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Summary

Trends in the time series of air temperature, precipitation,
snow cover duration and onset of climatic seasons at ten
stations in Estonia during 1951–2000 are analysed. Using
the conditional Mann-Kendall test, these trends are com-
pared with trends in the characteristics of large-scale at-
mospheric circulation: the NAO and AO indices, frequency
of circulation forms according to the Vangengeim-Girs’
classification, and the northern hemisphere teleconnection
indices. The objective of the study is to estimate the influence
of trends in circulation on climate changes in Estonia. Sta-
tistically significant increasing trends in air temperature
are detected in January, February, March, April and May,
in winter (DJF), spring (MAM) and in the cold period
(NDJFM). The trends in precipitation, as a rule, differ from
station to station. Increasing trends are present during the
cold half-year – from October until March – and also in June.
Snow cover duration has decreased in Estonia by 17–20
days inland and by 21–36 days on the coast. The onsets
of early spring and spring have shifted to an earlier date.
Some important changes have occurred in the parameters
of atmospheric circulation during 1951–2000. Intensity of
zonal circulation, i.e. westerlies, has increased during the
cold period, especially in February and March. Results of
the conditional Mann-Kendall test indicate that the inten-
sification of westerlies in winter is significantly related to
climate changes in winter and also in spring. A negative
trend in the East Atlantic Jet (EJ) index, i.e. the weakening
of the westerlies in May has caused warming during that
month. Decrease in northerly circulation, i.e. in frequency
of circulation form C and in East Atlantic=West Russia

teleconnection index (EW) is related to an increase in pre-
cipitation in October.

1. Introduction

Global climate warming and its impacts have
been a key research area during a number of
years. The main changes have been detected,
the possible future changes have been projected
and their impacts estimated using different mod-
els. Increase in global mean air temperature by
0.6� 0.2 �C is observed since 1860 (Houghton
et al., 2001). Regional estimates have shown that
a larger warming has occurred in the Baltic Sea
area (Serreze et al., 2000).

Large-scale atmospheric circulation is the most
important factor influencing the climate in the
Northern Europe. The relationships are studied
in many papers (Kozuchowski and Marciniak,
1988; Bardossy and Caspary, 1990; Kozuchowski,
1993; J€oonsson and B€aarring, 1994; Conway et al.,
1996; Hanssen-Bauer and Førland, 1998, 2000;
Wibig, 1999; Chen, 2000; Slonosky et al., 2001;
Linderson, 2001). The general result derived from
the studies is that the westerly circulation in
winter is related to higher temperature and pre-
cipitation in Europe. Attempts have been made



to explain climate change in that region with
changes in atmospheric circulation, for example,
in the time series of NAO (Hurrell, 1995; Hurrell
and van Loon, 1997; Chen and Hellstr€oom, 1999)
and AO indices (Thompson et al., 2000). Statis-
tically significant trends in 850 hPa wind speed
(Pryor and Barthelmie, 2003) and storminess
(Alexandersson et al., 2000; Orviku et al., 2003)
are detected in the Baltic Sea area.

The objective of this study is to detect the trends
in climatic time series in Estonia during the second
half of the 20th century, to find statistically signif-
icant changes in the large-scale atmospheric circu-
lation and to estimate the influence of the trends in
circulation on climate changes in Estonia.

2. Data

Climate variability in Estonia during the period
of 1951–2000 is described using observation
data from ten more or less evenly distributed sta-
tions (Fig. 1). Half of them are located on the
coast of the Baltic Sea, and the other half are
situated inland. They represent the spatial cli-
matic variability in Estonia very well. There is
a significant increase in the continentality of cli-
mate in the direction from the coastal area of the
West Estonian archipelago to East Estonia. The
stations were chosen using the criterion of data
completeness (i.e. lack of gaps in time series)
and of unchanged location of the observation
site. Precipitation data from Kunda station were
omitted due to significant gaps in measurements
in the 1950s.

In addition to the main climatic variables –
monthly mean air temperature and monthly pre-

cipitation – snow cover duration and the onset of
climatic seasons were taken into analysis. Snow
cover duration, i.e. the number of days with snow
cover during the whole winter, is a sensitive indi-
cator of climate change (Jaagus, 1997).

