al. (2010)
related positive snowfall anomalies in the Arctic to excess
moisture due to anomalously warm conditions in the pre-
ceding summer and autumn and stated that most models are
unable to capture this wintertime cooling due to their poor
representation of snow cover variability. Stroeve et al.
(2011) and Jaiser et al. (2012) showed from ERA-Interim
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data that low ice concentrations over the Arctic Ocean lead
to an increase in heat released into the atmosphere and, as a
consequence, to a reduction in vertical static stability, lead-
ing to circulation anomalies over Europe in winter that
resemble the negative phase of the NAO. In contrast, Ineson
et al. (2011) related weaker winter westerlies and a negative
NAO phase-like pattern to a minimum in solar ultraviolet
(UV) irradiance. If this finding proves correct, it implies that
low solar activity drives a cold winter in northern Europe
and the United States.

Overland and Wang (2010) found a relationship between
changes in atmospheric circulation in the Baltic Sea region
and the loss of sea ice in the Arctic. Triggered by a reduction
in Arctic summer sea ice caused by anomalous meridional
flow, the resulting additional heat stored in the Arctic Ocean
due to the increase in late summer open water area con-
tributed to an increase in the lower tropospheric relative
topography (500/1000 hPa), but not necessarily to changes
in SLP. As a consequence, anomalous easterly winds were
observed in the lower troposphere along 60°N in many
regions, including northern Europe and the Baltic region.
This is in contrast to early findings by Glowienka-Hense and
Hense (1992), who concluded that Arctic sea-ice variability
may have an effect on mid-latitude circulation through
synoptic transient eddy forcing.

More specifically, Petoukhov and Semenov (2010) per-
formed a series of experiments with the ECHAMS model at
low resolution (T42, i.e. approximately 300-km grid point
spacing with 19 vertical levels) and found a dependence of
central European winter temperatures from sea-ice cover in
the Barents and Kara Seas. A gradual decrease in sea-ice cover
from 100 % to ice-free conditions led to a strong temperature
increase, and via a nonlinear relationship between convection
over the ice-free parts and baroclinic effects triggered by
changes in temperature gradients near the surface heat source,
this resulted in a warming, then a cooling and at very low ice
cover, again a warming over central Europe. Yang et al.
(2011), using the EC-Earth model (Hazeleger et al. 2012) with
considerably higher resolution (T159, i.e. approximately
80 km between grid points, with 31 vertical levels), confirmed
a decrease in winter temperature with decreasing sea ice in the
Barents and Kara Seas, but in a more linear way than by
Petoukhov and Semenov (2010). In the light of the record, low
Arctic ice cover and recent cold winters over Europe, these are
interesting findings. As a consequence, transitions between
different regimes of the atmospheric circulation in the sub-
polar and polar regions may be very likely. Mesquita et al.
(2010) even found a connection to positive sea-ice anomalies
in the Sea of Okhotsk via a westward shift in cyclosis and the
build-up of a pattern resembling the negative phase of the
NAO over the North Atlantic.

Many other authors have also discussed the low tem-
peratures of the 2009/2010 and 2010/2011 winters over large
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parts of Europe (including the Baltic Sea region). Taws et al.
(2011) observed a tripole pattern in sea-surface temperature
(SST) anomalies related to a negative NAO phase. Guirguis
et al. (2011) and Cattiaux et al. (2010) argued that only parts
of Europe, Russia and the United States experienced cold
anomalies, while extreme warm events were observed at
several other locations in the Northern Hemisphere, thus
providing a consistent picture of a regional cold event under
global warming conditions. Cattiaux et al. (2010) and Ou-
zeau et al. (2011) highlighted the importance of an adequate
representation of the stratosphere in the ARPEGE model for
reproducing the cold anomalies over Europe. Cohen et al.
(2010) related stratospheric temperature anomalies and their
interaction with the troposphere. On the other hand, Jung
et al. (2011) stated that internal atmospheric dynamic pro-
cesses were responsible for the extended negative NAO
phase in 2009/2010. Stroeve et al. (2011) argued that neg-
ative AO indices and corresponding low sea-ice volumes at
the beginning of the melt season result in the summer melt of
much of the multi-year sea ice due to ice transport into
warmer southerly waters related to the atmospheric circula-
tion anomalies. Some studies also suggest a link between
autumn snow cover in Eurasia and Northern Hemisphere
winter circulation (see Chap. 6).

4.2,5 Controls of the NAO

A spectral analysis of the NAO time series revealed little
evidence for the NAO index to vary on any preferred
timescales (Hurrell and Deser 2009). There were large
changes from winter to winter and even within a season, but
a decadal signal was also visible. For example, high NAO
index values prevailed during the 1920s, while the 1960s
were characterised by low values. Very high values were
observed in the 1990s, together with a north-eastward dis-
placement of the centres of action (Hurrell and van Loon
1997). Whether this is related to anthropogenic climate
change or to what extent the NAO might change in the future
due to global warming is still a matter of conjecture. The
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4) (Meehl et al. 2007) stated that °...
the most consistent results from the majority of the current
generation of models show, for a future warmer climate, a
poleward shift of storm tracks in both hemispheres...’ .
Ulbrich et al. (2009) concluded that most models agree that
there are fewer, but more intense cyclones in many parts of
the extra-tropics, including the North Atlantic/European
region. They also noted that this conclusion can only be
drawn when ‘extreme’ is defined as a function of core
pressure, whereas no such increase (actually, a slight
decrease in several models) is found when ‘extreme’ is
instead defined from pressure gradients.


http://dx.doi.org/10.1007/978-3-319-16006-1_6

4 Recent Change—Atmosphere

4.2.6 Circulation Changes in Contrast
to Global Warming

In two recent articles, Bhend and von Storch (2008, 2009)
presented a method to compare the consistency of observed
trends with climate change projections, even if no estimates
of natural variability exist. They found that anthropogenic
forcing can explain a large part of the observed changes in
temperature and precipitation over the Baltic Sea region and
that this correlation is unlikely to be occurring by chance.
However, it cannot fully explain the observed trends. Since,
due to its stochastic nature, a relatively large part of the
NAO could be unrelated to anthropogenic climate change,
the NAO signal was removed and the analysis was repeated.
The results indicate that the climate change signal in tem-
perature and precipitation is robust with respect to the
removal of the NAO for long-term means, whereas seasonal
as well as spatial variability is underestimated. This may be
due to additional forcing mechanisms not included in their
model set-up (e.g. the indirect aerosol effect) or to a general
underestimate of the model response to anthropogenic
forcing (see Chap. 10 as well as Chaps. 23-25).

4.3  Surface Pressure and Winds

The wind climate, described through the statistics of near-
surface wind speed and direction, has a strong impact on
human activities and the Baltic Sea ecosystem. Extreme
wind speeds are a direct threat to life and property and an
indirect threat through wind waves, storm surges (Chap. 9)
and coastal erosion (Chap. 20) leading to high economic
loss. However, on the European scale at least, no trends were
found for storm losses adjusted for inflation and changes in
population and wealth in the period 1970-2008 (Barredo
2010). Nilsson et al. (2004) calculated a storm damage index
for Sweden for the period 1901-2000 based on storms suf-
ficient to cause forest damage. Although the 1980s suffered
most extreme storm events in terms of windthrow, the
authors noted several factors other than wind that increased
or decreased storm damage. Widespread and severe damage
usually relates to severe winter storms. A positive NAO
index is generally associated with an increased number of
extreme cyclones although they can also occur at negative
phases of the NAO (Pinto et al. 2009). Among others,
typical examples of severe winter storms causing widespread
damage in the last decade have been Gudrun/Erwin on 8/9
January 2005 (Haanpéi et al. 2006; Suursaar et al. 2006) and
Kyrill on 18/19 January 2007 (Fink et al. 2009). Negative
economic effects can also result from unusually calm
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conditions, especially for activities with an increasing
dependence on wind energy.

Storms are also an essential factor for ventilation and
mixing of the strongly stratified Baltic Sea. Inflow events
from the North Sea importing salt and oxygen into the Baltic
Sea basin are highly dependent on the wind climate and
atmospheric pressure differences (Lass and Matthdus 1996;
Gustafsson and Andersson 2001) and have a strong impact
on the Baltic Sea ecosystem (see also Chap. 7). Warm water
inflows into the Baltic Proper in summer indicate that
pressure systems and wind conditions in summer also play a
vital role (Feistel et al. 2004).

4.3.1 Wind Climate in Recent Decades

The temporal and spatial covariance of the wind climate is
generally related to large-scale variations in atmospheric
circulation over the North Atlantic and in winter to the NAO.
Hence, changes in the synoptic-scale wind climate over the
Baltic Sea region are closely related to variability in atmo-
spheric circulation, baroclinic activity and changes in the
North Atlantic storm tracks.

During the latter half of the twentieth century, the wind
climate over the north-east Atlantic and northern Europe
underwent large changes. Based on NCEP/NCAR reanalysis
data (Kalnay et al. 1996; Kistler et al. 2001), the number of
deep cyclones (core pressure < 980 hPa) in winter (DJFM)
reached a minimum in the early 1970s and increased over
the following decades peaking around the last decade of the
twentieth century (Lehmann et al. 2011, Fig. 4.4). At the
same time, a continuous north-eastward shift in the storm
tracks regionally increased the impact and number of storms
over northern Europe and thus the Baltic Sea in winter and
spring, although there was a decrease in autumn (Fig. 4.8).

Consequently, a strong increase in storminess in the
1980s and 1990s across the North Sea (e.g. Carter and
Draper 1988; Hogben 1994) raised public concern about the
possible impact of increased greenhouse gas concentrations
on the rougher wave and storm climate (Schmidt and von
Storch 1993). Based on high-resolution meteorological data
from SMHI for the period 1970-2007, regional changes
were also found in the wind climate over the Baltic Sea
region (Lehmann et al. 2011). Although wind speeds
returned to average values by the last decade of the inves-
tigated period, there was a clear increase in mean geo-
strophic wind speed of 1.5 ms™" for the period 1989-2007
compared to 1970-1988 in the southern and central Baltic
Sea region in winter (DJF). This coincided with an increase
in the number and spatial extent of deep lows (Fig. 4.8) over
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Fig. 4.8 Changes in the number
of deep cyclones (core

pressure < 980 hPa) between
1970-1988 and 1989-2008 over
the Baltic Sea region for winter
(DJF), spring (MAM) and autumn
(SON) from SMHI data
(Lehmann et al. 2011). Note
different scales and contour
intervals for the different seasons.
Scale (contour interval, cintv)
refers to the number of cases
below 980 hPa

1970/71 - 1988/89

the Baltic Sea region. While the increase in mean geo-
strophic wind speeds in winter over the Bothnia Bay was
only 0.5 ms™" over this period, a general increase of 0.5—
1 ms ™! took place over most areas in spring (MAM) together
with a change to more westerly than south-westerly winds.

Comparable shifts for early spring were also reported for
Finland by Keevallik and Soomere (2008) and Keevallik
(2011) from the 1960s to 1990s with changes to more
westerly than north-westerly winds. For the period 1966—
2011, Jaagus and Kull (2011) also found a clear change in
the main wind direction over Estonia in winter changing
from south-east in the 1970s to south-west in the last decade.
A general tendency towards more zonal and less meridional
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flow in winter is also confirmed for the easternmost Baltic
Sea region for the period 1961-2003 accompanied by
increasing variability (Khokhlova and Timofeev 2011).

In contrast, wind speeds in autumn (SON) decreased over
the western and central Baltic Sea (by 1.5-2 ms ') and the
Bothnia Bay (by 0.5 ms™') explained by a general decrease
in the number and spatial extent of deep lows in 1989-2007
compared to 1970-1988 (Fig. 4.8). Over the Kiel Bight, this
change in strong wind speeds (>13.9 ms™") is accompanied
by a marked change in the frequency distribution of wind
direction with a decrease in south-westerly and an increase
in the easterly component of the winds (Lehmann et al.
2011).
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The increase in mean wind speed since the 1960s and
1970s is accompanied by a relative increase in the frequency
of storms over the southern North Sea and Baltic Sea (~ 1-
2 % per year) in the period 1958-2001 based on numerically
downscaled NCEP/NCAR reanalysis data (Weisse et al.
2005). Including also the Norwegian Sea, the positive trends
in storm frequency were found to be statistically significant
(p < 0.05). Although high annual geostrophic wind speeds
(above the 99th percentile) returned to average or calm
conditions over the north-east Atlantic, central Europe, the
North Sea and the Baltic Sea at the end of the twentieth
century (Matulla et al. 2008), there has been an upward trend
in winter storminess for the past 50 years over northern
Europe (Donat et al. 2011). Whether this trend is likely to
persist over the longer term or is due to large (multi-)decadal
variability is addressed in the following section.

4.3.2 Long-Term Wind Climate

Long data series of direct wind observations are sparse, and
most measurements even in recent decades suffer from
potential inhomogeneities due to changes in the environment
(growing trees or new buildings in the vicinity, station
relocation, etc.) or changes in methodology (different
instruments, number of measurements per day, etc.) as dis-
cussed by the group ‘Waves and Storms in the North
Atlantic’ (WASA 1998; von Storch and Weisse 2008; Lin-
denberg et al. 2012). Also, cyclone detection and tracking
algorithms to derive the frequency and intensity of deep
lows as a proxy for storminess from historical pressure fields
face the problem of lower data density and quality back in
time (Smits et al. 2005), possibly leading to an apparent
increase in high-latitude cyclone activity that is actually due
to higher data density (see Sect. 4.3.4).

As synoptic-scale storms are generally linked to large-
scale forcing over the pressure field, pressure gradients can
be used to derive geostrophic wind speeds based on surface
pressure readings (Krueger and von Storch 2011). A first
study based on geostrophic wind speeds calculated from a
triangle of station pressure over the German Bight by
Schmidt and von Storch (1993) showed no long-term trend
for the wind climate of 1876-1990. High annual wind
speeds in the 1990s appeared to be comparable to high wind
speeds in the 1880s as well as in the early and mid-twentieth
century. Kaas et al. (1996) found no overall trends but
considerable decadal variability. This was further confirmed
by studies from the WASA group (WASA 1998), Alexan-
dersson et al. (2000) and Matulla et al. (2008) using different
pressure triangles over Europe, mainly the North Sea. For
Finland, Suvilampi (2010) found a slight decrease in annual
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geostrophic wind speeds since 1884 and a weak but non-
significant upward trend for the past 50 years. The tendency
for a long-term decrease in annual wind speeds is also
confirmed by Wern and Bérring (2009) for southern Sweden
based on geostrophic wind speeds derived from pressure
triangles. For the period 1901-2008, the authors found sta-
tistically significant negative trends in annual potential wind
energy and mean and extreme (>25 ms~ ') geostrophic wind
speeds. For the shorter period, 1951-2008, a tendency to
negative trends in mean wind speeds was found for northern
Sweden, while weak non-significant trends of both signs
were found for central and southern Sweden. In general, the
authors concluded that (multi-)decadal scale variations
dominate rather than any long-term trends.

While the decrease in storminess from a peak around the
1880s happened quite suddenly in central Europe, there was
a gradual slow-down over a period of decades in northern
Europe until the 1960s (Figs. 4.8 and 4.9 in DJF). Matulla
et al. (2008) found the increase in storminess starting in the
late 1970s was most pronounced in NW Europe and more
steady in central Europe. They also found general agreement
between storminess over central Europe and NW Europe
despite some difference in timing and/or magnitude. Bérring
and Fortuniak (2009) also showed a correlation between
inter-decadal variations over southern Scandinavia and
similar variations over NW Europe.

Another way to estimate historical storminess is by using
pressure-based single-station proxies such as different pres-
sure tendencies per unit time, mean or low percentiles of
surface pressure or, for example, the annual number of deep
lows. Based on different storm indices derived from single-
station pressure readings for Lund and Stockholm, Béarring
and von Storch (2004) and Birring and Fortuniak (2009)
found no robust signs of any long-term trend in southern
Sweden for the period 1780/1800 to 2005. Hanna et al.
(2008) found similar results based on a daily pressure vari-
ability index calculated as absolute 24 h pressure differences,
that is Ap = [p124 — Psol, for the British Isles since 1830 and
for Denmark since 1874 confirming increased storminess at
the end of the nineteenth century and the 1980s to 1990s,
with the 1880s being the stormiest decade. The informa-
tional value of five different pressure-based storminess
indices including those used by Birring and von Storch
(2004) and Hanna et al. (2008) was evaluated by Krueger
and von Storch (2012). The authors confirmed the general
usefulness of the indices as storminess proxies, with absolute
pressure tendencies per six or eight hours containing the
highest informational value.

Schenk and Zorita (2011) released a new reconstruction
of HIgh RESolution Atmospheric Forcing Fields (HiRe-
sAFF) for northern Europe for the period 1850-2009
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Fig. 4.9 Storminess indices of the annual number of deep lows
(N < 980 hPa), the 99th percentile of pressure tendency per 8 h, the
annual number of days exceeding a pressure tendency of 25 hPa for the
Stockholm station 1785-2005 (Bérring and Fortuniak 2009) compared
to the reconstructed annual 99th percentile of wind speeds in the

including wind. Based on the pattern similarity between
daily SLP station data starting in 1850 and SLP observations
since 1958, Schenk and Zorita (2012) reconstructed histor-
ical atmospheric fields by taking the daily atmospheric fields
of regionally downscaled ERA reanalysis for any day for
which the pattern similarity is maximised for an analogous
day in 1958-2007. As shown in Fig. 4.9, the reconstructed
99th percentile of annual wind speeds from HiResAFF in the
vicinity of Stockholm gives comparable results regarding
long-term features of annual storminess derived from single-
station proxies of Stockholm used by Bérring and Fortuniak
(2009). The different storminess measures agree in showing
increased annual wind speeds in the 1880s and 1990s and an
unusually calm period around the 1960s to 1970s and a
return to average conditions in recent years although the
number of deep lows does not indicate calm conditions.
Figure 4.9 also confirms the gradual decline in wind speeds
since the end of the nineteenth century as reconstructed by
Matulla et al. (2008) for northern Europe.

As discussed by Bérring and Fortuniak (2009), up to
eight different proxies for storminess calculated from single-
station pressure data represent different aspects related to
storminess. Estimating the covariance over all indices, the
derived first principal component (PC1) shows good agree-
ment with the 99th percentiles of the geostrophic wind index
from Trenberth et al. (2007) and the reconstructed NAO
index from Luterbacher et al. (2002) with respect to long-
term variability (see Fig. 4.1). In contrast to the number of
deep lows (N < 980 hPa) in Fig. 4.9, the PC1 over all eight

vicinity of Stockholm 1850-2009 from HiResAFF (Schenk and Zorita
2011, 2012). Data normalised with respect to the period 1958-2005.
Bold lines represent the 11-year running mean to highlight decadal
variability

indices captures the calm period of the 1960s and 1970s
indicating that it is better to use a number of different indices
rather than relying on only one. The highest correlation
between HiResAFF annual extreme wind speeds and single-
station proxies was achieved for the pressure tendency over
8 h (r = 0.50) confirming the work of Krueger and von
Storch (2012). Remarkably high values for the 8-h pressure
tendencies on the one hand and very low values for the
number of deep lows on the other hand indicate low confi-
dence in the data before around 1850 probably due to
irregular pressure readings. As irregular sub-daily observa-
tions hamper the detection of deep lows or pressure changes
over 6 h, the estimate using annual numbers of days
exceeding a pressure change of 25 hPa per 24 h in Fig. 4.9
(green line) is likely to be more reliable prior to around 1850
as only one observation per day is required. Also, the large
differences between the Stockholm and Lund time series in
the early historical period should be noted with care (Bérring
and von Storch 2004).

