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1. INTRODUCTION

The Baltic Sea climate shows great variability in
many parameters such as river runoff, salinity, sea
level, and sea ice. The main reason for this is the loca-
tion of the Baltic Sea between the North Atlantic and
Eurasian weather systems, which leads to large sea-
sonal and inter-annual variation in the low- and the
high-pressure systems. The close relationship between
large-scale atmospheric circulation and Baltic Sea cli-
mate variability is well documented (Tinz 1996, Chen
& Hellström 1999, Koslowski & Glaser 1999, Jevrejeva
2001, Omstedt & Chen 2001, Andersson 2002). Over
time scales longer than 1 yr the Baltic Sea is almost in

thermodynamic balance with the atmosphere (Omst-
edt & Rutgersson 2001). The water balance, however,
involves longer times scales: fresh-water inflow varia-
tions are associated with time scales of several decades
(Winsor et al. 2001). The difference in time scales
implies that regional climate-change signals will likely
be observed first in parameters closely related to the
heat balance rather than to the water balance. 

Man-made (stemming from increased greenhouse
gases and troposphere sulphate aerosols) versus nat-
ural climate change (including changes in volcanic and
solar forcings) is one of the central scientific discus-
sions in climate research today. Several studies have
found long-term changes in certain elements of the

© Inter-Research 2004 · www.int-res.com*Email: anders.omstedt@gvc.gu.se

Baltic Sea climate: 200 yr of data on air
temperature, sea level variation, ice cover, and

atmospheric circulation

Anders Omstedt1,*, Christin Pettersen1, Johan Rodhe1, Peter Winsor2

1Department of Oceanography, Earth Sciences Centre, Göteborg University, 405 30 Göteborg, Sweden
2Physical Oceanography Department, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543, USA

ABSTRACT: Relevant observed time series for the Baltic Sea region from the last 2 centuries were
used to investigate climate variations and trends. These time series were: Stockholm air temperature
and magnitude of seasonal temperature cycle, Stockholm sea level data, Baltic Sea maximum ice
cover, and circulation types based on regional air pressure data. The definition of climate was
analysed by considering how each parameter varies with the time scale. We found that 90% of the
variance was for time scales shorter than 15 yr, the period then used as the climate-averaging time for
all studied parameters. The results indicate positive trends for air temperature, sea level, and fre-
quencies of anti-cyclonic circulation and westerly wind types over the last 200 yr. Negative trends
were found for the magnitude of seasonal temperature cycle, sea-ice cover, and frequency of south-
westerly wind. The major climate changes of the late 19th century were probably associated with the
end of the ‘Little Ice Age’ and characterized by an unusual high frequency of cyclonic circulation. In
the 20th century, pronounced positive trends were observed in sea level variation and anti-cyclonic
circulation. In the most recent studied climate period (1985–2000), air temperature and sea level
climate anomalies were positive and lay outside the range of last 200 yr normal variations. The study
indicates that increased frequencies of anti-cyclonic circulation and westerly winds have resulted in
a slightly warmer climate with reduced seasonal amplitude and reduced ice cover. Thereby, we
support the hypothesis that the long-term climate change in the Baltic Sea region is at least partly
related to changes in the atmospheric circulation.

KEY WORDS:  Baltic Sea · Climate · Atmospheric circulation · Temperature · Ice and sea levels

Resale or republication not permitted without written consent of the publisher



Clim Res 25: 205–216, 2004

current climate (Heino et al. 1999, Crowley 2000, IPCC
2001), and some authors claim that warming since
1975 is likely to be partly due to increased amounts
of greenhouse gases (Karlén et al. 1999, IPCC 2001).
Similar warming may also have happened during the
Medieval Warm Period (Crowley & Lowery 1999).
Recent research using tree-ring-based chronologies
indicates that the variability of recent decades may lies
within the natural range (Esper at al. 2002). This illus-
trates the difficulty of climate research. Also, probabil-
ity views based on studies using general circulation
models (GCMs) may be questionable, as they often
only resolve atmospheric circulation coarsely and
exclude realistic treatment of some forcing mecha-
nisms (Räisänen & Alexandersson 2003). 