Changes in seasonality were studied using the
onset dates of climatic seasons (Jaagus and
Ahas, 2000). In this study, the climatic seasons
are defined as in Jaagus et al. (2003). Daily mean
temperature thresholds of 0, þ5 and þ13 �C were
applied to separate climatic seasons. Winter sea-
son is described with daily mean air temperature
permanently below 0 �C, and summer season –
above þ13 �C. Temperature thresholds for early
spring and late autumn are 0 and þ5 �C, and for
spring and autumn they are þ5 and þ13 �C.

Once the temperature threshold has been
reached, the positive and negative differences in
daily temperature minus the threshold value are
summed separately. If the absolute value of the
sum of negative differences is higher than the
sum of positive differences, the first crossover of
the temperature threshold is not taken as the start
of the respective season, and the search for the
season’s start is continued.

A large number of variables characterizing
atmospheric circulation in the Northern Europe
are used in this study. Frequencies of circulation
forms W, E and C according to the Vangengeim-
Girs classification (Vangengeim, 1952; Girs, 1971)
are the most appropriate for this region (Sepp and
Jaagus, 2002). The form W represents the wes-
terly circulation, E – the southerly and easterly
and C – the northerly airflow.

The North Atlantic oscillation (NAO) index
is a measure of intensity of the westerlies in the
Atlantic-European sector. It is calculated as a
difference between the standardized sea-level
pressure anomalies between the Azores maxi-
mum and Icelandic minimum. Two NAO indices
are used in this study. NP is found on the basis
of the pressure data in Ponta Delgada (Azores)
and Stykkisholmur=Reykjavik (Iceland) (Hurrell
and van Loon, 1997), and NG – using the data
from Gibraltar and Stykkisholmur=Reykjavik
(Jones et al., 1997). The Arctic oscillation index
(AO) describes the strength of circumpolar vor-
tex (Thompson and Wallace, 1998).

As an additional source of data on large-scale
atmospheric circulation, teleconnection indices
for the Northern Hemisphere defined by Barnston

Fig. 1. Location of meteorological stations in Estonia used
in this study
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and Livezey (1987) using principal component
analysis are applied. Monthly values are pre-
sented and updated by the NOAA Climate Pre-
diction Centre (CPC; www.cpc.noaa.gov=data).
Seven teleconnection patterns may have a signif-
icant influence on climate variability and change
in Estonia. The North Atlantic Oscillation (NT),
the East Atlantic (EA), the East Atlantic Jet (EJ),
and the Polar=Eurasia (PE) patterns describe
mostly zonal circulation, while the East Atlan-
tic=West Russia (EW), the Scandinavia (SC) and
the Asian Summer (AS) patterns describe the me-
ridional circulation.

3. Methods

Linear regression analysis, as well as the Mann-
Kendall test is applied for the detection and anal-
ysis of trends in time series. The first method
requires a normal distribution of data, but the sec-
ond one does not. The main statistical parameter
drawn from the regression analysis, the slope,
indicates the mean temporal change (units=per
year) of the studied variable. The total change
during the period under observation is obtained by
multiplying the slope with the number of years
(50). The trends are considered to be statistically
significant on the P<0.05 level.

The Mann-Kendall test is a non-parametric test,
which does not require the data to be distributed
normally. But the time series used in this study
have a normal distribution with some exceptions
like in case of precipitation and the frequency of
the circulation forms. The second advantage of the
test is its low sensitivity to abrupt breaks due to
inhomogeneous time series. An upward shift has
occurred in time series of precipitation in 1966
caused by changes in measuring technique.