While the previous studies analysed historical storminess
on an annual basis only, Wang et al. (2009a) repeated and
updated (1874-2007) previous studies based on the 99th
percentiles of geostrophic wind speed over the NE Atlantic,
and northern and central Europe and focused more on sea-
sonal and regional differences. They found that the maxima
in the 1990s were due to winter storminess, while the high
annual storm values in the 1880s were mainly due to sum-
mer storminess. For the period 1878-2007, Wang et al.
(2011) found weak negative trends in the 99th percentiles
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Fig. 4.10 Sliding decadal (11-year) mean seasonal wind speed
anomalies for the Baltic Sea region for 1850-2009. Anomalies are
calculated by subtracting the mean for 1958-2007. Time series are

over central Sweden and the south-western Baltic Sea in
winter (DJF) and a significant (p < 0.05) negative trend over
the south-western Baltic Sea in summer (JJA).

As shown in Fig. 4.10, HiResAFF confirms decreasing
seasonal mean wind speeds in summer (Wang et al. 2011)
and the peak in summer wind speeds in the 1880s (Wang
et al. 2009a), that is over the southern Baltic Sea region.
However, no increased summer winds are reconstructed for
the 1880s over the northern and eastern Baltic Sea region
highlighting regional differences in the wind climate. While
Wang et al. (2009a) attributed high annual storminess in the
1880s mainly to higher storminess in summer, HiResAFF
shows higher mean wind speeds in all seasons except
autumn over the southern and central Baltic Sea region in the
1880s.

So far, all long-term reconstructions of the wind climate
discussed here have been derived from (sub-)daily pressure
observations relying on physical (triangle method) and
empirical (analogue-upscaling) methods or from pressure
tendencies and the number of deep lows as indirect stormi-
ness indices. While the reconstructions show good agree-
ment in terms of a dominance of (multi-)decadal variability
rather than robust long-term trends in wind speed, a recent
study by Donat et al. (2011) differs in showing a significant
long-term increase in winter storminess since 1871 for
Europe based on the twentieth-century reanalysis (20CR)
data (Compo et al. 2011). The model used for 20CR is very
similar to those used for NCEP/NCAR reanalysis but uses a
different data assimilation technique. Unlike NCEP/NCAR,
20CR uses only daily station SLP monthly SST and sea ice
for data assimilation of historical observations since 1871.
As the density of stations with daily SLP increases strongly
over time, potential users of 20CR should be cautious about
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drawn from the gridded fields of HiResAFF (Schenk and Zorita 2011,
2012). Grid points are selected in the closest vicinity of Haparanda, St
Petersburg, Helsinki, Stockholm, Kaliningrad and Copenhagen

whether the 20CR trend is in fact an artefact caused by the
lower station density in earlier times (e.g. Krueger et al.
2013) similar to other long-term trends found in reanalysis
data subsequently identified as spurious (see Sect. 4.3.4).

4.3.3 Long-Term Trends Versus Decadal
Variability

The findings of reconstructions based on geostrophic wind
speeds derived from pressure triangles, different storminess
proxies using single-station pressure indices and field
reconstructions using analogue-upscaling, are in good
agreement showing large decadal variability rather than
robust trends in storminess over northern Europe since 1850.
The 1880s and 1990s show maxima in annual mean and
extreme wind speeds, while the 1970s were unusually calm.
The past decade shows a return to average conditions, and
only the summer wind climate over the southern Baltic Sea
region shows a slight negative long-term trend. Studies
analysing the wind climate of the past 40-60 years detect
large changes in the recent past (Sect. 4.3.1) that are char-
acterised by the rebound from very calm conditions in the
1960s at the beginning of many observational time series for
wind, followed by the very stormy 1990s. Hence, while
positive trends in this period indeed describe a dramatic
change in wind state, the return to average conditions in the
past decade and the long-term analysis of the wind climate
over more than 150 years clearly commute the decadal trend
into (multi-)decadal variability.

The physical explanation for these large changes from the
1970s to the 1990s relates to dynamical changes in the large-
scale atmospheric circulation over the North Atlantic and the
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NAO. Over this period, the NAO index switched from
strongly negative to unprecedentedly high positive values
highlighting the strong correlation of storminess with the
NAO (Sect. 4.2). The NE shift of the NAO together with the
increased pressure gradient over the North Atlantic extended
the geographical influence and numbers of deep lows
towards the Baltic Sea region (Fig. 4.8, Wang et al. 20006;
Lehmann et al. 2011), explaining upward trends in annual
and winter to spring storminess from the 1960s to 1990s.
However, this relation depends on the region and time period
(Matulla et al. 2008), where recent decades show a very high
influence of the NAO (Alexander et al. 2005) with a weaker
link in previous times (Alexandersson et al. 1998).

Regarding atmospheric circulation and weather type,
there is a corresponding change from calm anticyclonic
conditions towards more active cyclonic conditions at the
end of the twentieth century for the winter season (Hurrell
et al. 2003). In addition, the remarkably calm period during
1960s and 1970s coincides with a period of very high Euro-
Atlantic atmospheric blocking frequency in winter (e.g.
Rimbu and Lohmann 2011, Fig. 4.7) relative to the period
1908-2005, preventing or weakening zonal (westerly) flow
and leading to low wind speeds and fewer storms over
Scandinavia. In contrast, the 1990s show low blocking and
high wind speeds.

The long-term negative trend in the wind climate for
summer (Wang et al. 2009a, 2011) over the southern Baltic
Sea region agrees with the findings of Kaszewski and Fili-
piuk (2003). Based on weather type classifications over
central Europe for summer 1881-1998, they found a ten-
dency towards less zonal and increased meridional flow
which could explain the decreasing wind speeds in summer.

Whether external forcing over the past half century has
influenced trends in atmospheric circulation and storminess
is difficult to identify due to the large natural variability over
the North Atlantic and northern Europe. According to Wang
et al. (2009b), combined anthropogenic and natural forcing
have had a detectable influence on the pattern of atmospheric
circulation during boreal winter showing an upward trend in
storminess and ocean wave heights in the high northern
latitudes and a decreasing trend in the lower northern lati-
tudes for 1955-2004. Further analysis for the first half of the
twentieth century suggests that external forcing is less likely
to have been an important factor for surface pressure and
storminess (see Chaps. 23-25 for attribution). From the
different long-term reconstructions of storminess based on
surface pressure observations covering more than 150 years,
the wind conditions of recent decades seem not to be unusual
and to fall within the large range of natural variations which
are to a large extent explained by the NAO.
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4.3.4 Potential Inconsistencies
in Long-Term Trends

As direct wind observations usually cover limited time
periods and/or suffer from strong inhomogeneities in the data
(Sect. 4.3.2), many studies rely either on reanalysis data or
on different reconstructions derived from pressure observa-
tions. As previously discussed, the different pressure-based
reconstructions show good overall agreement regarding
long-term variations in storminess independent of the
method used. The conclusion drawn from these studies—
that northern European storminess is dominated by large
multi-decadal variations rather than long-term trends—
appears robust given that Krueger and von Storch (2011,
2012) also confirmed the informational value of most
reconstruction methods used.

The analysis by Donat et al. (2011), however, does not
agree with the previous reconstructions in suggesting a
significant long-term increase in winter storminess since
1871 for Europe based on the 20CR data (Compo et al.
2011). Assimilating only daily station SLP monthly SST and
sea ice from historical observations since 1871, the density
of stations with daily SLP strongly increases over time in the
20CR model. As the discrepancy in 20CR compared to other
reconstructions reduces in parallel to the increase in number
of stations, increasing storminess with time could be an
artefact due to the changing station density (Krueger et al.
2013) comparable to other spurious long-term trends found
in reanalysis data (cf. Trenberth and Smith 2005 and Hines
et al. 2000 in case of the of SLP, Bengtsson et al. 2004;
Paltridge et al. 2009; Dessler and Davis 2010). At least
average or higher wind speeds in the 1880s (in contrast to
what is suggested by 20CR) are supported by direct obser-
vations for western Europe (Clarke and Rendall 2011) such
as sand dune studies in southern Wales (Higgins 1933) and
severe storm analysis by Lamb and Frydendahl (1991).
Furthermore, Omstedt et al. (2004) found an unusually high
frequency of cyclonic circulation at the end of the nineteenth
century with a pronounced peak in cyclonic weather types in
1871-1885 relative to 1800-2000. According to historical
weather records of gale days for Scotland, remarkably high
values were recorded for 1884—1900 (Dawson et al. 2002)
which contrasts with very low storm activity in the 1880s
derived from the 20CR model data.

To what extent reanalysis products like ERA40 and
NCEP/NCAR might also be compromised by similar prob-
lems regarding spurious long-term trends in pressure and
wind needs further investigation. In general, variables
derived from reanalysis data (wind speeds, pressure etc.) are
assumed to be closely co-related to observations through
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data assimilation into state-of-the-art climate models. Even
though reanalysis datasets are often referred to as ‘obser-
vations’, several studies highlight the possibility of detecting
spurious long-term trends in reanalysis data caused, for
example, by a regionally changing density of assimilated
stations over time. As an example, Smits et al. (2005) found
no trend in observed storminess over the Netherlands for
1962-2002, in contrast to the trend seen in NCEP/NCAR
reanalysis data.

In addition to issues with data assimilation, there is also a
resolution issue with the relatively coarse gridded NCEP/
NCAR and ERA reanalysis. As might be expected (see
Raible et al. 2008), this is more of a problem with NCEP/
NCAR (triangular truncation of T62, approximately 1.9° in
latitude and longitude) than ERA (for ERA40; T106,
approximately 1.1°). Analysing storm tracks over the Euro-
Atlantic sector (Trigo 2006) and the cyclone lifetime char-
acteristics of the Northern Hemisphere (Loptien et al. 2008)
in NCEP/NCAR and ERA, the results are comparable, or the
summer season for the two different reanalysis products.
Apart from spatial resolution issues, differences in dynamics,
physical parameterisations of the models and assimilation of
observations may also play a role in the quality of the data
(see Ulbrich et al. 2009 and references therein).

44  Surface Air Temperature

44.1 Long-term Temperature Climate

Earlier studies detected a significant increase in surface air
temperature in the Baltic Sea region during 1871-2004
(BACC Author Team 2008). Rather than showing a steady
increase, however, temperature showed large (multi-)decadal
variations dividing the twentieth century into three main
phases: warming until the 1930s, followed by cooling until
the 1960s and then another distinct period of warming dur-
ing the final decades of the time series. Linear trends of the
annual mean temperature anomalies during 1871-2011 were
0.11 °C per decade north of 60°N and 0.08 °C per decade
south of 60°N in the Baltic Sea basin (Table 4.1). This is
greater than for the trend in global mean temperature, which
is about 0.06 °C per decade for 1861-2005 (IPCC 2007). All
seasonal trends are positive and significant at the 95 % level,
except winter temperature north of 60°N (lower significance
due to the large variability). The largest trends are observed
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in spring (and winter south of 60°N) and the smallest in
summer. The seasonal trends are also larger in the northern
area, than the southern area. The annual and seasonal time
series of surface mean air temperature for the Baltic Sea
basin presented by the BACC Author Team (2008) have
been updated and are shown in Fig. 4.11. The warming has
continued over the past few years during spring and summer
in the southern area and in autumn and spring in the northern
area, and the winters of 2009/2010 and 2010/2011 were
relatively cold.

Similar features are also evident in the long Stockholm
temperature series (Fig. 4.12). Based on the same period
(1871-2011), the trends and significance resemble those in
the Baltic Sea basin north of 60°N.

Long-term variations and trends in the Baltic Sea basin
are similar to those for European mean air temperature
(Casty et al. 2007). A number of studies show similar
warming trends for areas of the Baltic Sea basin and its
vicinity: Finland (Tietdvidinen et al. 2009), Sweden (Hell-
strom and Lindstrom 2008, see Chap. 5, Fig. 5.18), Nor-
way (Hanssen-Bauer et al. 2009), Czech Republic (Brazdil
et al. 2009), Latvia (Lizuma et al. 2007; Klavin§ and Ro-
dinov 2010), Estonia (Kont et al. 2007, 2011; Russak
2009) and for the three Baltic countries together (Kriauci-
uniene et al. 2012). Long and homogeneous time series of
spatial mean air temperature were created for Finland
covering 1847-2008 (Tietdvéinen et al. 2009). Trends were
calculated for three periods: 1909-2008, 1959-2008 and
1979-2008. An increase in annual mean temperature was
significant at p < 0.05 level for all three periods. Tieté-
védinen et al. (2009) found significant warming in winter
(1959-2008 and 1979-2008), spring (1909-2008 and
1959-2008), summer (1909-2008 and 1979-2008) and
autumn (1979-2008). The increase in annual mean air
temperature for Finland during 1909-2008 was 0.09 °C per
decade. The annual mean temperature time series for Fin-
land agrees with the results in Fig. 4.11. The most sig-
nificant warming in Finland was typical for spring where
the trend value was 0.15 °C per decade during 1847-2004
(Linkosalo et al. 2009).

Temperature increased in south-eastern Norway during
the twentieth century and the first decade of the twenty-first
century by an average of 0.07 °C per decade (Hanssen-Bauer
et al. 2009). However, the long-term temperature trend has
varied throughout the century, starting with relatively low
temperatures, followed by the well-known increase in the

Table 4.1 Linear surface air temperature trends (°C per decade) for 1871-2011 in the Baltic Sea basin

Datasets Annual Winter Spring Summer Autumn
Northern area (north of 60°N) 0.11 0.10 0.15 0.08 0.10
Southern area (south of 60°N) 0.08 0.10 0.10 0.04 0.07

Trends shown in bold are significant at the p < 0.05 level. The trends were also tested by the nonparametric Mann—Kendall test. The results were
consistent with the linear trend test. Data from the CRUTEM3v dataset (Brohan et al. 2006)
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anomalies (relative to 1960—
1991) for the Baltic Sea basin
1871-2011, calculated from 5° by
5° latitude, longitude box average
taken from the CRUTEM3v
dataset (Brohan et al. 2006) based
on land stations (from top to

bottom: a annual, b winter (DJF),
¢ spring (MAM), d summer (JJA),
e autumn (SON). Blue comprises
the Baltic Sea basin north of 60°N
and red south of 60°N. The dots
represent individual years and the
smoothed curves (Gaussian filter,
o = 3) highlight variability on
timescales longer than 10 years

1920s, referred to as ‘the early twentieth-century warming’,
which ended in the 1930s. After this warm decade, tem-
perature then decreased until the 1980s after which there has
been a still ongoing rapid increase. The first decade of the
twenty-first century has been the mildest of the series. In
terms of seasonal trends, the trend for summer is weaker
than for the other seasons. The strongest trend is for spring
(Hanssen-Bauer et al. 2009).

The strong warming during spring is also supported by
the work of Nordli et al. (2007). Using a composite series for
February—April temperature based on ice break-up records
on Lake Randsfjorden (1758-1874) and instrumental
observation since 1875 (Fig. 4.13), these authors found that
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the high temperatures in spring and late winter between 1989
and 2011 were unprecedented since 1758.

Long-term series of annual mean air temperature in Riga,
Latvia, indicate a significant warming since 1850 of 1.4 °C
(Lizuma et al. 2007). For the shorter period (1948-2006),
statistically significant trends (p < 0.05) were found at all
five stations studied in Latvia (Klavin§ and Rodinov 2010).
The highest temperature increase occurred in spring and
winter. During the whole observation period (1795-2007),
mean air temperature at Riga-University Meteorological
Station increased by 1.9 °C in winter, 1.3 °C in spring,
0.7 °C in autumn and 1.0 °C for the year as a whole (Klavins
and Rodinov 2010).
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Fig. 4.12 Annual and seasonal
mean surface temperatures (°C) in
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from the homogenised daily mean
temperature series by Moberg

et al. (2002) after a correction for
a suspected positive bias in
summer temperature before 1859
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correction is the same as used by
Moberg et al. (2005). Smoothed
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4.4.2 Temperature Trends in Recent
Decades

The reanalysis data compiled from the mesoscale analysis
system (MESAN) and ERA40 dataset indicated that during
the period 1990-2004, all years except one, 1996, had a
mean temperature above normal for most of Europe (Jansson
et al. 2007). Lehmann et al. (2011) showed a warming trend
in annual mean temperature of 0.4 °C per decade over the
Baltic Sea basin with the strongest change in its northern
part using the SMHI database with a 1° % 1° horizontal
resolution and 3 h time step during 1970-2008 (Fig. 4.14).
The strongest trend in the Gulf of Bothnia occurred in

autumn and winter (0.5-0.6 °C per decade), while in the
central and southern part of the Baltic Sea region, significant
changes occurred in spring and summer (0.2-0.3 °C per
decade). This is in agreement with annual mean surface air
temperature at coastal stations in Estonia having increased
by about 0.3 °C per decade during 1950-2009 (Russak
2009; Kont et al. 2011) and the Russian part of the Baltic
Sea drainage basin, where temperatures increased by 0.4 °C
per decade during 1976-2006 (Chap. 6). In terms of seasonal
change, statistically significant warming occurred in winter,
spring and summer, but not autumn, and in terms of months
during the first half of the year JFMAM) with the greatest
change in March and April.
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Fig. 4.13 Late winter/early spring (FMA) temperature for south-
eastern Norway (Austlandet) based on ice break-up data from Lake
Randsfjorden (1758-1874) and instrumental observations (1875-2011),
updated from Nordli et al. (2007). Filter 1 means 10-year moving
average series of original data
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Fig. 4.14 Linear trend in annual mean surface air temperature during
1970-2007 based on the SMHI dataset. Trends in the light-shaded areas
(as over parts of the Scandinavian mountains) are statistically non-
significant at the p < 0.05 level (Lehmann et al. 2011)

4.4.3 Daily Cycle and Seasonality

Not only are the annual mean and seasonal mean tempera-
tures changing, but the daily temperature cycle, which is
reflected in the daily maximum and minimum temperatures,
is also changing. Previous studies have shown that the daily
minimum temperature has increased much more than the
daily maximum causing a decreasing trend in diurnal tem-
perature amplitude (BACC Author Team 2008). In Riga, the
mean minimum temperature increased by 1.9 °C during
1913-2006, while the mean maximum temperature increased
by 1.7 °C. The mean maximum temperature increased most
rapidly in the later part of spring (April-May), while the
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minimum temperature increased most in winter (Lizuma et al.
2007). Consequently, the daily temperature range has
decreased (Avotniece et al. 2010).