It is often difficult to attribute a given change to a
particular mechanism, and equally difficult to distin-
guish between trends and oscillations. It is, for exam-
ple, an oversimplification to explain observed hemi-
sphere mean surface warming by direct greenhouse
forcing, as part of the increase could be associated with
a change in circulation (Corti et al. 1999). Trend inter-
pretation can also be suspect when analysing periods
that include significant regime shifts such as the Little
Ice Age (Omstedt & Chen 2001). The latter paper indi-
cates that the decrease in the maximum ice cover in
the Baltic Sea is associated with a significant regime
shift in the late 19th century, from a relatively cold cli-
mate regime (Little Ice Age) to a relatively warm one.

This event was also documented by analysing long-
term variations of sea level at Stockholm (Ekman
1999). Perhaps one of the most important aspects in
climate research is to analyse the climate signature of
regime shifts and understand the dynamics of the
regimes change (Stewart 2003).

A characterisation of the Baltic Sea climate and asso-
ciated trends is the focus of this paper. Using long-term
data sets, we examine whether recent observations lie
outside the range of normal variation in the last 200 yr
and whether these could be attributed to changes in
atmospheric circulation or anthropogenic forcing. 

The current study examines climatic conditions in
the Baltic Sea region (Fig. 1) over the last 200 yr. A
number of interesting long-term time series are avail-
able in the region, but this study is restricted to some
well-documented ones, examining their properties in
terms of climate and their interrelationships with
atmospheric circulation. These data consist of Stock-
holm air temperature and sea level records, Baltic Sea
maximum ice cover record, and regional air-pressure
indices characterising the atmospheric circulation types. 

Section 2 presents the data used in the study. Section
3 examines variability in the investigated time series
and how to define the concept of climate. Statistics and
trends are presented in Section 4, and interrelations
between variables and atmospheric circulation types
are examined in Section 5. Section 6 presents a sum-
mary and some conclusions.
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2. MATERIAL AND BASIC STATISTICS

The data used for this statistical analysis are sum-
marised in Table 1 and illustrated in Fig. 2. For air tem-
perature, monthly data from Stockholm are used. This
time series is one of the longest available from the
Baltic Sea area and Sweden. Monthly means have
been carefully checked and homogenised by Moberg
& Bergström (1997), and they are now available for
1756–2000 as daily values (Moberg et al. 2002). From
this record we have calculated the difference between
the summer (JJA) and winter (DJF) seasonal tem-
peratures as a measure of the magnitude of the annual
temperature cycle. 

The sea level data used in this study are from Stock-
holm and were detrended by eliminating postglacial

land uplift using a linear regression model (4.92 mm
yr–1) based on data from 1774–1884 (Ekman 1999).

The ice data used were collected by the Finnish
Institute of Marine Research, whose method is de-
scribed by Seinä & Palosou (1993). The data have been
analysed in several studies and the reader is referred
to Omstedt & Chen (2001) for further information.

In analysing atmospheric circulation we used circu-
lation indices or classifications of circulation types.
These indices follow those of Lamb (1950), and the cal-
culations and the scheme were adapted to the Baltic
Sea by Chen (2000). In this study, the same scheme
was used to calculate the circulation indices which
were then used to classify the circulation types for each
month. The sea level pressure data at the 16 points
were derived from a data set developed by ADVICE
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Table 1. Data used in the analysis

Parameter Site or region Period Time resolution Source

Air temperature Stockholm 1756–2000 Monthly Moberg & Bergström (1997)
Sea levels Stockholm 1825–2000 Monthly Ekman (1999)
Max. ice cover Baltic Sea 1720–2000 Annual Seinä & Palosuo (1993)
Circulation types Northern Europe 1775–2000 Monthly Chen (2000)
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project (e.g. Jones et al. 1999). The pressure grid used
when calculating the indices is illustrated in Fig. 1.

We have used basic statistical methods to organise,
summarise, and present our time series. In the time
series we use monthly means, yearly means, and
means over longer time periods. They were calculated
as sample means (sums of all values in the record
divided by the number of values), running means
(sums of all values in a given period divided by the
number of values in the given period), and seasonal
means (sums of all values for each month divided by
the number of values in each month). Maximum and
minimum values for a given time period were calcu-
lated as well as variance (arithmetic mean of the
squared deviation from the mean), normalised vari-
ance (variance for different time intervals divided with
the variance of the full record), and standard deviation
(the positive square root of the variance). For trend
analysis we calculated the trend as the slope of the
linear regression equation.