The main idea of the Mann-Kendall (MK)
test for the trends is to determine the sign of all
pair-wise differences between the consecutive
elements of a time series, while each of them is
compared with all previous values of the time
series. MK statistic for a monotone trend of a
time series fxk; k ¼ 1; 2; . . . ; ng can be pres-
ented by the following formula (Libiseller and
Grimvall, 2002; Salmi et al., 2002)

S ¼
Xn�1

j¼1

Xn
i¼jþ1

sgnðxi � xjÞ

where xi and xj are the elements of the time series
in the years i and j, and i> j.

sgnðxi � xjÞ ¼
1; . . . ; if � � � xi � xj>0

0; . . . ; if � � � xi � xj ¼ 0

�1; . . . ; if � � � xi � xj<0

8<
:

If there are no ties between observations and no
trends are present in the time series, the test sta-
tistic is asymptotically normal distributed with
zero mean and variance

VarðSÞ ¼ nðn� 1Þð2nþ 5Þ=18:

An increasing trend exists when S is positive, i.e.
the number of positive differences is significantly
higher than the number of negative differences, and
vice versa. The statistic is near 0 when the numbers
of positive and negative differences are more or
less equal. In this study, a program designed by
Claudia Libiseller was used for calculating the
MK statistic (www.mai.liu.se=�cllib=welcome=
PMKtest.html).

The conditional (or partial) Mann-Kendall test
is applied when a trend in one time series (depen-
dent variable) is analysed in relation with trends
in one or several covariates (independent variables)
(El-Shaarawi, 1993; Libiseller and Grimvall,
2002). It is assumed that all the trends are statisti-
cally significant. The main objective of the condi-
tional MK test is to verify whether the trend in
the time series of a dependent variable is statis-
tically determined by the trend(s) in the time ser-
ies of the covariate(s).

In this study, the conditional MK test is ap-
plied to climatic variables in dependence on the
parameters of the large-scale atmospheric circu-
lation, which are used as covariates. A trend in
time series of a dependent variable is considered
to be determined by the trend(s) in the time series
of covariate(s) in the case when the significance
of the conditional MK statistic is lower than
the P<0.05 level, i.e. P>0.05. Consequently,
the trend(s) in the time series of the covariate(s)
describe(s) the entire trend in the time series of
the studied dependent variable.

A trend in the time series of a dependent vari-
able (air temperature, precipitation etc.) is as-
sumed to be caused by trend(s) in covariate(s)
also in the case when the conditional MK statistic
is present on the lower significance level than the
MK statistic for the time series of the dependent
variable. Three significance levels are used – 0.05,
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0.01, 0.001. In that case, the trend(s) in the time
series of covariate(s) do(es) not describe the
entire trend in the time series of the dependent
variable, but only a part of it. It means that also
other factors may cause the trend.

Generally, the trends in climatic variables are
analysed in relation with the parameters of the
atmospheric circulation of the same time inter-
val. In addition to that, circulation data from the
previous months and seasons are also used. For
example, air temperature in spring is very much
influenced by temperature and atmospheric cir-
culation during the previous winter.

4. Climatic changes in Estonia

Annual mean air temperature has increased dur-
ing the second half of the 20th century by 1.0–
1.7 �C at different stations of Estonia (Table 1).
Thereby, the greatest warming has been ob-
served in the southeast (V~ooru) and the lowest
in the northwest (Ristna) (Fig. 2). According to
the Mann-Kendall test, the trend is statistically
significant at all stations, mostly on the P<0.01
level.

The warming has not been equal throughout a
year. The highest increase in air temperature is
typical for spring season (MAM) – 2.0–3.3 �C
(P<0.001). Although a remarkable warming has
been present also in winter (DJF), it is not sig-
nificant due to a very high temporal variability.
No trends in temperature are detected for the
summer and autumn seasons.

The whole climate warming in Estonia has
taken place during the first five months of the year
(Fig. 3). The biggest change has been observed in
March, when monthly mean temperature has
increased by 3–5 degrees during 50 years. The
mainly cold and snowy March has been re-
placed by a mild and snow-free month. A signifi-
cant warming has also occurred in February (by
3.2–3.9 �C), April (by 1.7–3.0 �C), and to a less-
er extent in May (1.0–1.9). Temperature rise in
January by 2.2–3.7 �C is significant on the P<0.05
level only at four stations.