Climate change is expressed not only in time series of
climatic parameters but also in changes in seasonality. The
length of the growing season and the sums of positive degree-
days have previously been shown to increase, whereas the
length of the cold season and the frost days have decreased
(BACC Author Team 2008). Trends in start dates and dura-
tion of climatic seasons were analysed for Tartu, Estonia,
during 1891-2003 by Kull et al. (2008). Some statistically
significant changes (p < 0.05) were detected. The start of late
autumn (i.e. the end of the growing season, indicated by a
continuous drop in daily mean air temperature below 5 °C)
became 8§ days later and the start of winter (indicated by the
formation of a permanent snow cover) 17 days later. The
duration of summer increased by 11 days and of ‘early
winter’ by 18 days, while the duration of winter proper has
decreased by 29 days. Here, ‘early winter’ means the tran-
sition period with unstable weather conditions with the
forming and melting of snow cover before the beginning of
winter proper, which is defined by the presence of a perma-
nent snow cover. The length of the growing season (defined
by a daily mean air temperature permanently above 5 °C)
increased by 13 days (Kull et al. 2008). In Poland, the
number of ice days (Tjax < 0 °C) and frost days (T, <0 °C)
decreased by 2 and 3 days per decade, respectively, while the
mean monthly minimum and maximum temperatures and the
frequency of warm days (Tj.x = 25 °C) generally increased
during 1951-2006. A warming trend occurred in winter,
spring and mid- and late summer, but not in June or autumn
(Wibig 2008a).

4.4.4 Temperature Extremes

Changes in temperature extremes may influence human
activity much more than changes in average temperature.
There have been a number of projects and studies on
changes in temperature extremes over the past decade.
Examples of projects investigating extremes of relevance for
the Baltic Sea region include the following: European Cli-
mate Assessment (Klein Tank and Koénnen 2003), Statistical
and Regional dynamical Downscaling of Extremes for
European regions (STARDEX; Haylock and Goodess 2004),
European and North Atlantic daily to MULtidecadal cli-
mATE variability (EMULATE; Moberg et al. 2006) as well
as several national projects. A large number of indices
describing extremes have been elaborated (BACC Author
Team 2008).

Using ensembles of simulations from a general circula-
tion model (HadCM3), large changes in the frequency of
10th percentile temperature events over Europe in winter
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Fig. 4.15 Fractional change in the frequency of very low daily minima
in winter surface temperature. The fractional change in occurrence of
below-10th percentile daily minimum temperature events is plotted
between the winters 1964/1965-1968/1969 and 1990/1991-1994/1995.
The 10th percentile is defined over the former period for each ensemble
and at each grid point. In order that the existing dataset could be used,
percentiles are calculated over 1961-1990. All daily values for the
model were pooled together over the December—February (DJF) period
to calculate both percentile thresholds and changes in frequency (Scaife
et al. 2008)

appear mainly explained by related changes in the NAO
from the 1960s to 1990s (Scaife et al. 2008). A decreasing
tendency in the frequency of very low daily minima in
winter surface temperatures has been present across most of
Europe including the Baltic Sea region over the past 50 years
(Fig. 4.15). The number of frost days between the winters
1964/1965-1968/1969 and 1990/1991-1994/1995 decreased
by 20-30 days in that region (Scaife et al. 2008).

Nine temperature indices were used for analysing weather
extremes at 21 stations in Poland during 1951-2006 (Wibig
2008a). The indices are based on daily maximum and daily
minimum temperatures. A statistically significant increase
was detected for the annual numbers of days with daily
maximum temperature above both 25 and 30 °C, while a
statistically significant decrease was observed in the length
of the frost season and in the annual number of frost days
(daily minimum below 0 °C) and ice days (daily maximum
below 0 °C). Positive trends in monthly temperature indices
were observed from February to May and from July to
September (Wibig 2008a).

Changes in temperature extremes were also observed in
Latvia using daily data from two stations for the period
1924-2008 and three stations for the period 1946-2008
(Avotniece et al. 2010). The Mann—Kendall test indicates
statistically significant positive trends in the number of
tropical nights (Tr, = 20 °C) and of summer days
(Thmax = 25 °C) and negative trends in the number of frost
days (Tmin < 0 °C) and of ice days (Tax < 0 °C). The
number of hot days and nights increased in Lithuania during

1961-2010 particularly in July and August and in 1998-
2010 (Kazys et al. 2011). Abnormally warm or cold weather
conditions over several consecutive days can be used as an
alternative to studying temperature extremes. An analysis of
extremely warm and cold days in £6dz, Poland, during
1931-2006 was undertaken by Wibig (2007). A particular
day was included in a warm (cold) period if its daily mean
temperature was higher (lower) than 1.28 (—1.28) standard
deviations for this particular calendar day, which corre-
sponds to the 90 % (10 %) percentile in the case of a normal
distribution. The duration of extremely mild periods has
increased significantly in winter, while the number of heat
waves has increased in summer as well as during the year as
a whole. Accordingly, the length of cold waves has
decreased significantly in winter. The annual number of cold
days decreased by 0.87 days per decade (Wibig 2007). In
spite of general warming, the frequency of cold periods in
Poland has not decreased significantly (Wibig et al. 2009).
Time series of the number of days with T,,;, < 15 °C,
Tnin < 20 °C and T < 10 °C show a significant trend at
only one of the nine stations (Zakopane) during 1951-2006.
An increase in the frequency of heat waves occurred in the
Czech Republic in 1961-2006 (Kysely 2010). Owing to the
increase in mean summer temperature, the probability of
very long heat waves in the Czech Republic has risen by an
order of magnitude over the past 25 years (Kysely 2010).
Changes in surface air temperature are determined mostly
by large-scale atmospheric circulation. As this influences
large geographical areas, it is not surprising that temperature
studies focusing on different areas show similar fluctuations
and trends. Nevertheless, data quality is also very important
in trend analysis, and thus, time series based on data from

different sources and might contain significant
inhomogeneities.

4.5 Precipitation

4.5.1 Long-Term Precipitation Climate

Change in precipitation during the twentieth century in the
Baltic Sea basin has been more variable than for tempera-
ture. There have been regions and seasons of increasing
precipitation as well as those of decreasing precipitation
(BACC Author Team 2008). Time series of European mean
precipitation is characterised by large inter-annual and inter-
decadal variability and with no long-term trends apparent for
1766-2000 (Casty et al. 2007). There were no clear trends in
Latvia during 1922-2003 (Briede and Lizuma 2007). Vari-
ations in annual precipitation with a periodicity of 26—
30 years were detected for all three Baltic countries during
1922-2007 (Kriauciuniene et al. 2012). The periodicity
varied by season: spring (24-32 years), summer (21—
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33 years), autumn (26-29 years) but with no periodicity
evident in winter. Summer precipitation in Finland during
1908-2008 showed a positive trend (Ylhdisi et al. 2010). A
statistically significant trend in south-western Finland was
detected in June and in north-eastern Finland in May, July
and for the whole summer period (MJJAS). An increase in
precipitation was detected in south-eastern Norway where
annual precipitation increased by about 15-20 % during
1900-2010, with a higher increase in autumn and winter and
a lower increase in spring and summer (Hanssen-Bauer et al.
2009). There has been no trend in autumn precipitation over
the past 30 years in this area but a marked increase in winter
precipitation (Hanssen-Bauer et al. 2009).

4.5.2 Precipitation Climate in Recent
Decades

A general increase in precipitation during winter is typical for
northern Europe over the past few decades. The greatest
increase has been observed in Sweden and on the eastern
Baltic Sea coast, while southern Poland has on average
received less precipitation. A tendency of increasing precip-
itation in winter and spring was detected during the latter half
of the twentieth century. Benestad et al. (2007) compared
downscaled and modelled precipitation at 27 stations in
Fennoscandia for 1957-1999. Only a few locations exhibited
trends that were statistically significant at the 5 % error level.

Fig. 4.16 Change in total
precipitation between 1994-2008
and 1979-1993 by season based
on SMHI data (Lehmann et al.
2011)

A comparison of annual mean precipitation for 1994—
2008 with that for 1979-1993 showed less precipitation in
the northern and central Baltic Sea region and more in the
southern region (Lehmann et al. 2011). The pattern also
varied by season (Fig. 4.16). Spatial distribution and trends
in precipitation related to large-scale atmospheric circulation
and local landscape factors were analysed for the three Baltic
countries (Jaagus et al. 2010). A statistically significant
positive trend for 1966-2005 was detected only for eastern
Estonia, eastern Latvia and Lithuania as a whole in winter
and for western Estonia in summer. A detailed study of
summer precipitation data for Helsinki during 1951-2000
did not indicate any trends (Kilpeldinen et al. 2008).

4.5.3 Precipitation Extremes

According to the BACC Author Team (2008) and more
recent studies, precipitation increase in northern Europe is
associated with an increase in the frequency and intensity of
extreme precipitation events. The climatology of extreme
precipitation events is usually described by several indices of
heavy precipitation. Zolina et al. (2009) showed mostly
positive trends in daily precipitation and precipitation totals
at 116 stations across Europe, including the Baltic Sea
region, during 1950-2000. Although most of the trends are
not statistically significant, some positive trends were iden-
tified for winter and spring, while negative trends mostly
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Fig. 4.17 Linear trends (% per
decade) in the R95tt index
(fraction of total precipitation
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above 95th percentile of rain-day
amounts) for a winter, b spring,

¢ summer and d autumn for the

period 1950-2000. Open circles

show all trend estimates and

closed circles denote locations
where the trends are significant at
95 %. Blue indicates negative
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trends and red indicates positive
trends (Zolina et al. 2009)

occurred in summer and, in some cases, in autumn
(Fig. 4.17).

Using ensembles of simulations from a general circula-
tion model (HadCM3), Scaife et al. (2008) found large
changes in the frequency of 90th percentile precipitation
events over Europe in winter, which are related to changes in
the NAO from the 1960s to 1990s. This relationship is likely
to have led to an increased occurrence of heavy precipitation
events over northern Europe and a decreased occurrence
over southern Europe and extratropical North Africa during
high NAO periods.

The duration of wet periods with daily precipitation
exceeding 1 mm increased by 15-20 % across most of
Europe during 1950-2008 (Zolina et al. 2010). The
increased duration of wet periods was not caused by more
wet days, but by short rain events having been regrouped
into prolonged wet spells. Becoming longer, wet periods in
Europe are now characterised by heavier precipitation.
Heavy precipitation events during the past two decades have
become more frequently associated with longer wet spells,
and precipitation is now heavier than during 1950s and
1960s (Zolina 2011).

Wibig (2009) used daily data at five stations in Poland
during the latter half of the twentieth century to analyse the
number of days with precipitation exceeding given thresh-
olds, the duration of wet and dry spells and precipitation
amount in a single event. A positive trend was detected in
the number of wet spells and days with precipitation and a
negative trend in mean precipitation during any given spell.

Very few changes were detected at a number of stations
in Poland during 1951-2006 (Wibig 2008a; Lupikasza
2010). Only the number of days with precipitation increased
significantly. Positive as well as negative trends in indices of
precipitation extremes were detected (Fig. 4.18). Decreasing
trends dominated in summer, while increasing trends were

more pronounced in spring and autumn. In summer and
winter, decreasing trends were more spatially coherent in
southern Poland (Lupikasza 2010). A similar result (i.e. lack
of significant trends in extended precipitation time series)
was found in £6dz for 1904-2000 (Podstawczynska 2007);
the only trends were an increase in dryness indices in Feb-
ruary, April and August.

Trends in extreme precipitation in western Germany
during 1950-2004 were analysed by Zolina et al. (2008).
Only the northernmost part of the territory belongs to the
Baltic Sea basin. Increasing trends in the 95th and 99th
percentiles were detected in winter, spring and autumn and
with a negative trend occurring in summer in northern
Germany.

Kazys et al. (2009) and Rimkus et al. (2011) analysed
long-term changes in heavy precipitation events in Lithuania
during 1961-2008. They found increasing trends for the
number of days with heavy precipitation (above 10 mm) and
for heavy precipitation as a percentage of total annual pre-
cipitation (Fig. 4.19).

Mean values of daily heavy precipitation as a percentage
of the annual total range from 33 to 44 % in Lithuania and in
some years can be close to 60 %. In summer and autumn, the
percentage of heavy precipitation is much higher than during
the rest of the year. Analysis showed positive but mostly
non-significant tendencies across large parts of Lithuania
during the study period. This means that the temporal vari-
ability of precipitation has increased. This tendency is
especially clear in summer when an increase in precipitation
extremes can be observed in spite of neutral or negative
tendencies in the total summer precipitation (Rimkus et al.
2011).

Valiukas (2011) analysed long-term fluctuations and
trends in the occurrence of dry periods for Vilnius, Lithua-
nia, during 1891-2010. Two indices—the Standardized
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Fig. 4.18 Percentage of statistically significant trends in extreme
precipitation indices calculated for each station and for each of the 30-
year moving periods within 1951-2006 in Poland. a cool half-year,
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—significant at 0.1 < p < 0.2, and strong trends—significant at p < 0.1.
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Fig. 4.19 Number of days with heavy precipitation a >10 mm per day
and b >20 mm in three consecutive days in Nida (western Lithuania)
and Varéna (south-eastern Lithuania) in 1961-2008. All trends are

Precipitation Index (SPI) for different time steps and the
Selyaninov Hydrothermic Coefficient (HTC—ratio of pre-
cipitation and sum of daily mean temperatures divided by
10)—were used for identifying drought. Statistically signif-
icant trends were not detected. A small decrease in dryness
was observed, however. A significant increase in the number
of days with heavy precipitation (=10 mm) was observed in
Latvia during 1924-2008 (Avotniece et al. 2010). Analysis
of extreme precipitation and drought events in Estonia using
moving averages of daily precipitation revealed an increase
in the occurrence of extreme events (Tammets 2007, 2010).
During the period 1957-2006, the sum of wet and dry days
has grown considerably in Estonia. The main cause was two
extremely dry summers, 2002 and 2006. An increase in the
number of wet and dry days and persistence of precipitation
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of stations by number of 30-year moving periods (26 stations with data
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series) (Lupikasza 2010)
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statistically significant according to a Mann—Kendall test (Rimkus et al.
2011)

events could be due to the increase in persistence of weather
patterns discussed in Sect. 4.2.

Przybylak et al. (2007) used the climate extreme index
(CEI) according to Karl et al. (1996) to determine the vari-
ability of all climate extremes together for Poland over
1951-2005. Using gridded data from the NCEP/NCAR
reanalysis, they found that CEI was at a maximum in the
1990s with a non-significant upward trend for the period as a
whole. Increasing trends was seen for annual mean number
of days with Ty,.x and Ty, above the 90th percentile and for
percentage changes in areas of Poland where the precipita-
tion minus potential evapotranspiration is considerably
below normal. A decreasing trend was found for percentage
changes in area of Poland with precipitation minus potential
evapotranspiration considerably above normal, spatially
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averaged frequency of extreme 1-day precipitation totals
above 15 mm and a considerably greater than normal mean
number of days with precipitation (Przybylak et al. 2007).

4.6 Cloudiness and Solar Radiation

4.6.1 Cloudiness
Records of cloudiness and solar radiation are generally
shorter than for temperature and precipitation. There were
remarkable long-term fluctuations in mean cloudiness and
sunshine duration over the Baltic Sea basin during the
twentieth century. The trends were of almost opposite sign
between the northern (Estonia) and southern (Poland) parts
of the study region (BACC Author Team 2008). From the
1950s until the 1990s, total cloud cover decreased over
Poland, while the amount of low-level clouds increased over
Estonia. The trends were reversed in the 1990s. Fluctuations
in sunshine duration were more or less of opposite sign
compared to cloudiness. There is a trend of decreasing cloud
cover over the Baltic Sea basin of 1 % per decade for 1970-
2008 (Fig. 4.20), mostly in spring and autumn (Lehmann
et al. 2011). However, cloud cover increased over parts of
the mountainous regions of Scandinavia and the south-
eastern Gulf of Finland, mainly during winter and summer.
Filipiak and Migtus (2009) undertook a detailed study of
spatial and temporal variability in cloudiness at 41 stations in
Poland for 1971-2000. Positive as well as negative changes
in cloudiness were detected, mainly related to local vari-
ability; only a few were statistically significant. Time series
of cloudiness in £.6dz, Poland, for 1951-2000 indicate some
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Fig. 4.20 Linear trend of total cloud cover during 1970-2008 based
on meteorological data obtained from SMHI (Lehmann et al. 2011)
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trends in the frequency of specific cloud types (Wibig
2008b). Total cloud cover significantly decreased, while
low-level clouds increased during the warm season. Strati-
form clouds became less frequent and convective clouds
more frequent. An increasing trend in high-level clouds was
also observed (Wibig 2008b). A clear decrease in cloudiness
after the 1980s was recorded in Lund, Luled, Sodankyld and
Hamburg, that is in the Baltic Sea region (Stjern et al. 2009)
mainly in March and September. An increase in annual mean
low-level clouds was reported at Tartu-Toravere, Estonia,
from the 1960s to 1980s, and a rapid decrease since 1990s
(Russak 2009).

4.6.2 Sunshine Duration and Solar
Radiation

Stjern et al. (2009) presented surface solar radiation data
from 11 stations in north-western Europe and the European
Arctic within the context of the ongoing discussion on global
dimming and global brightening. They compared the records
to records of cloud cover and to qualitative information on
aerosol concentrations and atmospheric circulation patterns.
The authors found a decrease in solar radiation of 18.3 % or
21.5 W m? during 1955-2003 (Fig. 4.21), while the 1983
2003 period showed a 4.4 % increase. The earlier part of the
time series (before 1965) contains data from only two sta-
tions (Hamburg, Copenhagen) and so is less reliable. After
1965, no trend can be distinguished. Similar results on
change in solar radiation were obtained for the Tartu-Tora-
vere Meteorological Station in Estonia during 1955-2007
(Russak 2009). A decrease in global and direct radiation
occurred from the 1950s until the end of the 1980s
(Fig. 4.22). After that an increasing trend is evident. The
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Fig. 4.21 Mean surface solar radiation at 11 stations. Solid line
indicates where the mean comprises more than three stations and the
dotted line an envelope of +1 standard deviation. The dashed line
represents a second-degree regression fit (Stjern et al. 2009)
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Fig. 4.22 Time series of global (Q), diffuse (D) and direct radiation
incident on a horizontal surface (S’) at Tartu-Tdravere meteorological
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trend in solar radiation is opposite to that in low-level cloud
cover.