3. CLIMATE AND VARIABILITY

A climate time scale is the period over which we
average a given variable, for example, air temperature,
when discussing climate change. The number of years
to include in this period depends on in what relation
we wish to discuss climate variation and on the resolu-
tion of the time series to be used. The current study
uses modern observations, limiting us to a time series
of about 200 yr. The upper limit is thus 100 yr for dis-
cussing changes, while the lower limit is 1 yr. It is com-
mon to use averages over 30 yr, with the
period 1961–1990 taken as the latest stan-
dard period. To look closer into the defini-
tion of climate time scale, we analysed the
time series to arrive at an objective mea-
sure of a climatic relevant time scale. Fig. 3
shows how the variance of the different
time series depends on the number of
years over which the series is averaged.
The variance is normalised such that the
variance is 1 for a resolution of 1 yr. Note
that the relative variance drops rapidly
when the averaging time increases above
1 yr. All variables, except for sea level,
behave in a similar fashion. In the region of
a 15 yr averaging time, the curves flatten
out at a level below 0.1, indicating that
90% of the variance is found in time scales
shorter than 15 yr. In light of this, we sug-
gest that 15 yr is an appropriate climate-
averaging time, and this period was used
in the study. The similarities between the

variance of the different variables indicate a close
interrelation between their variations, especially over
the short time scales. Their variations could probably
be related to variations of the same forcing. It is also
indicated that their internal response time is shorter
than or as large as the time scale of the variation of
the forcing.

Why does sea level variance differ from that of the
other variables? It could be that sea level variation is
partly related to another force, or that the response
time for sea level variation is longer. Fig. 3 presents the
effects of a climate trend associated with a rise in sea
level driven externally and not originating within the
Baltic Sea basin itself. After detrending the sea level
data with a sea level rise equal to 1 mm yr–1 from 1900
to 2000, the sea level variability follows the other para-
meters much more closely. This rate of sea level rise is
close to the global estimate of 1.5 ± 0.5 mm yr–1 (IPPC
2001, p. 665). Earlier findings suggest that external sea
level signals of 1 mo or longer in duration penetrate the
Baltic Sea without noticeable damping (Samuelsson &
Stigebrandt 1996, Wroblewski 1998). This result sug-
gests that changes in Stockholm sea level variation
over the last 100 yr are mainly externally driven from
outside the Baltic Sea entrance.

To illustrate the importance of choosing the appro-
priate climate time period, Stockholm air temperature
is shown in Fig. 4 using different averaging periods.
It is clear that variability is considerably reduced
by increasing the averaging period, but whether 15 or
30 yr averaging is used makes little difference. Based
on the variance study, we have defined the climate
time period as 15 yr. We used discrete 15 yr periods
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and analysed how their statistical properties vary from
the beginning of the 19th century to the present, and
how these properties relate to atmospheric circulation.
We want to follow standard meteorological climate
periods as closely as possible, choosing periods such
that 1961–1990 coincides with 2 of our 15 yr climate
periods. Unfortunately, this leaves 2 periods of only
10 yr each at either end of the time series. However, we
include these periods as overlapping 15 yr periods in
order to be able to include the first 15 yr of the 19th
century and the last 15 yr of the 20th century in the dis-
cussion. The climate periods used are thus: 1800–1815,
1811–1825, 1826–1840, …, 1961–1975, 1976–1990,
1986–2000. If other periods are used, different trends
will be found. We therefore examine both 100 yr and
200 yr trends. 

4. STATISTICS

This section treats the anomalies and trends of the
different variables, one by one. Our basic interests are
the following:
• What can we learn from the statistics in relation to

climate means and variability?
• What are the statistical differences between the 19th

and the 20th centuries?
• How large is the climate change over this period, and

does the late 20th century exceed the normal
climatic variability of the last 200 yr? 