Estimation of long-term changes in precipitation
is more complicated than in air temperature. Pre-
cipitation measurements are less accurate. Rain-
fall is very much a local phenomenon. The spatial
distribution of precipitation looks extremely ran-

Table 1. Changes by trend in air temperature, precipitation, snow cover duration and onset of climatic seasons during 1951–
2000. Statistically significant changes on P<0.05 level are marked in bold

Station T€uuri V~ooru Narva Valga Tiirikoja Kunda Kihnu Ristna Vilsandi S~oorve

Air temperature (�C)

Annual 1.5 1.7 1.1 1.3 1.4 1.2 1.4 1.0 1.4 1.3
Spring 3.0 3.3 2.6 2.8 2.9 2.6 2.8 2.0 2.4 2.3
Summer 0.8 0.8 0.2 0.4 0.5 0.3 0.6 0.4 0.8 0.7
Autumn �0.1 0.1 �0.4 �0.3 �0.1 �0.3 �0.1 �0.3 0.0 �0.1
Winter 2.3 2.5 2.2 2.3 2.4 1.9 2.1 1.9 2.2 2.0

Precipitation (mm)

Annual 180.9 109.3 140.8 29.8 183.1 � 135.7 81.2 114.0 109.1
Spring 33.8 15.0 24.5 12.7 27.5 � 23.1 20.6 39.0 39.0
Summer 22.9 25.6 36.1 �13.9 64.6 � 56.8 �0.2 5.9 24.9
Autumn 48.5 12.1 35.3 �9.3 35.8 � 36.8 46.4 39.4 22.8
Winter 83.6 61.0 45.2 44.1 56.0 � 44.5 12.6 27.0 19.7

Snow cover duration (days)

Cold period �18.5 �18.5 �0.8 �16.6 220.3 �18.0 229.7 �26.7 �21.1 236.5

Onset of climatic seasons (days)

Early spring 225.3 224.1 225.7 223.5 221.1 219.6 225.0 236.1 245.6 244.1
Spring �5.1 �8.3 �5.8 �4.8 25.3 29.5 29.0 210.9 212.6 29.2
Summer �0.8 �7.3 �2.8 �5.4 0.6 �2.8 �4.5 0.0 �4.2 �0.9
Autumn 1.5 �2.5 �2.9 �2.0 �1.3 �5.8 0.8 0.1 3.2 1.5
Late autumn 1.9 5.8 �3.1 2.4 0.2 �1.0 9.9 3.7 7.0 4.7
Winter �6.3 �7.8 0.5 �4.1 �7.4 3.2 �2.1 3.4 6.7 5.9
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dom. Among the stations, the trends are rather
different and even of opposite signs (Table 1).
The increase in precipitation is partially artificial
due to the wetting corrections added to measured
results since 1966. Due to the inhomogeneity,
annual precipitation has risen by ca 10%. Using
the Mann-Kendall test, the influence of an artifi-
cial break in time series on the results of trend
analysis will be reduced.

The most significant increase in precipitation
has taken place in winter with an exception of
the three westernmost stations. At the same time,
on the coastal region, a remarkable increase has
occurred in spring. The summer and autumn pre-
cipitation is the most variable and has different
and mostly insignificant trends.

The high temporal and spatial variability of
precipitation is clearly expressed also in the
trends for single months (Fig. 4). During the cold
half-year from October to March, an increase in
precipitation has been observed. A positive trend
is also present in June. During the rest of the
months, no change or changes of opposite sign
have been observed at different stations.

As a consequence of winter warming, snow
cover duration has decreased in Estonia (Table 1).
The most remarkable change has occurred on
the West Estonian Archipelago. At the same
time, no changes in snow cover duration have
been observed at the Narva station located in
the northeastern border area of Estonia (Fig. 5).
This result is in concordance with a proposition
that a decrease in snow cover duration caused by
climate warming is much faster in West Estonia
than in East Estonia (Jaagus, 1997). The snow
cover has decreased mostly during the second
half of winter (Tooming and Kadaja, 1999).