Changes in global solar radiation based on the NCEP/
NCAR dataset were analysed by Uscka-Kowalkowska et al.
(2007) for central Europe during 1951-2005. The study area
had 35 grid points and covered Poland, eastern Germany,
Czech Republic, Slovakia, western Ukraine and Belarus,
Lithuania and southern Sweden, areas which mostly belong
to the Baltic Sea basin. A general increase in solar radiation
was detected during the study period. The strongest trends
were found in April, May, November and December, while
little change was detected in March and October. Higher
trend values are characteristic for the northern part of the
study area (Uscka-Kowalkowska et al. 2007). Net radiation
and net long wave radiation show a significant positive trend
in Tartu-Toravere, Estonia, during 1961-2002 (Fig. 4.22)
(Russak 2009). Variability in the individual components of
the radiation budget for the Baltic Sea region was discussed
by the BACC Author Team (2008). No new evidence is
available.

The studies mentioned here generally indicate negative
trends in cloudiness and coincident positive trends in sun-
shine duration and solar radiation in the major parts of the
Baltic Sea basin over recent decades. The number of
investigations to date is not sufficient to enable more detailed
and reliable conclusions.

4.7  Conclusion

Variations and trends of atmospheric parameters in the
Baltic Sea region during the last 200-300 years can be
summarised as follows. A northward shift in storm tracks
and increased cyclonic activity have been observed in recent
decades with an increased persistence of weather types. No
long-term trend have been observed in annual wind statistics
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since the nineteenth century, but considerable variations on
(multi-)decadal timescales have been observed. An anthro-
pogenic influence cannot be excluded since the middle of the
twentieth century. The pattern in wind and wave heights
over the Northern Hemisphere with a NE shift of storm
tracks appears to be consistent with combined natural and
external forcing. Continued warming has been observed,
particularly during spring and is stronger over northern
regions (polar amplification) than southern. Bhend and von
Storch (2009) detected that the significant warming trends
over the Baltic Sea region are consistent with future climate
projections under increased greenhouse gas concentrations.
No long-term trend was observed for precipitation, but there
is some indication of an increased duration of precipitation
periods and possibly an increased risk of extreme precipi-
tation events.

Open Access This chapter is distributed under the terms of the Creative
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noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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Abstract

This chapter compiles and assesses information on run-off and discharge from rivers within the
Baltic Sea drainage basin. Some information is also available on ice duration on inland waterways.
Although decadal and regional variability is large, no significant long-term change has been
detected in total river run-off to the Baltic Sea over the past 500 years. A change in the timing of the
spring flood has been observed due to changes in the timing of snowmelt. Change in temperature
seems to explain change in run-off better than does precipitation. Later start dates for ice formation
on waterways, and earlier ice break-up dates have resulted in shorter periods of ice cover.

Keywords

Baltic sea * Climate change ¢ River * Run-off ¢ Discharge ¢ Ice cover

J. Kéyhko (B<)
Department of Geography, University of Turku, Turku, Finland
e-mail: jukkay@utu.fi

E. Apsite
Faculty of Geographical and Earth Sciences, University of Latvia,
Riga, Latvia

A. Bolek
Institute of Meteorology and Water Management, Warsaw, Poland

N. Filatov - L. Nazarova
Laboratory of Geography and Hydrology, Northern Water
Problems Institute, Petrozadovsk, Russia

S. Kondratyev
Institute of Limnology, Russian Academy of Sciences,
St. Petersburg, Russia

J. Korhonen

Freshwater Centre, Finnish Environment Institute, Helsinki,
Finland

J. Kriaucitiniené

Laboratory of Hydrology, Lithuanian Energy Institute, Kaunas,
Lithuania

G. Lindstrom
Research and Development, Swedish Meteorological and
Hydrological Institute, Norrkdping, Sweden

A. Pyrh
Hydrology Department, Estonian Environment Agency, Tallinn,
Estonia

M. Sztobryn
Hydrological Forecast Office, Institute of Meteorology and Water
Management, Gdynia, Poland

© The Author(s) 2015

5.1 Introduction

This chapter compiles and assesses recent information on
run-off and river discharge' within the Baltic Sea basin.
Most of the information is based on peer-reviewed scientific
publications, but a substantial share of the data has been
provided by national authorities responsible for hydrological
monitoring. Lake hydrology is not addressed in this chapter
because widespread regulation for hydropower generation
and the resulting complexity in lake level variation tend to
hamper attempts to assess climatically induced change.
Readers interested in the impact of climate change specifi-
cally on lakes are advised to refer to the European-scale
review by Glen (2010).

! In this chapter, the terms inflow, runoff and discharge are used as
follows. Runoff describes general, long-term and/or regional processes
and is typically given as litres per second per square kilometre
1s™! kmfz) (allowing comparisons between rivers of different sizes) or
millimetres per year (mm year ') (allowing comparisons with precip-
itation and evaporation), whereas inflow and discharge typically refer to
immediate channel flow and are given as cubic metres per second
(m® s7'). Where possible, the terminology used in the original
publications has been respected.
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The magnitude of water flow in a river is the result of
various complex hydrological processes including precipi-
tation, evapotranspiration, infiltration and storage (in the
form of snow, soil moisture, and sub-surface and ground-
water storage, etc.). Explaining changes in streamflow thus
requires an understanding of these parameters of which
precipitation is often pivotal. Meteorological parameters are
addressed in Chap. 4, but some notes may be beneficial for
general reference. Bordi et al. (2009) studied linear and
nonlinear trends in drought and wetness within Europe in
terms of the gridded standardised precipitation index (SPI)
determined from monthly precipitation reanalyses by the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR). They
concluded that time series of drought and wetness area
coverage show a marked linear trend until about the end of
the twentieth century at which point the trends reverse. The
recent reversed nonlinear trend is particularly pronounced on

Fig. 5.1 Spatial distribution of
the tendency towards wetter and
drier conditions within Europe
including the Baltic Sea basin.
This is shown by plots of the
angular coefficient p1 (in year™ ')
of the linear trend fitting the SPI-
24 time series for the two time
sections: a December 1949 to
February 2009 and b December
1949 to December 1997.
Negative (blue) values of pl
denote a tendency towards drier
periods, while positive (red) ones
towards wetter periods (Bordi

et al. 2009)

latitude

(b)

latitude

(a)

the hydrological timescale. Substantial regional variation
occurs in drought/wetness trends (Fig. 5.1).

Another European-wide example is provided by Stahl et al.
(2010) who studied streamflow trends in 1962-2004 in a broad
European study consisting of 411 near-natural small catch-
ments in 15 countries. Positive trends with increasing stream-
flow were found in the winter months in most catchments,
while in spring and summer months, strong negative trends
(decreasing streamflow, shift towards drier conditions) were
found specifically in the southern and eastern regions of the
study area, as well as widespread across Europe. A marked
shift towards negative trends was observed in April, gradually
spreading across Europe to reach a maximum extent in August.
Low flows have decreased in most regions where the lowest
mean monthly flow occurs in summer, but vary for catchments
which have flow minima in winter and secondary low flows in
summer. The study by Stahl et al. (2010) largely confirmed
findings from national- and regional-scale trend analyses.

0.08
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0.06
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5 Recent Change—River Run-off and Ice Cover

5.1.1 General Drainage Characteristics

of the Baltic Sea Basin

The land surface of the Baltic Sea basin, in other words the
drainage area of the Baltic Sea, covers 1.74 million km?. It
includes the territories of 14 countries. Three countries—Es-
tonia, Latvia and Lithuania—are located entirely within the
Baltic Sea basin, while only minor parts of the following
countries drain towards the Baltic Sea: Czech Republic, Ger-
many, Norway, Slovakia and Ukraine. The largest national
areas of the Baltic Sea basin are those of Sweden (25.3 %),
Russia (19.0 %), Poland (17.8 %) and Finland (17.4 %). These
four countries together cover two-thirds of the basin.

The exact number of sub-basins within the Baltic Sea
catchment area is a matter of definition, but Hannerz and
Destouni (2006) have delineated 634 river basins of more
than 6 km? in area (Fig. 5.2). The ten largest river basins
draining into the Baltic Sea and some of their characteristics
are summarised in Table 5.1. The ten rivers account for 58 %
of the Baltic Sea catchment area and 55 % of inflow. The
11-20th ranked basins have a total area of 251,000 km?
(14 % of the total) while the hundred largest basins cover
about 86 % of the Baltic Sea catchment. The remaining 14 %
(representing a quarter of a million square kilometres) are
divided into numerous small catchments along the coastal
regions and on the Baltic Sea islands. The total area of the
Baltic Sea islands is almost 40,000 kmz, and there are
around 200,000 islands in total.

Although there is some overlap, the ten largest river
basins are not the top ten in terms of mean annual flow. The
specific run-off is greatest in the north-western parts of the
Baltic Sea catchment; three rivers from that region—
Angermanilven, Luleilven and Indalsilven—cover posi-
tions 8-10, displacing the Narva, Torne and Kymi rivers.
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Fig. 5.2 Sub-basins of the Baltic Sea drainage basin greater than
6 km? in size (Hannerz and Destouni 2006)

The drainage area of Lule River is only 25,200 km? but the
run-off, 19.01 km™2 s ! leads to a mean annual discharge of
486 m* 57!,

The first assessment of climate change in the Baltic Sea
basin (BACC Author Team 2008) summarised the scientific

Table 5.1 Ten largest river basins draining into the Baltic Sea. The runoff values refer to the period 1950-90 (BACC Author Team 2008)

River Country Area (km®)  Percentage of Mean annual Percentage of Run-off
Baltic Sea discharge total river inflow (lkm?2s™h
drainage basin (m? s to the Baltic Sea

Neva Russia/Finland 281,000 16.1 2460 17.6 8.8

Vistula Poland/Ukraine/Belarus/Slovakia 194,400 11.2 1065 7.6 55

Odra Poland/Germany/Czech Republic 118,900 6.8 573 4.1 4.8

Nemunas Belarus/Lithuania/Russia 98,200 5.6 632 4.5 6.4

(Lithuanian)

Daugava Belarus/Latvia/Lithuania/Estonia/ 87,900 5.1 659 4.7 7.5

Russia

Narva Estonia/Russia 56,200 3.2 403 2.9 7.2

Kemi Finland 51,400 3.0 562 4.0 11.0

Gota Sweden 50,100 2.9 574 4.1 11.5

Torne Sweden/Finland 40,100 23 392 2.8 9.8

Kymi Finland 37,200 2.1 338 24 9.1

Total 1,015,400 58 7658 55 8.2¢

 Denotes average value
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understanding of the Baltic Sea catchment hydrology based
on publications up to 2006. The BALTEX database of river
run-off was utilised for the period 1921-1998. The key
findings of the 2008 assessment are summarised in Box 5.1.

J. Kéyhko et al.

by 25-30 days on northern rivers and 35-40 days
on southern rivers. The maximum ice-cover
thickness decreased 15-20 % on all rivers studied.

Box 5.1 Key findings of the first assessment of
climate change in the Baltic Sea basin

Annual and seasonal variation in total river inflow:

The average annual inflow to the Baltic Sea for
1921-1998 was 14,119 m® s~' or 445 km® year ',
excluding the Danish belts and sounds.

The wettest year was 1924 with an inflow of
18,167 m> s™' (+28 % compared to the average
annual inflow), and the driest year was 1976 with
an inflow of 10,553 m> s™! (=25 %).

The wettest decade was the 1990s with an average
annual inflow of 14,582 m> s~! (+3.3 % compared
to the long-term average), and the driest decade
was the 1940s with an average annual inflow of
12,735 m®> s (—9.8 %).

No statistically significant linear trend could be
found in the time series 1921-1998.

Regional variations and trends in run-off:
There were positive trends in run-off for 1920-
2002 at several stations in Denmark, southern
Sweden and Lapland—although the trends were
statistically significant at only two stations. Nega-
tive trends were rare and regionally scattered.
Statistically significant positive trends in run-off
were relatively common in winter (DJF) and spring
(MAM) in the period 1941-2002 across the
northern part of the Baltic Sea drainage basin.
Floods:

A widespread pattern of snowmelt floods occurring
earlier in the spring was likely to have been the
result of higher temperatures.

A positive phase in the North Atlantic Oscillation
(NAO) often indicates high water levels earlier in
spring and maximum levels above the long-term
average with the opposite tendency in the southern
part of the Baltic Sea drainage basin.

Lakes:

Long-term variations in lake levels in the Baltic
Sea basin were not analysed as widely as the
variations in river discharge due to the regulation
of many lakes: changes in their levels do not cor-
rectly reflect variation in climatic or physiographic
factors.

Ice regime:

In the Russian territory of the Baltic Sea basin, the
duration of complete ice cover on river decreased
during the latter half of the twentieth century:

e In Finland, in a data series extending to late sev-
enteenth century, the ice break-up on lakes has
moved 6-9 days earlier per hundred years. Since
late nineteenth century, freezing has delayed by 0—
8 days per century.

5.2 Basin-scale Change in Run-off
Patterns

The Baltic Sea can be considered a large, semi-enclosed
brackish water estuary draining into the North Sea via the
Danish Straits. The inflow from rivers to the Baltic Sea is an
important variable for both the physical and ecological
processes of the sea. The form of precipitation falling on its
drainage area has a major impact on the annual run-off
regime. In winter, much of the precipitation is stored as
snow, especially towards the northern part of the basin.
Consequently, water levels and discharges in the northern
area are at their lowest towards the end of the winter, before
snowmelt. The highest water levels and discharges are
recorded in spring or early summer owing to snowmelt.
Water levels and discharges usually decrease during summer
when evaporation/evapotranspiration is greatest and is nor-
mally larger than precipitation. Sometimes, if the summer is
dry and warm, water levels can even drop below the winter
minimum. Climate change is likely to have a clear influence
on the seasonal flow regime as a direct response to changes
in the form of the precipitation, as well as by altering the
temperature—evapotranspiration regime.

Hansson et al. (2011) reported—based on temperature and
atmospheric circulation indices from 1500 onwards—that run-
off to the Baltic Sea appears strongly linked to temperature,
wind and rotational circulation components in the northern
region and Gulf of Finland. In contrast, run-off in the southern
region is more associated with the strength and torque of the
cyclonic or anti-cyclonic pressure systems. Although decadal
and regional variability is large, no statistically significant
long-term change has been detected in total river run-off to the
Baltic Sea over the past 500 years (Fig. 5.3).

Analysis of run-off sensitivity to temperature suggests
that the southern regions may become drier with rising air
temperatures, whereas in the north and around the Gulf of
Finland higher temperatures are associated with greater river
run-off. As a whole, over the past 500 years, the total river
run-off to the Baltic Sea has decreased slightly in response to
the rise in temperature, at a rate of 3 %, or 450 m3 s L per
1 °C (Fig. 5.4).
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Fig. 5.3 Reconstructed annual river discharge to the Baltic Sea for the past 500 years. The grey shading indicates 1 and 2 standard errors of the

reconstructed river discharge (Hansson et al. 2011)
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Fig. 5.4 Reconstructed total river run-off as a function of temperature in the Baltic Sea drainage basin for 1500-1995. A change of 1 °C results in
a decrease in river run-off of 3 % (450 m > s~} (significant at the 95 % confidence level) (Hansson et al. 2011)

Regarding flow changes on a decadal scale, Hisdal et al.
(2010) revised and extended their earlier analysis included in
the first Baltic Sea assessment report (Hisdal et al. 2003;
BACC Author Team 2008). Currently, the data comprise
more than 160 streamflow records from the Nordic coun-
tries. The Mann—Kendall trend test was applied to study
changes in annual and seasonal streamflow as well as floods
and droughts for three periods: 1920-2002, 1941-2002 and
1961-2000.

Regional patterns detected by Hisdal et al. (2010) were
influenced by the time period and the selection of stations.
However, in general, trends towards increased streamflow
dominated annual values (Fig. 5.5) and winter and spring
seasons. Trends in summer flow were highly dependent on
the period analysed while no trends were found for autumn.

Fig. 5.5 Trends in annual
streamflow within the Nordic
countries for 1920-2002 (left),
1941-2002 (middle) and 1961—
2000 (right) (Hisdal et al. 2010)

1 = Negative trend
% ® Notrend

® Positive trend
® significant positive trend

A signal towards earlier snowmelt floods was clear. Com-
parison of the findings to various streamflow scenarios
showed the strongest trends detected to be coherent with
changes expected during the scenario period, for example
increased winter discharge and earlier snowmelt floods.
Hisdal et al. (2010) concluded by suggesting that the
observed temperature increase has clearly affected stream-
flow in the Nordic countries. These changes correspond well
to the projected consequences of a continued rise in global
temperature, whereas the impacts of both the observed and
projected changes in precipitation on streamflow are unclear.
The analyses by Hisdal et al. (2010) were further refined
by Wilson et al. (2010) who considered the effect of spatial
and temporal autocorrelation, investigated trend magnitude
instead of statistical significance and extended the period
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covered to 2005. They also applied the Mann—Kendall trend
test to study changes in annual and seasonal streamflow as
well as floods and droughts for three periods: 1920-2005 (68
stations), 1941-2005 (111 stations) and 1961-2000 (151
stations). The overall picture was that trends of increased
streamflow dominate annual values and the winter and
spring seasons. In all three periods, a signal towards earlier
snowmelt floods was clear, as was the tendency towards
more severe summer droughts in southern and eastern
Norway. The trends in streamflow result from changes in
both temperature and precipitation, but the temperature-
induced signal is stronger than precipitation influences. This
is a consequence of temperature affecting the timing of
snowmelt and thus the seasonal distribution of flows rather
than annual totals. A change in the timing of the spring flood
has also been observed due to changes in the timing of
snowmelt.

The tendency for a decrease in annual discharge in the
southern catchments recognised by Hansson et al. (2011)
was also detected by GailiuSis et al. (2011). They studied the
variability of long-term monthly run-off in five rivers
draining into the Baltic Sea: the Nemunas, Neva, Odra,
Vistula and Luledlven. More than 100 years of data are
available for all five rivers, and the data for the Nemunas at
Smalininkai starting in 1812 are one of the longest data sets
for river run-off in Europe. Variability within the long-term
run-off series was analysed by comparing the annual, highest
and lowest monthly river discharges against the long-term
mean to derive ‘anomalies’, integrated curves of annual
discharges and the results of the Mann—Kendall trend test. A
decrease of about 10 % in annual discharge was observed in
the rivers on the southern shore of the Baltic Sea (Fig. 5.6).
Cyclical variation with an amplitude of 26-27 years in the
annual discharge data series is characteristic of the Nemunas,
Neva, Vistula and Odra rivers.

Variability in river discharge depends on natural envi-
ronmental factors, especially on the cyclic variation in pre-
cipitation. However, drier and wetter phases in the studied
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rivers do not occur at the same time. The low phases in the
annual discharges of the Nemunas and Neva have a lag of
about 12 years compared to those of the Odra and Vistula.
Discharge in the Luledlven is affected by high regulation.
For a discussion of the impacts of damming and river reg-
ulation, see Chap. 17.