The climatic variability and trends evident in 200 yr
of Stockholm temperature records appear in Fig. 5.
The climate mean temperature for the whole period
is 6.5°C, and the mean temperatures show a clearly
positive trend, with the last decade standing out as
unusually warm. The increase in the climate mean
temperature starts at the beginning of the 20th cen-
tury, as did the increase in maximum air tempera-
tures. However, high maximum temperatures were
also recorded at the beginning of the 19th century.
The climate minimum temperatures were lowest in
the mid 19th century. No clear trend can be dis-
cerned in either the maximum or minimum tempera-
tures or in their variance. The statistical trend is
drawn as a linear trend over the whole period, but
closer inspection indicates that the 19th and 20th
centuries behaved differently.

The climate and climate change of the magnitude of
the annual temperature cycle appear in Fig. 6. For a
large index we would expect a more continental cli-
mate influence, while a smaller index would indicate a
stronger maritime influence. The magnitude of the
annual cycle is 18.6°C, with a decreasing trend. The
figure indicates that in the 19th century up to 1850 the
magnitude of the annual cycle was larger; thereafter,
the amplitude decreased, beginning mainly in 1900
and at the end of the period studied. Both the maxi-
mum and minimum magnitudes of the annual cycle
indicate trends towards lower maximum and minimum
seasonal amplitudes, respectively.
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The Stockholm sea level record is shown in Fig. 7.
The mean sea level is 5.3 cm, and we discern a posi-
tive trend in mean, maximum, and minimum sea
levels. The difference between the 19th and 20th
centuries is also obvious, as is the fact that the sea level
during the last climate period was the highest in the
record.

The corresponding results for ice cover are shown in
Fig. 8, where the mean value is 212 × 103 km2, with a
decreasing trend evident. No trend is observed in the

maximum values, but there is a negative trend in the
minimum values. The maximum ice limit is controlled
by the Kattegat–Skagerrak water front that divides the
surface water into a cold, brackish layer originating in
the Baltic Sea and a warmer, more saline layer origi-
nating from the Skagerrak Sea. The maximum values
have thus not changed over the last 200 yr, indicating
that the Kattegat–Skagerrak front is a permanent
regional limit for the ice. The decrease in minimum ice
cover could be due to the fact that ice maps have

210

1800 1850 1900 1950 2000

6

6.5

7

Mean

0.4 (°C) 100yr–1

a

1800 1850 1900 1950 2000
4

5

6
6.5

7

8

9
Maxb

1800 1850 1900 1950 2000
4

5

6
6.5

7

8

9
Minc

1800 1850 1900 1950 2000
0

0.5

1

1.5

Variance (°C2)d

J F M A M J J A S O N D
–5

0

5

10

15

20
Season

Time (Years) Time (months)

Time (Years)Time (Years)Time (Years)

e

Te
m

p
er

at
ur

e 
(°

C
)

Te
m

p
er

at
ur

e 
(°

C
)

1800 1850 1900 1950 2000

17

18

18.6
19

20

21
Meana

1800 1850 1900 1950 2000

12

14

16

18.6
20

22

24

Maxb

1800 1850 1900 1950 2000

12

14

16

18.6
20

22

24

Minc

1800 1850 1900 1950 2000
0

2

4

6

8

Variance (°C2)d

–0.9 (°C) 100yr–1

T
sw

 in
d

ex
 (°

C
)

T
sw

 in
d

ex
 (°

C
)

Time (Years) Time (Years)

Fig. 5. Climate statistics of the Stockholm air temper-
atures using a 15 yr climate time period. (a) 15 yr
means with trend, (b) annual maximum temperatures
within each 15 yr period, (c) annual minimum tem-
perature within each 15 yr period, (d) annual vari-
ance, and (e) seasonal mean cycle with 15 yr annual 

maximum and minimum temperatures

Fig. 6. Climate statistics of
the magnitude of the sea-
sonal Stockholm air tempera-
ture cycle, T sw index, using
a 15 yr climate time period.
(a) 15 yr means with trend,
(b) maximum seasonal cycle
within each 15 yr period,
(c) minimum seasonal cycle
within each 15 yr period, and
(d) variance within each 15 yr 

period



Omstedt et al.: Baltic Sea climate during 200 yr

improved in accuracy over the last few decades.
Another interpretation is that the decrease in minimum
ice cover is due to regional warming. The variance of
sea ice cover indicates highest values during the
period 1871–1885.