5.3 Regional and Seasonal Variations

5.3.1 Sub-basin-scale Changes

Centennial-scale change in historical sub-basin-scale river
discharge has been modelled by Graham et al. (2009). They
used the coupled atmosphere—ocean global climate model
ECHO-G (Legutke and Voss 1999) downscaled with the
Rossby Centre Regional Climate Model RCA3 (Samuelsson
et al. 2010) for simulating temperature and precipitation. The
results were used in the Hydrologiska Byrans Vattenbalan-
savdelning (HBV) hydrological model (Bergstrom 1976,
1992) to simulate river flows to four sub-basins of the Baltic
Sea for the periods 1000-1199 and 1551-1929. Observa-
tions for the period 1921-2002 were used as reference. The
basins studied were the Bothnian Bay, Bothnian Sea, Gulf of
Finland and Gulf of Riga. For the southern basin (Gulf of
Riga), the earlier periods have had higher river flow, while
for the northernmost basin (Bothnian Bay) recent years show
a slight increasing trend (Fig. 5.7).

In the Baltic States (Lithuania, Latvia and Estonia) in
general, changes in streamflow over the twentieth century
show a redistribution of run-off throughout the year: with a
significant increase in winter river discharge and a tendency
for decreasing spring floods (Reihan et al. 2007). Correlation
between streamflow, air temperature and precipitation for the
periods 1923-2003, 1941-2003 and 1961-2003 for a total
number of 70 stations with a record length of 84 years of
daily discharge data shows the strongest relations to occur in
winter. Increasing winter discharge seems to be associated

Fig. 5.6 Change in average 1100 3000
annual discharge with the
cyclicity of about 27 year 1000 —— —_— 2500
amplitude for the Nemunas and s
Odra (Oder) rivers (left axis) and 900
for the Vistula and Neva rivers 2000
(right axis) (Gailiusis et al. 2011) w 800 o
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with the significant rise in winter temperature. Average
winter temperature in the Baltic States for 1961-2003 rose
by 3 °C and precipitation by 43 mm, while run-off increased
by 19 mm. A significant decrease in spring floods was also
found.

There was no systematic pattern for the other seasons
although differences in streamflow (no change, positive
change and negative change) during summer and autumn in
most cases reflect tendencies in precipitation and tempera-
ture. Although a clear tendency for low summer flow was
lacking, a tendency for more years with low-water flow was
found. In most cases, changes in river discharge were similar
to the Nordic results reported by Hisdal et al. (2010).
However, the decrease in spring floods in the Baltic rivers
contrasts with the situation in the Nordic countries, where
changes in winter snowmelt are not yet apparent in the river
run-off data although they are expected in the future

Fig. 5.8 Long-term change in
precipitation and mean annual
discharge for rivers in the Baltic
Sea basin: I precipitation (Station
Riga University); 2 Nemunas; 3
Daugava; 4 Narva; 5 Pérnu.
Curves 1-4: left axis, curve 5:
right axis. Data were smoothed
using a 6-year moving average
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(Veijalainen et al. 2010). In general, the relation between the
main meteorological and hydrological parameters and ten-
dencies in river discharge trends is common across all three
Baltic States and may reflect the regional impact of global
climate change.

Klavins et al. (2007, 2008) and Klavins and Rodinov
(2008) studied river run-off in the Baltic region with an
emphasis on Latvia. The variability in long-term run-off for
18812006 was investigated in ten Latvian rivers and
compared with rivers in neighbouring countries: Neva and
Narva (Russia), Nemunas (Lithuania) and Parnu (Estonia).
The observation period of more than 150 years at the Riga
University Meteorological Station shows that mean annual
temperature has risen about 0.8 °C over the past century. A
good coherence was found between changes in annual pre-
cipitation and run-off for the largest rivers in Latvia and
other rivers in Baltic region (Fig. 5.8).
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An increasing trend in annual mean discharge for the
period 1961-2000 was found in all rivers although the trend
was statistically significant in the Daugava, Gauja, Narva,
Pérnu, Salaca, Dubna, Irbe and Abava rivers only. For all
periods with regular hydrological observations, linear trend
analysis showed a statistically significant decrease in dis-
charge for River Nemunas (1896-2006), but for all other
rivers the trends were not statistically significant. However,
it was evident that discharge showed a stronger increase
when the period analysed was reduced to the past 50 years.
A particularly marked increase in winter discharge was
detected over the past two decades. Discharge, precipitation
and temperature trends were more pronounced in catchments
further from the coast.

Trend analysis of the annual maximum and minimum
discharges for the major rivers Daugava, Lielupe, Venta,
Gauja and Salaca indicates a statistically significant decrease
in maximum discharge (except for River Salaca) and a sta-
tistically significant increase in minimum discharge (except
for River Gauja). The greatest number of years (3—6) with
extremely high (probability < 10 %) annual discharge for the
major rivers in Latvia occurred during the high-flow periods
of 1951-1962 and 1922-1936. Maximum discharge levels
have been at their lowest over the past 50 years.

Periodic oscillations in discharge intensity and low- and
high-water flow years are common for major rivers in Latvia
as well as for those in the Baltic Sea region as a whole.
Klavins et al. (2008) found good coherence between changes
in annual precipitation and river discharge. Spectral analysis
revealed the following statistically significant periods of
cyclicity in annual river discharge in the Baltic region: 38,
28, 14, 19, 5, 4 and 3 years. For the past 100—125 years in
Latvia, low-discharge periods have been longer than high-
discharge periods, lasting from 10 years up to a maximum of
21-27 years.

The winter increase and spring decrease in run-off in the
Baltic States were also found by Kriaucitiniené¢ et al. (2012).
They analysed the climate change impact on water resources
in Estonia, Latvia and Lithuania (175,000 km2) since the
1920s. Long-term temperature (40 stations), precipitation
(59 stations) and river discharge (77 stations) data were used
to generate ten regional data series for 1923-2007. Changes
in the regional series between 1991-2007 and 1931-1960
were analysed against 1961-1990 as a reference period. The
impact of changes in temperature and precipitation on river
discharge was also assessed.

Anomalies in the regional discharge series depend on the
climate type (marine or continental) and the sources feeding
the rivers (precipitation, snowmelt, groundwater). Discharge
in winter increased everywhere by 20-60 % compared with
the reference period. A 10-20 % decrease in spring dis-
charge occurred in the western regions of all Baltic States
(marine climate zone), but there were no significant changes
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in spring discharge in the continental regions (south-eastern
Lithuania and Latvia, eastern Estonia) (Fig. 5.9).

5.3.2 Regional Discharge Patterns
by Country

River catchments are commonly shared by two or more
countries, while hydrological offices and authorities operate
on a national basis. Therefore, formulating a coherent picture
of the hydrology of the Baltic Sea catchment area is com-
plicated. However, international research projects and col-
laboration between national authorities allow the collection
of discharge information by country as well as by catchment.
The rest of this section reports the latest information on river
flow to the Baltic Sea summarised by country. For Belarus,
Denmark and Germany, no new information was available;
see also BACC Author Team (2008).

5.3.2.1 Estonia

Reihan et al. (2007) analysed 14 daily streamflow records
ranging in length from 45 to 98 years for the period 1903—
2004. The tendency for a decrease in spring floods was
notable in all periods for 80 % of stations over the conti-
nental regions. No trend was detected in spring, summer and
autumn run-off, nor in summer droughts.

Long-term discharge trends were analysed by the Esto-
nian Meteorological and Hydrological Institute (EMHI
2011) for the period 1957-2006 for 23 Estonian gauges.
Trends were investigated by applying the Mann—Kendall test
with a 5 % significance level. Annual mean run-off shows a
significant positive trend over all Estonia except for the
Narva river. The changes in annual run-off follow the
changes in precipitation. Spring flood maximum discharge
shows a significant negative trend over Estonia, while winter
flood maximum discharge shows a significant positive trend
over the country. Summer flood maximum discharge has
increased in eastern Estonia, while a decrease has occurred
in central and western parts of the country.

5.3.2.2 Finland
The published data on water level and flow regimes in the
rivers of Finland extend until 2004 (Korhonen 2007; Ko-
rhonen and Kuusisto 2010). The monthly and annual mean
outflow from the whole territory has been determined for the
period 1912-2004, complemented by 25 discharge time
series and 13 water level time series. Both unregulated and
regulated rivers were examined. While most of the obser-
vation series examined started from the 1910s to 1930s, the
longest continuous records date back to the mid-1800s.
The mean outflow from Finland in 1912-2004 was about
3300 m > s ! (Fig. 5.10). The variation in annual mean
discharge was 18 %. The lowest annual outflow from
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Fig. 5.9 Seasonal and regional
anomalies in river discharge in
the Baltic States in 1991-2007
relative to the reference period
1961-1990. WIN winter, SPR
spring, SUM summer, AUT
autumn (Kriaucitiniené et al.
2012)

Fig. 5.10 Time series and trends
in mean annual (MQ), winter
(DJF), spring (MAM) and
summer (JJA) outflow from
Finland in 1912-2004. Only
statistically significant trends are
shown (Korhonen and Kuusisto
2010)
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Finland was about 1600 m > s~ ! in 1941 and the highest
about 4700 m > s~ ! in 1981, giving a ratio of about 3:1
between the highest and lowest annual outflow. The highest
monthly outflows have normally been recorded in May
during snowmelt floods, with a record value of about
10,350 m s in May 1920. The lowest monthly mean
outflow was 640 m > s~ in March 1942 giving a ratio of
about 16:1 between the highest and lowest monthly outflow.
Normally, outflow is lowest in winter and peaks in spring or
early summer. The relative variation in monthly mean out-
flow was lowest in May (22 %) and highest in September
(35 %).

The discharge regime has changed over the decades in
response to both climatic fluctuations and human impacts,
predominantly water regulation. Although there is no sta-
tistically significant change in the annual mean outflow from
Finland for 1912-2004, climate change has affected the
annual cycle of flow, particularly the seasonal distribution of
flow. The most significant change has occurred in the
hydrological regimes of winter and spring. Both seasons
have become milder during the twentieth century (see also
Chap. 4, Sect. 4.4), and consequently, late-winter and early-
spring mean discharges have increased. However, the mag-
nitudes of spring peak flow have not changed. Regulation
has increased the winter and spring mean discharge in some
places, while the summer flow has decreased. Winter and
spring monthly mean discharges from Finland increased by
100-150 m™> s™" per decade during 1912-2004. June and
July monthly mean discharges from Finland decreased by
85-195 m > s™' per decade. Changes in seasonal discharge
were different in different regions. Most drainage basins in
Finland are affected by regulation, but especially in northern
Finland and in Ostrobothnia. Winter and spring discharge
increased mostly in the north, whereas summer discharge
decreased specifically in southern Finland.

Long-term changes in the individual discharge time series
were similar to the changes in the outflow from Finland. At
most sites, the winter and spring mean discharges increased
at both unregulated and regulated sites. However, in north-
ern Lapland, it seems more likely that winter discharge
decreased. The increase in winter discharge focused on late
winter and the increase in spring discharge on early spring.
The rise in winter and spring discharge can almost certainly
be attributed to warming in winter and spring and earlier
snowmelt. At some regulated sites, the release of water has
been increased in winter and early spring in order to increase
the storage capacity for snowmelt water. This explains the
stronger winter and spring discharge trends at some regu-
lated sites. Spring high flow occurred earlier within the year
at about a third of the observation sites. In most cases, this
shift in timing was 1-8 days per decade. There is no overall
change in the magnitude of spring high flow. At a third of
the unregulated sites, summer discharge has increased,
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whereas there has been a decrease in some monthly dis-
charges at slightly less than half of the regulated sites. The
decrease in summer discharge at regulated sites can be at
least partly explained by higher water release in winter and
spring. At about half of the unregulated observation sites,
low flows have increased, at about half of the regulated
observation sites they have decreased. Increase in low flow
at unregulated sites can be explained by increased discharge
in low-flow periods (winter and summer). Decrease in low
flow at regulated sites is explained by zero flow when water
gates are shut, but a similar situation is usually not possible
in unregulated streams. Annual mean flow and annual high
flow did not show statistically significant trends in general,
apart from at a couple of sites. Changes in mean monthly or
seasonal discharge were typically a small percentage of the
period mean flow per decade, in most cases not higher than
10 %. Trends at regulated sites were stronger than trends at
unregulated sites.

5.3.2.3 Latvia

Recent studies of run-off in Latvia include those by Apsite
et al. (2009, 2013). The authors studied a 1951-2009 data
series of twenty-five river hydrological stations. The first 37-
year period (1951-1987) showed ‘no substantial’ climate
change impacts on river run-off, whereas the subsequent 22-
year period (1988-2009) had a ‘substantial’ climate change
signal in river run-off. In the period 1951-1987, a major part
of the total annual river run-off (37-52 %) was generated
during spring with a peak discharge of up to 30 % in April,
followed by winter (17-30 %), autumn (17-25 %) and
summer (9—14 %), with the lowest discharge (2—4 %) in July
and August. In comparison with the study period of 1951—
1987, the past two decades (1988-2009) showed a statisti-
cally significant mean increase of 11 % in river run-off
during winter. In contrast, a statistically insignificant
decrease took place in spring (8 %) and autumn (3 %).
Summer showed little change.

Although run-off has increased significantly in January
and February and decreased significantly in April and May
over the past two decades, a major proportion of the total
annual river run-off is still generated in spring (39 % on
average) and discharge still peaks in April (17 % on average)
(Fig. 5.11). Changes in seasonal and monthly river dis-
charges were identified in all four hydrological districts
studied (western, central, northern and eastern Latvia), but
the greatest change occurred in the central district.

Trend analyses for both periods (1951-2009 and 1881—
2009) suggested a statistically significant increasing trend
for winter low flow (the 30-day minimum discharge) and
significant decreasing trends for both the high discharge (the
maximum discharge of the year) and the coefficient of
uneven run-off distribution. Hence, the difference between
the low-flow and high-flow discharges in spring has
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Fig. 5.11 Change in river
hydrographs between two study
periods in hydrological districts
of Latvia and in Latvia as a
whole. The grey area shows the
95 % confidence interval for the
mean discharge values for 1951—
1987. The black triangles
represent statistically significant
change in monthly mean
discharge value for 1988-2009
(Apstte et al. 2013)
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decreased over recent decades, and the annual distribution of
run-off has become more uniform. An example of long-term
trends in the river Daugava annual discharge at the Dau-
gavpils site is presented in Fig. 5.12, representing one of the
longest observed data series in the Baltic countries.

Fig. 5.12 Trends in the 30-day 600 -
minimum discharge in low flow
of cold (Q30 cola) and warm (Qzo
warm) periods, annual mean - 500 1
discharge (Qmean) and maximum E
of the year discharge (Q.x) at the 2 400 |
hydrological station Daugava— g
Daugavpils for the period 1881— g
2009. Discharge curves are E: 300 -
smoothed with a 5-year moving g
average (Apsite et al. 2013) o
§ 200 -
g
¢
100 -
0

5.3.2.4 Lithuania
The natural climate fluctuation in the Baltic Sea region,
including Lithuania, depends partially on the processes of
atmospheric circulation (see Chap. 4). Since the 1940s, deep
cyclones have been more frequent across Lithuania during

- 2000

qmal\
: //
a3 1/ ‘
— \) ¥ L
AR YA
— YWV
Qrnax TR S—
Qipwam Q w A
J0cold .‘-_ "
3 2 |
e M\ i ‘
| £ _-.- ‘ I~
WALy ' N
-
A A A A A A
DX BDDOOOSr NANNMOIIITVODOOORNNDOODD OO O
PPBRODODDPDDNNDNDNDDDNDDDDDIDOD DD DD OO O
Fr T rTrrrTr T rCTErCFTFSCFSFCESCFESFCFCESCFTSCFSCFCOESFSCFrTeec o™

- 4000

+ 3500

3000

2500

Quaxe M3

- 1500

1000

500


http://dx.doi.org/10.1007/978-3-319-16006-1_4

110

winter (Bukantis et al. 2001). Consequently, winters have
become warmer, long-lasting seasonal frost has decreased,
and the contrast between seasons has diminished. Unusually,
warm periods and the amount of winter precipitation
increased in the final decades of the twentieth century in
Lithuania.

Meilutytée-Barauskiené et al. (2010) studied Lithuanian
rivers with a catchment area larger than 500 km? using data
from 17 meteorological and 32 hydrological stations.
Changes in air temperature from 1961-1990 to 1991-2007
in Lithuania can be summarised as follows (Meilutyté-Bar-
auskiené et al. 2010): average annual temperature increased
by 1.1 °C, average winter and spring temperatures increased
by 0.57 and 0.7 °C, respectively, and the temperature con-
trast between seasons decreased. Annual and winter pre-
cipitation increased by 3 and 17 %, respectively. Spring,
summer and autumn precipitation showed little change.

Winter run-off increased and spring run-off decreased
during the final decades of the twentieth century with only
small changes during summer and autumn. Meilutyté-Bar-
auskien¢ et al. (2010) analysed the run-off time series for
annual, seasonal and extreme events using the Mann—Ken-
dall trend test. A summary of significant positive and neg-
ative trends is illustrated in Fig. 5.13. A significant negative
trend was found in annual and spring, summer and autumn
run-off over the period 1922-2003. The same tendency is
characteristic for 1941-2003, while winter run-off increased
in 54 % of stations. In the period 1961-2003, winter run-off
again increased, whereas spring run-off and maximum dis-
charge decreased in 85 % of stations. The smallest changes
were found for autumn and summer, especially the driest
month, July.

Findings by Kriaucitiniené et al. (2008, 2012) demon-
strated an uneven temporal and spatial run-off distribution in
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Lithuania. Annual river run-off varies from 4.2 to
140 1 s™' km . Lithuania has been divided into three
hydrological regions (western, central and south-eastern)
according to different types of river feeding (precipitation,
snowmelt, groundwater) and hydrological regime. Long-
term regional series of temperature, precipitation and run-off
compiled for these hydrological regions were analysed
against the reference period 1961-1990. Annual temperature
for the period 1991-2006 was about 15 % higher than during
the reference period, whereas precipitation varied regionally
from —3 % (western region) and —6 % (central region) to
+4 % (south-eastern region). There was no significant
change in run-off in 1991-2006 relative to the reference
period. Climate change (increasing air temperature and
decreasing summer precipitation) has had an impact on
drought characteristics of river run-off (frequency, duration
and discharge) in Lithuania. Change in low-flow conditions
in Lithuanian rivers was analysed by Kriaucitiniené et al.
(2007). The drought data series were defined as a series of
30-day minimum discharge for the summer low-flow period.
Representative historical daily data series from 30 hydro-
logical stations were used to calculate trends. Three time
periods (1922-2003, 1941-2003 and 1961-2003) were
selected for analysis by the Mann—Kendall trend test. The
cyclic variations in the time series of 30-day minimum dis-
charge were typical for all Lithuanian rivers. The average
periodicity of the cycles was found to be 27 years, including
an average ‘wet period’ of 13 years and ‘dry period’ of
14 years. This is in line with the findings of Kriauciliniené
et al. (2012) who found long-term variations in the regional
time series of precipitation and discharge in all ten regions
studied in Lithuania. The average periodicity of the wet and
dry phases was 27-30 years, including an average wet
period of 15 years and an average dry period of 14 years

Fig. 5.13 Significant trends in [%] 1922-2003 1941-2003 1961-2003
annual, seasonal and extreme run- 100 -
off from rivers in Lithuania for
three periods over the past %0
century. The vertical axis shows 80
the percentage of stations 70
encountering a positive (red) or
negative (blue) significant trend 60
(Meilutyté-Barauskiené et al. 50 -
2010)
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Fig. 5.14 Periodicity in annual 3 Q
(Q) and 30-day minimum Qm/s —
discharge (Q30; 5-year moving —Q30
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(see also Chap. 4, Sect. 4.5). The final period (1996-2007)
of long-term variation in river discharge was considered
‘dry’, although was only 3 % lower than the multi-year
average discharge. This small decrease in discharge is
believed to stem from higher temperature despite a small
(2 %) increase in precipitation in 1996-2007. The period-
icity of variations in annual discharge and 30-day minimum
discharge is similar (Fig. 5.14).