Fig. 9 presents the frequency of the major circulation
types averaged over 15 yr periods. A large number of
different types were calculated (27 different types)
but 4 types dominate, namely the westerly (W), south-
westerly (SW), anti-cyclonic (A), and cyclonic (C) types.

Together they account for 59.2% of the whole studied
period. The change of dominant circulation types is
presented in Fig. 10, and we can observe that anti-
cyclonic circulation has increased, while cyclonic
circulation has decreased. Also that in the end of
19th century there was unusual high frequency of
cyclonic circulation. The maximum frequency of
cyclonic circulation (1871–1885) appears around the
time identified by Omstedt & Chen (2001) as a climate
change point associated with the end of the Little
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Ice Age. Westerly winds have increased, while south-
westerly ones have decreased. To understand whether
these changes are large or small, we should note that,
for example, anti-cyclonic circulation increased start-
ing from the beginning of 19th century to the end of
20th by 14 mo, or about 8%. The increased anti-
cyclonic circulation can be compared with the recent
work by Jacobeit et al. (2003). They found a strong
increase in winter-time westerly circulation over the

last few decades, and a general increase of anti-
cyclonic conditions, strengthening in July, over the last
50 yr.

Table 2 reveals that the 2 centuries differ in sev-
eral ways. The 19th century saw trends toward slight
cooling, reduced magnitude of the seasonal cycle, a
slight increase in sea level, and a clear reduction in
ice cover. This is in contrast to the 20th century,
when there were trends toward increased air tem-
perature, slightly increased magnitude of the sea-
sonal cycle, increased sea level, and only a slight
decrease in ice cover. 

The major climate changes occurred at the end of the
19th century probably associated with the end of the
Little Ice Age. Over the 20th century positive trends
have been evident, particularly in terms of sea level
variation and anti-cyclonic and westerly wind circ-
ulation types. In the most recent studied climate period
(1986–2000), air temperature and sea level climate
anomalies have been positive and are the largest of the
studied period.

5. INTERRELATIONS

Several studies treat the interrelations of the para-
meters analysed in this work. Chen & Hellström
(1999) examined the influence of NAO on regional air
temperature. Chen (2000) examined winter air tem-
peratures in relation to monthly circulation climatol-
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ogy. Jacobeit et al. (2001) studied the relationship
between circulation indices and temperature. Om-
stedt & Chen (2001) related maximum ice cover to
atmospheric winter circulation, and Gustafsson &
Andersson (2001) developed a model for sea level
variation using pressure differences. The message
from these studies is that there is a close inter-relation
between atmospheric circulation as interpreted by

various circulation indices and para-
meters from the Baltic Sea region,
such as temperature, ice cover, and
sea levels.

This section will not repeat those
studies by using, for example, multi-
regression methods to link the various
time series. Instead, we will try to in-
terpret our results and build a concep-
tual understanding that later can be
validated by regional climate models.
It is important to recognise that we
are analysing 15 yr means. We are not
analysing short-term weather history
or seasonal changes, but with some-
thing more closely related to climate

maps and how these depend on what climate period
one uses as background information.

Figs. 11 & 12 illustrate some interesting interrela-
tions. The increase in air temperature and sea level
anomalies closely follows the increased anti-cyclonic
circulation type, while the change in magnitude of the
seasonal temperature cycle and ice cover closely fol-
lows the reduced southwesterly wind type. The cli-
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Table 2. A statistical comparison between the 19th and 20th centuries

Parameter 1801–1900 1901–2000

Mean temperature 6.3°C 6.7°C
Temperature trend –0.1°C century–1 0.7°C century–1

Temperature variance 0.79°C2 0.90°C2

Mean temperature index 19.1°C 18.2°C
Temperature-index trend –2°C century–1 0.7°C century–1