The analysis of minimum run-off using the Mann—Ken-
dall trend test revealed no trends in annual variation in 30-
day minimum discharge for the periods 1922-2003 and
1941-2003. Only a few rivers in western Lithuania had
positive trends in the period 1961-2003. In Lithuanian riv-
ers, droughts (30-day minimum discharges) occur in the
period June to August. Since 1961, droughts have been
observed less frequently in June and more frequently in
August.

5.3.2.5 Poland

About 99.7 % (312,683 km?) of Poland lies within the
catchment of the Baltic Sea. Analysis of the total run-off
from Poland during the period 1951-2010 shows a slight
increasing tendency (Fig. 5.15).

Fig. 5.15 Annual run-off from 100
Poland in the period 1951-2010
(Institute of Meteorology and
Water Management of Poland)
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Vistula (Wisla) is the longest river flowing into the Baltic
Sea and has the second highest run-off after Neva river. The
Vistula river catchment covers about 54 % of Poland.
Analyses of Vistula discharge during 1921-2006 do not
show any increasing tendency, but a periodicity of 13—
18 years. Run-off is stable over the long term, ranging from a
minimum of 18.76 km® in 1943 to a maximum of 51.09 km’
in 1975. However, the past 20 years show an increasing
tendency with the long-term maximum for 1921-2006
(51.09 km?) exceeded in 2010 (54.58 km®).

The Odra is the second longest river in Poland. Discharge
at the Godzdovice gauging station has shown a slight
increase over the past couple of decades although there is no
trend over the full data series (1921-2006) (Institute of
Meteorology and Water Management of Poland).

5.3.2.6 Russia

The Neva is the largest of the rivers flowing into the Baltic
Sea, accounting for about 18 % of total run-off (Table 5.1).
Figure 5.16 presents monthly and annual run-off for the Neva
and Volkhov rivers and shows considerable interannual var-
iability (Filatov et al. 2012). During the final decade, the

annual means vary widely from a maximum of 2861 m’s”'in
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Fig. 5.16 Annual discharge
for the Neva (a, left axis) and
Volkhov (b, right axis) between
1950 and 2010 (Filatov et al.
2012)

Fig. 5.17 Annual river run-off
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2000 to a minimum 1649 m® s~' in 2003. No statistically

significant trends were found in the run-off data, for the Neva
or Volkhov rivers, or for the Shuja, Suna or Vodla rivers
(Fig. 5.17). Recent decades have been characterised by a
combination of high temperature and high run-off.

The Neva river is heavily regulated using the lakes of the
catchment, and the share of winter low water accounts for
about 25 % of annual run-off (Gronskaja 2008). The river
run-off ratio between wet and dry years is roughly 2:1. The
seasonal river run-off distribution has not changed but spring
(AM) run-off has increased by 6-13 % while winter (DJF)
run-off has decreased by 4—10 % (Shiklomanov 2008).

5.3.2.7 Sweden

Average long-term series of temperature and precipitation
for Sweden were constructed by Alexandersson (2002).
These data series were extended and supplemented by
hydrological data by Lindstrom and Alexandersson (2004),
Hellstrom and Lindstrém (2008) and Lindstrom (2011), for

example. Figure 5.18 shows annual anomalies and long-term
variations in precipitation, temperature, water resources and
flood magnitude in Sweden for the period 1901-2010. The
anomalies are relative to mean values for the reference
period 1961-1990. Temperature has been unusually high in
recent years, with a temperature anomaly of about 1 °C for
Sweden as a whole. From 1988 onwards, all years except
two have been warmer than the average for the reference
period. Precipitation has increased much more than run-off.
Hellstrom and Lindstrom (2008) were not able to establish
the reason for this discrepancy, but suggested that the single
most likely factor was a change in the precipitation mea-
surement technique. Run-off was fairly stable over the study
period. The 1970s was the driest decade (with a deficit of
about 10 % compared to the reference mean), while the
1920s, 1980s and 1990s were the wettest (about +10 %).
2000 was the wettest year, with a precipitation anomaly of
almost 40 %. The magnitude of the annual maximum floods
in unregulated rivers was relatively stable over the study
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Fig. 5.18 Annual anomalies 3
(relative to 1961-1990) and long- 2
term variability in precipitation, 1
temperature, runoff and flood

. . 0
magnitude in Sweden for
1901-2010. For flood magnitude,
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period. 1995 was the year with highest floods on average,
and 2003 was the year with lowest flood peaks.

54 River Ice Regime

The river ice regime is considered a sensitive indicator of
climate change. Klavip$ et al. (2007, 2009) studied long-
term changes in ice break-up date and duration of ice cover
for 17 river stations in the Baltic countries and Belarus.
River Daugava has the longest data series in Europe starting
in 1530. A pronounced decreasing trend is apparent for the
past 150 years and is even more clearly evident over the past
30 years (Fig. 5.19). No decreasing trend was detected for
the initial period (starting 1530), which includes the Little
Ice Age. The records of historical observations show
recurring episodes of mild and severe winters (see Chap. 4
for the past 200 years and Chap. 3 for the past 1000 years,
including the Little Ice Age).

Flood magnitude (%)

1920 1940

1960 1980 2000

1920

1940 1960 1980 2000

A decreasing linear trend indicates a reduction in ice-
cover duration and earlier ice break-up. The ice-cover
duration has declined by 2.8—6.3 days per decade during the
past 30 years. In general, the shift in river ice break-up

140
y = -0,0895x + 115,04

'S E-J'tmf
1 A

byl _.II'J by
| ‘*Hr‘“ .rw-ﬁil.\

y = 0,0239x + 92,796 ‘

120

1004
SUJ

60 -

R~ 0,0091

Iee break up date no 1 jan

Fig. 5.19 Time series of ice break-up dates on River Daugava (dashed
line shows trend from 1860 to 2003 and continuous line from 1530 to
1859) (Klavins et al. 2009)
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towards earlier dates, indicating an earlier start in river
flooding, is in agreement with the increase in winter run-off
for rivers in the Baltic Sea basin. The time of ice break-up
depends not only on meteorological conditions in a given
year and distance from the Baltic Sea, but also on global
climate, making it a good integrating indicator of global
climate change.

Both the ice regime and the seasonal river discharge are
strongly influenced by large-scale atmospheric circulation
processes over the North Atlantic, and this is manifested
through a close correlation with the NAO (see Chap. 4). A
strong negative correlation between the NAO index, Winter
Baltic Climate Index (WIBIX, Hagen and Feistel 2005) and
ice break-up events suggests that atmospheric processes over
the North Atlantic were the main factor driving the river ice
regime in the Baltic region for the period 1921-2000
(Klavins et al. 2009). In winter, intense westerly circulation
moves fronts and air masses through the mid-latitudes and
across the Baltic Sea region, but during the warmer parts of
the year it weakens considerably and precipitation events are
largely due to different processes.

Stonevicius et al. (2008) reported a decrease in ice-cover
duration in the lower reaches of the Nemunas River, Lithu-
ania, over the past 150 years. They argued that variation in the
river freeze-up and break-up dates is related to variation in
climatic variables. The negative break-up trend exceeds that
of the positive freeze-up trend. Low-frequency, large-scale
atmospheric circulation patterns such as the NAO and the
Arctic Oscillation (AO) (see Chap. 4) appear to have more
influence on the break-up date than on the freeze-up date.

Sarauskiené and Jurgelénaite (2008) studied ice-cover
data for 13 water measurement stations on eight rivers also
in Lithuania. Variation in ice-cover data was investigated for
three periods: 1931-1960, 1961-1990 and 1991-2005. The
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study suggests that warmer winters cause later freeze-up
dates and shorter ice-cover duration on the rivers. Long-term
observations of the Nemunas (1812-2006) at the Smalininkai
station indicate that in the nineteenth century, ice cover
formed on average 13 days earlier and remained unbroken
on average for 30 days longer than in the twentieth century.
Applying the Mann—Kendall trend test to the data showed
very significant trends in the Nemunas ice data series of the
last century: a negative trend in ice duration data and a
positive trend in freeze-up date data. According to the ice-
cover data, the Kaunas Hydro Power Plant has the largest
anthropogenic impact on the Nemunas ice processes. After
the dam was constructed in 1959, ice duration at Kaunas and
Lampédziai WMS decreased on average by 15 and 5 days,
respectively, compared to the period 1931-1960. Observa-
tional data from 1991 to 2005 indicate a strong decrease in
ice duration compared to earlier periods. In urban areas,
human activities cause rivers to freeze-up later and the
period of ice cover to be shorter.

In Russia, the analysis of the interannual variation in ice
phenomena dates and the duration of coverage for Lake La-
doga show very small but significant trends (1-6 days per
100 years). The trend is most marked for freeze-up dates
(14 days per 100 years) but the coefficient of determination is
no more than 3 % (Karetnikov and Naumenko 2008). Change
in the thermal regime of the near surface water layer is
revealed by the increase in duration of the ice-free period on
Lake Onego (Onega) (Salo and Nazarova 2011). By the end
of the twentieth century, the number of ice-free days had
increased from 217 to 225 days on average (Fig. 5.20). The
authors argued that the dates of ice-cover formation and decay
on Lake Onego are determined not only by autumn and spring
temperatures but also by large-scale processes characterised,
for example, by the NAO index. Figure 5.21 illustrates the

Fig. 5.20 Dates of a break-up (a) break-up freezing
(red) and freezing (blue), and
b duration of ice-free period on 29 VI 29 Xl
Lake Onego (redrawn from Salo
and Nazarova 2011) oVvi 9 Xit
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date of freeze-up and ice break-up on three lakes of different
sizes in Russia (Efremova and Palshin 2011).

5.5 Conclusion

The recently published literature and data collected by
national authorities on river hydrology of the Baltic Sea basin
support and are generally in line with the findings reported in
the first assessment of climate change in the Baltic Sea basin
(BACC Author Team 2008). No statistically significant
trends have been detected in annual river discharge in the
Baltic Sea basin as a whole, and temperature change seems to
explain change in run-off better than does precipitation.
Winter discharge has increased due to higher temperatures
and subsequent snowmelt, while spring discharge has
decreased as less snow is present. Regional variations occur in
response to climate (temperature, precipitation) and discharge
cyclicity. Later start dates for ice formation on rivers and
earlier ice break-up dates have resulted in shorter ice duration
on rivers in the Baltic Sea basin.
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Abstract

This chapter compiles and assesses information on recent and current change within the
terrestrial cryosphere of the Baltic Sea drainage basin. Findings are based on long-term
observations. Snow cover extent (SCE), duration and amount have shown a widespread
decrease although there is large interannual and regional variation. Few data are available on
changes in snow structural properties. There is no evidence for a recent change in the
frequency or severity of snow-related extreme events. There has been a decrease in glacier
coverage in Sweden and glacier ice thickness in inland Scandinavia. The European permafrost
is warming, and there has been a northward retreat of the southern boundary of near-surface
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Keywords

seasonal snow cover * glaciers * seasonally frozen ground ¢ permafrost

S. Rasmus (D<)

Department of Biological and Environmental Sciences,
University of Jyvéskyld, Jyvaskyld, Finland

e-mail: sirpa.rasmus@alumni.helsinki.fi

J. Boelhouwers
Department of Social and Economic Geography,
Uppsala University, Uppsala, Sweden

A. Briede
Faculty of Geography and Earth Sciences,
University of Latvia, Riga, Latvia

LLA. Brown - S. Ingvander - A. Mercer
Department of Physical Geography and Quaternary Geology,
Stockholm University, Stockholm, Sweden

M. Falarz
Department of Climatology, University of Silesia, Sosnowiec,
Poland

J. Jaagus
Institute of Ecology and Earth Sciences, University of Tartu,
Tartu, Estonia

L. Kitaev
Institute of Geography, Russian Academy of Science,
Moscow, Russia

E. Rimkus
Department of Hydrology and Climatology, Vilnius University,
Vilnius, Lithuania

© The Author(s) 2015

6.1 Introduction

The terrestrial cryosphere of the Baltic Sea drainage basin
includes widespread seasonal snow cover and frozen ground
as well as small glaciers in Sweden and in a few cases,
Norway. In addition to long-term changes in climate, various
components of the terrestrial cryosphere are affected by the
seasonal changes in weather, especially winter air tempera-
ture and the form of the precipitation (liquid or solid).

This chapter updates information presented in the first
Baltic Sea assessment (BACC Author Team 2008) on recent
and current change in snow cover, and other components of
the terrestrial cryosphere, based on the recent literature.
Findings are based on long-term observations mostly from
the European part of Russia, Estonia, Latvia, Lithuania,
Poland, Finland and Sweden. Some information is available
from Denmark, Norway and Germany, which all cover rel-
atively small areas of the Baltic Sea drainage basin. Only
small parts of Ukraine, Czech Republic and Slovakia are
within the drainage basin, and no information on changes
within the terrestrial cryosphere in these countries was
available. The same is true for Belarus, although a significant
proportion of the country is within the drainage basin. Some
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findings are valid for the whole Baltic Sea drainage basin,
while for others the perspective is restricted to limited areas
only—glaciers contributing run-off to the Baltic Sea drain-
age basin found only in Sweden and a few remote regions of
Norway—and permafrost is a marginal phenomenon.

Box 6.1 Summary of findings from the first
assessment of climate change in the Baltic Sea
basin

The first Baltic Sea assessment (BACC Author Team
2008) reported several climate-related changes in the
snow cover of the Baltic Sea drainage basin. Study
periods ranged from the period 1961-1990 to the
whole of the twentieth century. Although winter air
temperatures were observed to rise across all of
northern Eurasia, impacts on snow cover varied across
the Baltic Sea basin. A decrease in snow cover was
observed in the south-western regions of the drainage
basin, due to an increase in the proportion of precip-
itation in liquid form during winter, while an increase
in snow storage and snow cover duration (SCD) was
observed in the north-eastern regions. Most of the
drainage basin has experienced earlier snow melt and a
decrease in spring snow cover due to the rise in tem-
perature. A recent decrease in SCD and snow water
equivalent (SWE) was observed in the southern parts
of all Fennoscandian countries. Despite this, total
snow storage increased in the east and north. In the
Scandinavian mountains, an increase in winter pre-
cipitation related to thicker snow cover was observed.
In Estonia, a recent negative trend was observed in
SCD, snow depthand SWE. A decrease in snow cover
days was observed in Latvia, Lithuania and Poland. In
the north-west of the East European Plain, snow
storage increased in line with winter temperature and
precipitation.

Since the first BACC assessment (BACC Author Team
2008), there have been three other significant assessments
with at least some emphasis on northern European cryo-
spheric conditions. The Global Outlook for Snow and Ice
(UNEP 2007) reported that the Northern Hemisphere mean
monthly SCE had declined at a rate of 1.3 % per decade
during the past 40 years. It also reported a long-term increase
in snow depth and SCD across most of northern Eurasia. A
decreasing trend in SCE during winter in the Northern
Hemisphere was also reported by Lemke and Ren (2007) in
the Fourth Assessment report of the Intergovernmental Panel
on Climate Change. The authors also concluded that low-
lands in central Europe had seen recent reductions in annual
SCD, whereas greater snow depth but a shorter snow season
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had been observed in Finland and the former Soviet Union.
An assessment by Voigt et al. (2010), mostly concerning
alpine and central European conditions, concluded that
higher winter temperatures are the main reason for the
decrease observed in snowfall and snow depth in most of the
Europe.

Snow cover affects the winter and spring climate in many
ways. For example, snow has a high albedo and so absorbs
much less solar radiation than bare soil or vegetated sur-
faces; it also acts as a heat sink during the melt, keeping
ground temperature near zero despite the high radiative
fluxes (BACC Author Team 2008). When the snow cover is
formed on tundra vegetation, snow depth determines whe-
ther the vegetation is still visible (Heino et al. 2006;
Euskirchen et al. 2007). One example is from northern
Scandinavia, where satellite data have been used to map the
snowmelt date, and to evaluate the effect of low vegetation
on snowmelt and through this, on surface albedo. During the
study period of 1995-2011, more abundant low vegetation
in northern Norway caused snowmelt to occur earlier than in
northern Finland—causing the Finnish side of the border to
have a greater surface albedo during the melt period. Rein-
deer grazing is one reason for differences in vegetation
amount (Cohen 2011). A modelling study that eliminated
snow cover from the climate system found that this resulted
in higher mean annual surface air temperature; decreased soil
temperature and increased permafrost extent; drying of
upper-layer soils and changes in the annual cycle of run-off;
and the disappearance of extreme cold air outbreaks (Vavrus
2007). Variability in SCE in Europe affects low-level
atmospheric temperature, soil temperature, soil moisture,
stream discharge and energy flow in the warming and
melting of the snowpack (Henderson and Leathers 2010).

At a larger scale, Eurasian SCE affects the Northern
Hemisphere winter circulation (Orsolini and Kvamstg 2009).
The extent of autumn snow cover in Eurasia has been shown
to influence the atmospheric circulation over the Northern
Hemisphere during the following winter, and even the North
American winter temperatures (see Chap. 4, Sect. 4.2.4).
During winters 1967/1968-2007/2008, autumn snow cover
from northern Scandinavia to the West Siberian Plain was
associated with winter temperatures over the interior of
North America (Mote and Kutney 2011). A relationship has
also been observed between winter and spring Eurasian
snow cover and spring and summer East Asian rainfall (Wu
and Kirtman 2007).

Changes in seasonal snow cover (amount, extent and
duration), glacier mass balance and frozen ground have
various ecological and socio-economic consequences (see
Chaps. 15-22). The terrestrial cryosphere has close con-
nections to the hydrological regime (i.e. river run-off)
described in Chap. 5.
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Box 6.2 Observing the cryosphere

Observations of snow cover comprise (1) in situ
measurements of snow fall, snow depth, SWE and/or
snow structure; (2) airborne remote sensing observa-
tions; or (3) space-borne satellite observations. In situ
observations are normally operated by hydrological
and/or meteorological services. They are local in nat-
ure and not uniformly distributed. Data quality is
affected by, for example, changes in station location
and observation methodology. Snow observations
have been made operationally in many countries for
several decades.

The use of satellite observations for studying the
cryosphere has been discussed by Sharkov (2003),
Nosenko et al. (2005) and Sutyrina (2011). Satellites
provide the opportunity to observe large-scale SCE by
optical satellite imagery or by radar remote sensing.
Snow depth and SWE are derived from data obtained
from passive microwave sensors.

Cloud cover and highly variable illumination con-
ditions (including the polar night) impede the use of
monitoring methods reliant on reflected solar radia-
tion. Dense forest cover and deep snow hinder the use
of passive microwave sensors. Studies also reveal
significant differences between remotely sensed and
in situ observations of snow cover, for example owing
to the algorithms that convert brightness temperatures
observed from satellites to SWE. These problems were
discussed by Boyarskii et al. (1994), Boyarskii and
Tikhonov (2000), Luojus et al. (2009), Kitaev (2010),
Metsamaki et al. (2010) and Kitaev and Titkova
(2011). There are sometimes large discrepancies
between the satellite data and the ground-based
instrumental observations of the snow cover boundary
during periods of snow formation and snowmelt.
Radar-based remote sensing is problematic during the
snowmelt season, and it is difficult to find a single
method that functions well in mountainous, open and
forested areas. The use of wide-swath synthetic aper-
ture radar (SAR) was promising especially in the
boreal zone (Khan et al. 2007; Lemke and Ren 2007;
Luojus et al. 2007, 2009). Kéarnd et al. (2007) and
Takala et al. (2011) recently presented a snow map-
ping procedure that combines weather station mea-
surements and microwave radiometer data.

Observations of structural snow parameters (stra-
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An overall understanding of typical snow structures
within the various parts of the Baltic Sea drainage
basin is not available, although some fragmentary
information on phenomena such as rain-on-snow and
ice crusts is occasionally published.

The Swedish glaciers have been investigated since
the early expeditions at the start of the twentieth
century (e.g., Williams and Ferrigno 1993; Klingbjer
and Neidhart 2006), and since 1946, there has been a
systematic monitoring programme in northern Sweden
(Holmlund et al. 1996; Jansson and Pettersson 2007).
Within the scientific monitoring programme of the
Tarfala Research Station, the yearly mass balance is
calculated for five different glaciers in the region and
the frontal positions of 20 glaciers are monitored.

Current understanding of the spatial patterns of
frequency, intensity and duration of freeze/thaw cycles
of the ground in the Baltic Sea region remains poor
and has not been subject to systematic study. Obser-
vations include measurements of frozen ground depth
and permafrost (e.g., active layer thickness). Perma-
frost temperatures are monitored either relatively close
to the ground surface or in boreholes of 100 m or more
deep (Lemke and Ren 2007).

Reanalysis products such as ERA40 (reanalysis for
1957-2002 made by the European Centre for Med-
ium-Range Weather Forecasts) and NCEP/NCAR
(continually updated data set from 1948, produced by
the National Centers for Environmental Prediction and
the National Center for Atmospheric Research) offer
new possibilities for understanding the present state
and recent change in the terrestrial cryosphere.
According to studies by Khan et al. (2007, 2008) on
reanalysed snow data from major Russian river basins
for 1979-2000, the method reproduces the observed
seasonal and interannual snow cover variability well,
even though the absolute values may differ.

6.2 Recent and Present Change

in Seasonal Show Cover

6.2.1 Snow Cover Formation, Duration

and Melt

tigraphy, density, hardness, grain size and form,
impurities) are far less frequent and regular than
observations of the occurrence and amount of snow.

According to Brown and Mote (2009), SCD has the highest
sensitivity to climatic change of all snow cover parameters.
Observations by NOAA polar orbiting satellites show a
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decrease in Northern Hemisphere terrestrial SCD during the
period 1966-2007. The greatest decreases occurred in areas
where the seasonal mean air temperature was between —5
and +5 °C (i.e., the mid-latitudinal coastal regions of the
continents). Choi et al. (2010) found that the average
Northern Hemisphere SCD decreased by 5.3 days per decade
between the winters of 1972/1973 and 2007/2008. The most
significant change occurred in the late 1980s. Takala et al.
(2009) showed that the European regions of Eurasia expe-
rienced an increasing early melt onset between 1979 and
2007. At Sodankyli, northern Finland, melt onset advanced
by 3.4 days per decade.

These findings are supported by an analysis in snow
survey observations in northern Eurasia by Bulygina et al.
(2011). They found a decrease in SCD since 1966. Also the
spring snowmelt has become shorter and more intense in
northern Eurasia, even though the maximum snow depth has
increased across most of Russia.

SCD between 1976 and 2008 was shorter than the 1938—
2008 average in the eastern part of the Baltic Sea region. This
followed the sharp rise in air temperature and the increase in
precipitation that began in 1976 (Fig. 6.1; Table 6.1). Fur-
thermore, the INTAS-SCCONE project (International Asso-
ciation for the Promotion of Cooperation with Scientists from
the New Independent States of the former Soviet Union—
Snow Cover Changes Over Northern Eurasia) showed that
SCD decreased within the Baltic Sea basin in western
Scandinavia and in the south-west of the East European Plain
over the past century. This corresponds to climatic conditions
over the northern part of the East European Plain (ROSHY-
DROMET 2008; adapted from Kitaev et al. 2007, 2010).
Conversely, an increasing trend in the number of snow cover
days is seen in most of northern Eurasia (Heino et al. 2006).

Since the mid-twentieth century, SCD in Latvia has
decreased by 3-27 days (Draveniece et al. 2007; Klavins
2007; Klavins et al. 2009). Mean SCD decreased by 17 days
in Lithuania during 1961-2010. Only in the most eastern
part of Lithuania was a positive tendency seen (Gecaité and
Rimkus 2010).

SCD in Poland increases from west to north-east and is
greatest at high altitude in the mountains. A long time series
(80 winters) showed no significant trends in SCD. However,
in the latter half of the twentieth century, a slight negative
trend occurred across most of the Poland, excluding the
highest parts of the Sudety Mountains (Falarz 2010). In
southern Poland, the foehn effect has a strong influence on
snow cover (Falarz 2013). Northern Germany has very
variable snow cover with the mean number of days with
snow cover varying from less than 15 in the west to almost
40 in the east. The latter half of the twentieth century saw a
decline in the number of days with snow cover in northern
Germany (Bednorz 2007).
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Fig. 6.1 Snow cover anomalies in the Russian part of Baltic Sea basin.
a Snow cover days. b Snow depth in March. ¢ Snow water equivalent
in March. Dots show anomalies relative to the long-term average for
1938-2008. Dotted lines show linear trends (ROSHYDROMET 2008;
Kitaev et al. 2007, 2010)

During the period 1905-2003, SCD did not change sig-
nificantly in Sweden (northern part of the Baltic Sea basin).
For the period 1961-2003, the number of days with snow
cover decreased in southern Sweden by 20—40 %. In southern
Sweden, seven of the ten years with the shortest SCD have
occurred after 1974, and in mid-Sweden, five of the ten years
with the shortest SCD have occurred since 1989 (Larsson
2004). In Norway, there has been a decrease in SCD at the
majority of monitoring stations since 1914. This negative
trend is more pronounced in the past few decades (Dyrrdal
and Vikhamar-Schuler 2009; Dyrrdal et al. 2013).

The monthly key climatic reports from the period 1970—
2009 collected by Cappelen (2000, 2003a, b, 2010) showed
that Denmark (western part of the Baltic Sea drainage basin)
has an ephemeral snow cover and that SCD varies greatly
between years and between decades. Both the minimum
(8.3) and maximum (54.2) number of snow cover days per
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Table 6.1 Long-term (1936-2008) and recent (1979-2006) trends in monthly observations on anomalies of air temperature (7), precipitation (Pr),
snow depth (H) and snow water equivalent (S) for the Russian part of the Baltic Sea drainage basin (ROSHYDROMET 2008; adopted from Kitaev

et al. 2007, 2010)

Month Period T Pr
b R b
Nov 1936-2008 0.10 1.9 3.87
1979-2006 0.12 32 2.05
Dec 1936-2008 0.10 14 7.52
1979-2006 0.11 24 5.8
Jan 1936-2008 0.09 0.9 10.7
1979-2006 0.11 0.9 3.0
Feb 1936-2008 0.13 1.3 14.6
1979-2006 0.19 1.8 6.2
Mar 1936-2008 0.15 2.0 14.3
1979-2006 0.18 2.2 6.2

H S
R’ b R? b R’
30.0 1.3 20.9 24 0.0
3.5 8.4 1.9 3.1 5.1
30.5 1.3 20.1 12 0.0
6.4 4.6 0.0 2.7 1.1
31.5 2.8 30.9 -1.6 0.0
3.3 -29 6.2 0.9 0.4
332 42 36.3 -0.8 0.0
5.6 -15 13 0.0 1.1
31.8 1.1 93 1.6 3.7
1.8 -17 6.8 12 13

b coefficients of liner trend: T °C/10 years; Pr mm/10 years; H cm/10 years; S mm/10 years; R? coefficient of determination (explained variance),

expressed as percentages (%)

year was observed during the period 2000-2009. Never-
theless, a weak but statistically significant trend towards
shorter SCD is seen.

Snow is the origin of a significant fraction of run-off in
the Baltic Sea basin. The water volume held by the snow
cover and the spring melt rate are significant factors affecting
the volume and timing of the spring floods (BACC Author
Team 2008), and changes in SCD can be detected indirectly
using hydrological observations. Germany has been divided
into three regions, each with a different seasonality of
flooding. A slight extension to the region situated in western
and central Germany towards the southeast has been detec-
ted, indicating a spatial increase in winter flooding due to
changes in snow conditions (Beurton and Thieken 2009).

Analysis of 19 river basins in Latvia during 1951-2006
has shown a tendency towards a decrease in spring floods and
an increase in winter flow, due to changes in SCD and snow
amount (Apsite et al. 2009). Trends in spring flood volume,
peak and timing observed in Lithuanian rivers during 1922—
2003 indicate warmer winters and changes in snow cover
(Meilutyte-Barauskiene and Kovalenkoviene 2007).

Snow is a significant recreational attraction in the Baltic
Sea area. In Estonia, various forms of winter recreation have
become increasingly popular, and this has led to an increase
in snow observations, made not only by scientists. A com-
bination of questionnaire-based analysis and scientific
observations shows that variability in snow conditions has
increased recently: with more significant variation experi-
enced in lowlands than uplands and forest edges which
retain more stable conditions (Vassiljev et al. 2010).

6.2.2 Snow Depth and Snow Water
Equivalent

Large interannual variation is seen in the snow depth and
SWE time series of the Baltic Sea drainage basin. Snow
amounts do not show any significant trends over the
period 1936-2008 in the Russian part of the Baltic Sea
drainage basin (30-40°N; 60-65°E) (Fig. 6.1; Table 6.2)
(ROSHYDROMET 2008; adapted from Kitaev et al. 2007,
2010). Using interpolation of measurements on a network of
snow transects, the changes in SWE during 1966-2005 were
studied for the northern part of the East European Plain
(Baltic Sea watershed is included) and no significant trends
were seen (Kitaev et al. 2007, 2010; Khan et al. 2008; Holko
et al. 2009).

Nevertheless, some long-term trends have recently been
reported, with some regional variation. According to IN-
TAS-SCCONE, snow depth is still increasing despite the
recent rise in global temperature, for the majority of northern
Eurasia (Heino et al. 2006; Kitaev et al. 2010). Drozdov
et al. (2010) reported a slight positive trend in snow accu-
mulation in European Russia (eastern part of the Baltic Sea
drainage basin), and Bulygina et al. (2011) reported an
increase in mean winter and maximum snow depth across
most of the Russian land area over the past four decades. In
most areas, the number of days when snow depth is greater
than 20 cm also increased. However, maximum winter Snow
depth decreased in western European Russia. An increase in
SWE was seen in many areas, but decreased in western
European Russia (Bulygina et al. 2011).
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Table 6.2 Recent trends (1976-2006) in surface air temperature (7), precipitation (Pr), snow cover duration (D), snow depth (H), snow water
equivalent (S) for the Russian part of the Baltic Sea drainage basin and East European Plain. (ROSHYDROMET 2008; adapted from Kitaev et al.

2007, 2010. See also Chap. 4, Sects. 4.4.2 and 4.5.2)

T Pr
b R b R
Baltic Sea drainage 0.38 2 6.2 1.8
basin
East European Plain 0.68 7 0.61 4.2

D H N

b R? b R? b R?
-2.6° 24.2 -1.7 6.8 1.2 1.3
4.7 14 0.88 49 -1.5 2.7

b coefficients of liner trend: T °C/10 years; Pr mm/10 years; D days/10 years; H cm/10 years; S mm/10 years; R’ coefficient of determination

(explained variance), expressed as percentages (%)
%0.89 during the period 1936-2008 (R* = 12.6 %)

In Sweden (northern part of the Baltic Sea drainage
basin), maximum snow depth did not change significantly
during 1905-2003 (Larsson 2004). A slight increase was
observed in the most southern and northern parts of the
country. During the period 1961-2003, mid-Sweden expe-
rienced an approximate 30 % decrease in maximum snow
depth (Larsson 2004). A snow depth record from the
Swedish sub-Arctic (1913-2004; see also Fig. 6.2) shows an
increase in winter mean snow depth of 2 cm (5 %) per
decade since 1913, and 10 % per decade since the 1930-
1940s (Kohler et al. 2006). Relatively shallow snow cover
has been seen since the late 1990s, however (Akerman and
Johansson 2008; Callaghan et al. 2010).

There has been a general decrease in snow depth at the
majority of monitoring stations since 1914 in Norway.
A negative trend is more pronounced for the past few dec-
ades. In mountain regions, the variation in snow depth is
driven by changes in precipitation and a temperature increase
can even increase snow depth (Dyrrdal and Vikhamar-
Schuler 2009; Dyrrdal et al. 2013).

Maximum SWEs decreased in southern and western parts
of Finland during 1946-2001, but increased in the eastern
and northern parts of the country (Venildinen et al. 2009).
Large decadal variability was seen (Venéldinen et al. 2009).
This was also the case in southern parts of the Baltic Sea
region in Poland; the 1960s were characterised by heavy
snow loads, while the first half of the 1970s and the end of
1980s had thin snow cover (Bartoszek 2007). Nevertheless,
maximum snow depth was observed to decrease in Poland
and Estonia (Bednorz 2007). Maximum snow depth
decreased by 3.5 cm in Lithuania during 1961-2010
(Gecaité and Rimkus 2010).

6.2.3 Snow Cover Extent

The Fourth Assessment report of the Intergovernmental Panel
on Climate Change reported that the Northern Hemisphere
snow cover area had decreased in most regions, especially
during spring and autumn in the period 1966-2005, due to the

rise in air temperature. In areas with an increase in SCE,
the reason was an increase in solid precipitation (Lemke and
Ren 2007).

Brown (2000) reconstructed a long time series (1922—
1997) of western Eurasian SCE anomalies for October,
March and April (by producing areal snow cover indexes
using station data from Canada, the United States, the former
Soviet Union, and the People’s Republic of China as well as
continental SCE from NOAA satellite snow cover data) and
reported a small long-term change in autumn SCE, but a
rapid reduction in spring SCE, particularly in April. More
recently, a fast decrease in spring SCE (1972-2013) has
been observed in Europe, especially in Scandinavia, in spite
of large decadal fluctuations (van Oldenborgh et al. 2009,
see Fig. 6.3). Henderson and Leathers (2010) also reported a
decrease in European SCE.

In Fennoscandia, there has been a decreasing trend in
SCE especially since the 1970s, but with some regional
exceptions (Venéldinen et al. 2009). SCE decreased in the
Russian part of the Baltic Sea basin during the 1970-1990s;
this decrease has since ceased (Bulygina et al. 2011).

6.2.4 Snow Structure and Properties

In the western half of the Eurasian continent, days with thaw
have become more frequent since 1881. For example, in
Fennoscandia, in the latter half of the twentieth century, the
number of days with winter thaw increased by 6 in 50 years.
The duration and maximum thickness of the basal ice layer
in the European part of Russia have also decreased since
1966. Changes in open areas are more marked than in for-
ested areas (Bulygina et al. 2010). Reindeer herders in
northern Finland report slightly different experiences, how-
ever (ACIA 2004). Their experiential knowledge is that
ground ice formation at the lichen layer has become more
common.

The formation of ice crusts after rain-on-snow events, or
surface thawing with subsequent refreezing, has been
observed by satellite monitoring (Bartsch et al. 2010).
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Fig. 6.3 Trend in observed March—-May snow cover extent during the
period 1972-2013 (°C per decade). Linear regression was calculated
between the spring snow cover area and the globally averaged
temperature anomalies—negative values mean decreasing snow cover
extent with the rise in temperature. Only grid boxes with p < 0.2 are
shown. (updated from van Oldenborgh et al. 2009)

Winter rain-on-snow events are associated with changes in
air temperature in northern Eurasia. Such events are there-
fore sensitive to small changes in winter climate. The
occurrence of winter month rain-on-snow events has been

observed to increase with increased air temperature; the rate
of increase ranged from 0.5 to 2.5 events per winter per °C
and was greater at locations with low air temperature (Ye
et al. 2008).

6.2.5 Extreme Events

Europe experienced several exceptional winters during the
period 2000-2010. Winter 2005/2006 was notable because
of the great snow accumulation at the end of the winter
season, long SCD and heavy snowfall events in the low-
lying areas. Climatologically, this winter was not particu-
larly cold or wet, but it did have exceptionally few thawing
episodes (Pinto et al. 2007). Winter 2006/2007 was excep-
tionally warm and was extremely likely to have been the
warmest for more than 500 years (Luterbacher et al. 2007).
The winter of 2009/2010 had large snowfall, which was
associated with a negative North Atlantic Oscillation (NAO,
see Chap. 4) and El Nifio event (Seager et al. 2010).

The occurrence of a positive NAO phase has been shown
to contribute to rapid snowmelt events in Polish-German
lowlands (southern part of the Baltic Sea drainage basin)
(Bednorz 2009), and the location of low-pressure systems
over Europe has been shown to be responsible for heavy
snowfalls in this region (Bednorz 2008). Extreme SCDs and
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maximum seasonal snow depth values in Poland during the
latter half of the twentieth century were analysed by Falarz
(2008) (Fig. 6.4). Abundant snow cover has become rarer,
and since the 1970s, a sparse snow cover has been observed
more frequently than before. The changes are not statistically
significant, however. Lupikasza et al. (2009) found no sig-
nificant trends in extreme snow cover in Poland during the
latter part of the twentieth century, but reported that since
winter 1987/1988 the area of extremely thin snow cover has
remained relatively large.