Temperature-index variance 6.03°C2 5.22°C2

Mean sea level 0.3 cm 8.5 cm
Sea level trend 1.8 cm century–1 9.9 cm century–1

Sea level variance 37.51 cm2 41.05 cm2

Mean ice cover 235.2 × 103 km2 187.1 × 103 km2

Ice cover trend –47.6 × 103 km2 century–1 –10.1 × 103 km2 century–1

Ice cover variance 1.46 × 104 (103 km2)2 1.08 × 104 (103 km2)2

Fig. 11. Anomalies for the climate records together with the circulation types that describes the rotation of the atmospheric circ-
ulation. Red indicates anti-cyclonic and blue cyclonic circulation. (a) Air temperatures and anti cyclonic circulation; (b) sea
level and anti cyclonic circulation; (c) seasonal index and cyclonic circulation; and (d) ice cover and cyclonic circulation
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mate-change pattern revealed by the 15 yr means over
the last 200 yr indicates that the Baltic Sea climate has
become more influenced by anti-cyclonic circulation.
In other words, the low-pressure tracks have moved
slightly northward, which is consistent with the
observed upward trend in the NAO index and the
changes in July and January circulation as reported
by, for example, Hurell & Folland (2003) and Jacobeit
et al. (2003).

The study indicates that the increased frequency of
anti-cyclonic circulation and increased westerly winds
have resulted in a slightly warmer climate with a
reduced magnitude of seasonal temperature cycle and
reduced ice cover. The increased sea level variation in
the Baltic Sea can probably partly be explained by a
global sea level rise but also by the change in circula-
tion. Since atmospheric circulation is central to the
Baltic Sea climate, one could argue that the observed
changes result entirely from atmospheric circulation
and natural variability. This view, however, ignores the
possibility that anthropogenic climate change may
influence the large-scale atmospheric circulation. How
changes in atmospheric circulation and anthropogenic

forcing influences the Baltic Sea region remains a
central research question, where climate models are
needed.

6. SUMMARY AND CONCLUSIONS

This paper has addressed certain aspects of climate
in the Baltic Sea region. Based on a selection of impor-
tant Baltic Sea time series, we conducted a statistical
analysis of regional climate and climate change over
the last 2 centuries. The definition of climate was
objectively analysed by considering how the variance
of each parameter varies with the time scale. It was
found that 90% of the variance occurs over time scales
shorter than 15 yr, which determined our definition of
the climate-averaging time. Long-term time series of
air temperature, the magnitude of the seasonal air tem-
perature cycle, sea level data, the Baltic Sea maximum
ice cover, and circulation types based on air-pressure
data over the Baltic region were examined, and some
basic statistical aspects of the 15 yr climate data were
investigated.
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Fig. 12. Anomalies in the climate records together with the circulation types that describes the translation of the atmospheric
circulation. Red indicates westerly and blue southwesterly flows. (a) Air temperatures and westerly flow; (b) sea level and 

westerly flow; (c) seasonal index and southwesterly flow; and (d) ice cover and southwesterly flow
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The main conclusions may be summarised as fol-
lows:
• Climate change over the last 200 yr manifests posi-

tive trends for air temperature, sea levels, and fre-
quency of anti-cyclonic circulation and westerly
wind types. Negative trends were found for the mag-
nitude of the seasonal temperature cycle, sea-ice
cover, and frequency of southwesterly wind types.

• From variance calculations using the Stockholm sea
level time series, detrended by eliminating post-
glacial uplift, a positive trend associated with time
scales longer than 15 yr and forced changes outside
the region was identified.

• Major climate changes occurred at the end of the
19th century, probably associated with the end of
the Little Ice Age and identified as a period with an
unusual high frequency of cyclonic circulation. Dur-
ing the 20th century positive trends have in particu-
lar been found in sea level and anti-cyclonic types. In
the most recent studied climate period (1986–2000),
air temperature and sea level anomalies were posi-
tive and lay outside the range of normal variations
over the last 200 yr.

• Part of the major climate changes observed in the
Baltic Sea region during the late 20th century can be
related to changes in atmospheric circulation. 
The study suggests that the increased frequency of

anti-cyclonic circulation and westerly wind types have
resulted in a slightly warmer climate with reduced sea-
sonal amplitude and reduced ice cover. The increased
sea level variation in the Baltic Sea can partly be
explained by global rise in sea levels and partly by
change in atmospheric circulation. Thereby, we sup-
port the hypothesis that the long-term climate change
in the Baltic Sea region is at least partly related to
changes in the atmospheric circulation. 
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