Extreme snow conditions are connected to, for example,
snow-induced forest damage. In Finland, this damage is
assumed when snow accumulation exceeds 20 kg m™2 during
a 3-hour period or precipitation exceeds 20 mm during a 5-day
period. According these criteria, snow-induced forest damage
was expected in Finland on average 65 times a year during the
period 1961-2000, but as often as 150 times a year during the
mild 1990s. During 1961-2000, the maximum number of
heavy snow-load events occurred in 1994 in northern Finland
(Gregow et al. 2008; Kilpeldinen et al. 2010).

6.3  Recent and Present Change

in Glacier Extent and Mass Balance

Perennial snow and ice extent in Scandinavia during 2000—
2008 was studied by Fontana et al. (2010) using a Moderate
Resolution Imaging Spectroradiometer (MODIS) data set
with a 250 m spatial resolution. Large interannual variation
was seen, and a strong negative relationship was found
between snow and ice extent and positive degree-days dur-
ing summer months. Snow and ice extent was significantly
correlated with annual net glacier mass balances.

The mass balance record for Storglacidren in the
Kebnekaise massif of northern Sweden is the longest con-
tinuous glacier mass balance record in the world. The
Storglacidren record shows a fluctuating pattern in net mass
balance; since 1992, the net mass balance trend has been
largely negative (Jansson and Pettersson 2007; Fig. 6.5). In a
study by Evans et al. (2008), the net mass balance of
Storglacidren was shown to be related to the changing

snowpack volume and the resulting winter mass balance
during the years 1990-2006. A negative trend in the winter
mass balance combined with the increasing trend in mass
lost due to ablation has resulted in a decrease in glacier net
mass balance and a rise in the snowline.

Other glaciers in the Tarfala Research Station mass bal-
ance programme exhibit similar trends. In inland Scandina-
via, a cumulative loss in glacier ice thickness has been
reported by the World Glacier Monitoring Service for 1967—
2008 (WGMS 2008; Voigt et al. 2010). Recent thinning of
1 meter year ' has been observed at the equilibrium line of a
Norwegian ice cap, partly draining into the Baltic Sea
drainage basin (Brown 2012).

The frontal positions of glaciers measured in Tarfala
show retreat rates of —1 to —14 meters year ' between 1915
and 1994 (Holmlund et al. 1996). More recently, the status
of Swedish glaciers has been monitored using remote sens-
ing and classification of satellite images for areal estimation
of the glaciated areas (e.g., Klingbjer et al. 2005). In 1973,
Ostrem et al. (1973) compiled a glacier atlas over northern
Scandinavia using aerial photographs and map data. In this
report, the glaciers covered 321.8 km>. In 2001, a new
inventory was conducted using high-resolution satellite
imagery as part of the Global Land Ice Measurements from
Space (GLIMS) project (Armstrong et al. 2011) and the
Swedish glaciers were reported to cover 264.5 km?. How-
ever, the error margins associated with the satellite data
limits the accuracy of these results. Nevertheless, the glacier
data show a decrease in glacier coverage in Sweden with
many glaciers retreating into protected niches. Fealy and
Sweeney (2005) attributed the behaviour of Scandinavian
glaciers since the 1970s to large-scale changes in atmo-
spheric circulation. The strong correlation between the
Arctic Oscillation(AO, see Chap. 4) and the winter mass
balance of Swedish glaciers (Jansson and Linderholm 2005)
suggests that Swedish glaciers are particularly sensitive to
change in winter surface temperature. Regional downscaling
of general circulation models(GCMs) using ERA-40
reanalysis data has suggested that Storglacidren exhibits
a mass balance sensitivity to temperature change of
—0.48 meters year ' per °C (Radic and Hock 2006).
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Fig. 6.5 Cumulative 2
glaciological and volumetric mass
balance series of Storglacidren,
northern Sweden. Different lines
represent different methods and
corrections that have been used to
estimate the net mass balance
(Zemp et al. 2010)

cumulative specific mass balance (m w.e.)

6.4 Recent and Present Change
in Frozen Ground
6.4.1 Seasonally Frozen Ground

In the northern part of the Baltic Sea basin in Fennoscandia,
surface soil freezes and thaws during winter with large
variability in frozen ground depth. Mellberg (2008) descri-
bed the recent (1991-2007) seasonally frozen ground char-
acteristics observed in Sweden. Maximum and minimum
temperatures per winter season, the number of freeze days
and the temperature trend per winter were studied at several
sites around the country. A small warming trend during
winter was observed in ground temperature at 10 cm depth.

Recent warming trends at Abisko (Sweden) are known to
be consistent with those observed for the Scandinavian sub-
Arctic and the rest of the Sweden. Schmidt (2011) studied
the annual and seasonal warming trends at soil depths of 20—
100 cm in Abisko (1985-2010) and found a decrease in the
length of time that the ground remained frozen seasonally,
with later freeze-up and earlier spring thaw. In contrast,
short-term freeze/thaw cycles of the ground in the upper
20 cm appeared to be more frequent. Despite earlier studies
indicating snow cover as the most important parameter
influencing ground temperature, Johansson et al. (2008) and
Schmidt (2011) failed to find such a correlation. In contrast,
mean monthly air temperature is highly correlated with
ground temperature in all seasons to 100 cm depth. The
increase in regional mean annual air temperature over the
period 1979-2002 (see Chap. 4) is positively correlated with
slow soil surface movements due to freezing and thawing,
but this is subject to large local and regional variability
(Ridefelt et al. 2009).
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Over the final decades of the twentieth century, the length
of time over which the ground remained frozen reduced by
two weeks in Lithuania (south-eastern part of the Baltic Sea
drainage basin). In the period 1960-1979, the ground
remained frozen throughout the entire winter season and the
probability of thaw/freeze was only 35 %. In 1980-2000, the
probability that thaw/freeze would occur during the winter
was 100 %. In some regions, seven thaw/freeze events were
recorded in one season (Taminskas et al. 2005). The depth of
seasonally frozen ground has decreased in Lithuania since
1923. The greatest reduction occurred at the end of the
twentieth and the start of the twenty-first centuries (Ta-
minskas et al. 2006).

It has been suggested that atmospheric warming can lead
to more frequent and stronger freeze/thaw events due to
reduced snow insulation (Isard and Schaetzl 1998). In the
southern Baltic Sea region, the increase in freeze/thaw event
frequency was not observed with reduced snow cover.
Kreyling and Henry (2011) reported a 50-year trend analysis
of snow cover and frozen ground characteristics at 177
stations in Germany. SCD decreased by 0.5 d year™ ' with an
increase in minimum soil temperature and a uniform
decrease in freeze/thaw cycles at 5 cm depth. Henry (2008)
suggested that changes in air temperature may have a greater
impact on frozen ground characteristics than precipitation,
but this has not yet been investigated for the Baltic Sea area.

6.4.2 Permafrost

Data collected from permafrost boreholes over the past
decade indicate recent warming in the European permafrost,
with the greatest warming at higher latitudes. Shorter-term
extreme climatic events are also reflected in changes in
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Fig. 6.6 Active-layer thickness
from 1978 to 2012 at nine sites in
sub-Arctic Sweden. The active
layer has become deeper over the
monitoring period, especially
over the past decade (updated
from Akerman and Johansson
2008)
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active layer thickness (Harris et al. 2009). A rise in ground
temperature of 0.1-0.7 °C at the depth of zero annual
amplitude in European Russia was observed during the
monitoring period. The southern limit of patchy near-surface
permafrost retreated northward by 20-50 km in European
Russia between 1974 and 2008 (Drozdov et al. 2010).

Thawing permafrost and thicker active layers are also
reported for sub-Arctic Sweden over the period 1978-2012
(Akerman and Johansson 2008; Callaghan et al. 2010;
Fig. 6.6). Permafrost degradation is correlated with increases
in air temperature and is sensitive to changes in snow depth.
The relationship between snow and permafrost is not
straightforward, however, and snow structure also has an
effect (Johansson 2009). New borehole data in the lowland
peat mires of the Abisko area show ground temperature
increased by 0.4—1 °C between 1980 and 2002 with mean
annual ground temperatures close to 0 °C. Thus, permafrost
in this region appears very vulnerable to the projected cli-
mate warming (Johansson et al. 2011).

6.5 Conclusion

There has been a 0.1 °C per decade increase in winter
temperature for the period 1871-2011 in the northern part of
the Baltic Sea area (Chap. 4, Sect. 4.4). In relation to this
warming, the recent literature reinforces the findings of the
first Baltic Sea assessment on changes observed in the ter-
restrial cryosphere.

Years

S&S

o
+
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SCE has shown mostly decreasing trends within the
Baltic Sea basin. SCD has also decreased in several regions,
especially owing to earlier snowmelt. Large interannual
variation is seen in snow depth and SWE time series for the
area. Nevertheless, a decreasing trend is seen in snow depth
and SWE in several regions, especially in lowlands and
coastal regions, where snow cover variability is dominated
by air temperature (winter temperatures relatively close to
0 °C). In northern and eastern parts of the drainage basin,
and in mountain regions where both precipitation and tem-
perature control snow amount, colder average winters have
led to an increase in annual snow depth and SWE. Few data
are available on changes in snow structural properties. There
is no evidence for a recent change in the frequency or
severity of snow-related extreme events. The past decade
saw an exceptionally warm winter in 2006/2007 and two
winters with high snow accumulation (2005/2006 and 2009/
2010).

A decrease in glacier coverage in Sweden has been
observed, although variability is seen in the long-term mass
balance record of an actively monitored glacier. A cumula-
tive decline in glacier ice thickness has been reported by the
World Glacier Monitoring Service in inland Scandinavia.

Current understanding of the spatial patterns of fre-
quency—intensity—duration characteristics of freeze/thaw
cycles of the ground in the Baltic Sea region remains poor
and has not been subject to systematic study. Some warming
trends, and some decreases in the duration and depth of
seasonally frozen ground have been seen. Warming trends
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have been observed in the European permafrost, as well as a
northward shift in the southern boundary of near-surface
permafrost in European Russia.

Open Access This chapter is distributed under the terms of the Creative
Commons Attribution Noncommercial License, which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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Juri Elken, Andreas Lehmann, and Kai Myrberg

Abstract

This chapter describes recent change in the circulation and stratification of the Baltic Sea. A
recent warming trend in sea-surface waters has been clearly demonstrated by in situ
measurements, remote sensing data and numerical models. Trends in sea-surface temperature
(SST) for the past three to four decades based on remote sensing data generally agree with
trends determined from in situ observations. Models suggest the current warming within the
Baltic Sea lies within the range experienced during the past 500 years. The salinity and
stratification of the deep waters are strongly linked to the major inflows of North Sea water
that occur sporadically and bring high-saline water into the deep layers of the Baltic Sea. The
major inflows normally occur during winter and spring and bring cold oxygen-rich waters into
the deep basins. Since 1996, large inflows have also occurred during summer, bringing in

warm low-oxygen water.

7.1 Introduction

Changes in thermohaline characteristics and stratification of
the water column are usually analysed on the basis of data
from repeat hydrographic observations, originating from
shipborne monitoring programmes and/or permanent coastal
and offshore oceanographic stations. Such datasets are
described in recent books by Feistel et al. (2008) and
Leppéranta and Myrberg (2009). In situ observations are
often irregular in space and time, especially for offshore
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areas; therefore, trends and variability in the ocean state can
only be determined by careful pre-processing of the data to
address issues such as data homogenisation and the sup-
pression of aliasing errors. In recent decades, horizontal
undersampling by in situ measurements has been partially
offset by the remote sensing of sea-surface properties from
satellites; with these data free of spatial aliasing errors due to
their high horizontal resolution. Satellite-derived cloud-free
products for sea-surface temperature (SST) have been rea-
sonably accurate since the 1980s. Many of the papers pub-
lished over the past decade that address trends and variability
in the circulation and stratification of the Baltic Sea are
based on remote sensing data, often in combination with
in situ observations and the results of numerical modelling.
Improvements in the physical and numerical features of the
models, accompanied by model validation studies, have
increased confidence in the realism of the model results.
Models provide dynamically balanced gridded datasets over
decades or longer, including information for ‘noisy’ vari-
ables such as currents, transport and mixing fluxes. This
chapter analyses the recent peer-reviewed literature,
extending the findings from earlier review (Box 7.1).
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Box 7.1 Key findings from the first Baltic Sea
assessment (BACC Author Team 2008)
Temperature

e The late 1990s were characterised by warmer
summers and colder winters compared to the years
before and after this period.

e Heat content maxima were identified around 1975
and 1990. A heat content minimum was found in
1987, when the winter heat content and summer
heat content both showed minimum values.

e There were indications of seawater warming, but it
was unclear whether this was partly or even entirely
due to a change in sampling frequency and/or to
changing seasonal representation in the dataset.

e Since 1988, the seasonal temperature minimum of the
intermediate winter water has increased by 1.5 °C.

Salinity and saltwater inflows

e The mean salinity of the Baltic Sea decreased
during the early twentieth century and during the
1980s and 1990s. No long-term trend was found
during the twentieth century.

e Since the mid-1970s, the frequency and intensity of
major saltwater inflows from the North Sea have
decreased.

e Major inflows were absent between February 1983
and January 1993. During this low-salinity phase, the
deep water of the eastern Gotland Basin was poorly
ventilated, with oxygen depletion as a consequence.

e Two low-salinity phases were found: one during
the 1920s/1930s and one during the 1980s/1990s.
They are explained by stronger than normal
freshwater inflow and zonal wind velocity.

This chapter refers to the Baltic Sea gulfs and basins as
shown in Fig. 7.1. For detailed descriptions of Baltic Sea
geography and topography, see the books by Feistel et al.
(2008) and Leppéranta and Myrberg (2009).

Trends and Variations in Water
Temperature

7.2

The Baltic Sea is well stratified, with a seasonal cycle of
temperature superimposed on the more or less permanent
two-layer salinity stratification. While temperature and sea
ice respond rapidly to the changes in atmospheric heat
fluxes, variations in salinity are governed mainly by lateral
transport processes, resulting together with diapycnal mixing
(i.e. mixing across the surfaces of constant water density) in
response times of many decades (e.g. Stigebrandt and
Gustafsson 2003; Omstedt and Hansson 2006).
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Fig. 7.1 Baltic Sea showing topography (greater depths presented by
darker blue colour) and sub-regional notations: Sk Skagerrak, Ka
Kattegat, BS Belt Sea, AB Arkona Basin, BB Bornholm Basin, SC
(underwater) Stolpe Channel, GdB Gdansk Basin, eGB eastern Gotland
Basin, wGB western Gotland Basin, GR Gulf of Riga, GF Gulf of Finland,
BoS Bothnian Sea, BoB Bothnian Bay, Baltic Proper includes AB, BB,
SC, GdB, eGB and wGB, Gulf of Bothnia includes BoS and BoB

Cold waters, formed during winter, extend down to the
halocline which has a typical depth of 60-80 m in the Baltic
Proper and somewhat less in the southern basins. During
summer, when a seasonal thermocline develops in the sur-
face waters at depths of about 15-20 m, the underlying cold
intermediate layer generally retains a ‘memory’ of the
severity of the previous winter. This dicothermal layer is
often referred to as ‘old winter water’. It is no surprise,
therefore, that Hinrichsen et al. (2007) found the summer
(July—August) temperature of the intermediate cold layer to
be well correlated with the surface (down to the halocline)
temperature of the preceding March. Deeper waters, below
the halocline, are formed mainly by lateral advection of
saline waters of North Sea origin that entrain and mix with
ambient waters during their passage into and through the
Baltic Sea. Below 100 m depth, the range in temperature
variation within the Gotland Deep is only 5 °C (range
3-8 °C), compared to a range in surface temperature of up to
25 °C. According to the Baltic Sea hypsographic curves (the
relationship between the surface area bounded by given
depth contours and their depths), the volume of deep layers
below 100 m represents only about 12 % (Leppéranta and
Myrberg 2009) of the whole sea volume (21,205 km®) and
the contribution of lateral heat advection to the overall Baltic
Sea heat content is relatively small.

The rise in air temperature in the Baltic Sea region (see
Chap. 4, Sect. 4.4) is expected to drive a corresponding rise
in water temperature. Indeed, MacKenzie and Schiedek
(2007a) stated that since the 1860s a record warming of the
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Baltic Sea and North Sea has occurred, especially during
recent decades. They used data from daily monitoring at a
few long-term stations, such as Christiansg, located close to
the island of Bornholm, as well as data from irregular open
water sampling, and applied advanced data homogeneity and
spatial synchrony matching procedures to ensure sufficient
data quality for climate analysis (MacKenzie and Schiedek
2007b). Their results showed little evidence of a gradual
linear increase or decrease in SST since the mid-late 1800s,
however; in contrast, modelling results by Gustafsson et al.
(2012) suggest a rise in SST temperature of 0.8 °C over the
past 150 years. There have been earlier warm periods in
the mid-late 1800s and in the mid-1900s, especially in the
1930s. However, since about 1985, a warming of surface
waters is evident in all datasets and in all seasons. The
probability of extremely warm surface waters in winter and
summer has increased since the 1990s by two- to fourfold.
MacKenzie and Schiedek (2007a) argued that summer
warming rates have almost tripled compared to those that
could be expected from the observed increase in air tem-
perature. In contrast to this and to the results of many other
studies, Hakanson and Lindgren (2008) concluded, from
a simple treatment of raw irregular HELCOM data
1974-2005, that ‘there is no increase in surface-water tem-
peratures in the Baltic Proper, but rather a weak opposite
trend’. It could be that this dataset contains more observa-
tions from the cold season over recent decades and so the
rising trend in SST is not visible. Careful statistical pre-
processing of irregular sampling data is vital when attempting
to estimate multi-decadal change for a variable with high
seasonal amplitude. Madsen and Hgjerslev (2009) have
shown, on the basis of daily routine lightship observations in
Danish waters during 1900-1998, that in Drodgen Sill, the
mean SST by the end of the period was 0.7 °C higher than
any previous observations. Since the 1990s, surface layers
are also observed to have warmed near the Lithuanian coast
(Dailidiené et al. 2011), recently at 0.3-0.9 °C per decade.
The changes are more complex in the Gulf of Finland (Liblik
and Lips 2011) and in the Gulf of Riga (Kotta et al. 2009);
these studies stress the relation of temperature variations to
the atmospheric circulation patterns expressed as the North
Atlantic Oscillation (NAO, see Chap. 4, Box 4.1) and/or the
Baltic Sea Index (BSI, difference of sea-level air pressure
anomalies between Oslo and Szczecin, Lehmann et al. 2002)
indices (e.g. Lehmann et al. 2011; Dippner et al. 2012). In the
northern sea areas, the recent decrease in the extent and
duration of ice cover (see Chap. 8) also has a strong influence
on the trends in seawater temperature (see Sect. 7.5).
Variations in SST can be well resolved by remote sensing
from satellites, using infrared AVHRR (Advanced Very
High Resolution Radiometer)