Some significant changes have also occurred
in time series of the onset of climatic seasons
in Estonia during the second half of the 20th
century (Table 1). First of all, the change is char-
acteristic for early spring, which has started
20–45 days earlier. The change has been much
larger at the three stations on the western coast of
the islands (S~oorve, Vislandi, Ristna). All the five
coastal stations, plus the Tiirikoja station, situ-
ated on the coast of Lake Peipsi, have a statistical-
ly significant change also at the onset of spring,

Fig. 3. Change by trend of monthly mean air temperature
(�C) during 1951–2000

Fig. 4. Change by trend of monthly precipitation (mm)
during 1951–2000

Fig. 5. Time series of snow cover duration (days) in Narva
(solid line) and S~oorve (dashed line)

Fig. 2. Time series of annual mean air temperature (�C) in
V~ooru (solid line) and in Ristna (dashed line), and their linear
trends
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while the change itself is much smaller. The
beginning of spring has shifted to an earlier time
by 9–13 days at these stations (Fig. 6).

The onsets of other climatic seasons have
changed insignificantly, and not in the same
direction. It can be mentioned that the beginning
of summer has moved to a slightly earlier time,
especially at the stations of East Estonia, and the
beginning of late autumn has mostly moved up
to one week later time. An interesting tendency
has been noticed concerning the onset of winter.
It has started earlier in the continental part of
Estonia and later in the coastal regions.

5. Trends in the characteristics
of the large-scale atmospheric circulation

Significant changes have been noticed in the char-
acteristics of the large-scale atmospheric circula-
tion during the second half of the 20th century. It
will not be informative to express them using
absolute values of change, like it was done in
the previous chapter. For example, it will be very
difficult to imagine what means that the NAO
index in winter has increased by 0.8 during
50 years. Therefore, to describe long-term changes
in parameters of atmospheric circulation, only a
significance level of the trends is presented. The
variables of atmospheric circulation, having a
statistically significant trend according to the
Mann-Kendall test, and the corresponding P
values are listed in Table 2 by months. Trends
on the P<0.01 level are marked in bold.

The results indicate that the most significant
changes in the large-scale atmospheric circula-

tion have taken place during the cold half-year,
especially in February and March. Changes dur-
ing the warm half-year are much less and of
minor significance. This coincides very well with
changes in air temperature and precipitation in
Estonia.

An increase in the intensity of zonal circula-
tion, i.e. the westerlies has been the most remark-
able change during the period under observation.
This has been expressed by positive trends in
several variables – NP, NG, AO, W, NT, EA,
PE. The strengthening of the westerlies is the
most impressive in February. The change is also
important in March, but not in January. The wes-
terlies carry warm air from the Atlantic far to the
east, causing mild weather in winter.

Fig. 6. Time series of onset dates of early spring (lower
lines) and spring (upper lines) in V~ooru (solid lines) and in
Vilsandi (dashed lines)

Table 2. Characteristics of atmospheric circulation having a
statistically significant trend resulted by the Mann-Kendall
test and the corresponding P values. Trends on the P<0.01
level are marked in bold

Period Circulation parameters

Jan AO 0.0367, W 0.0240, E �0.0142,
EA 0.0075, PE 0.0441

Feb NP 0.0042, NG 0.0102, AO 0.0029,
W 0.0052, E 20.0007, NT 0.0167,
EA 0.0267, PE 0.0148

Mar NP 0.0070, NG 0.0132, AO 0.0450,
W 0.0352, C �0.0450, NT 0.0010,
EW 0.0310

Apr W 0.0104, E �0.0267
May W 0.0497, EJ �0.0234
June NG �0.0382
July NG �0.0337, AS 0.0398
Aug AO 0.0273, NT 0.0195, AS 0.0344
Sep NG �0.0214,
Oct C �0.0244, EA 0.0048, EW �0.0229
Nov EA 0.0045
Dec E �0.0210, EA 0.0234, SC 0.0330

Jan–Dec AO 0.0102, W 0.0086, NT 0.0250

Mar–May AO 0.0406, W 0.0092, C �0.0244,
NT 0.0284

Jun–Aug NG �0.0135
Sep–Nov C �0.0303, EA 0.0152
Dec–Feb NP 0.0142, NG 0.0152, AO 0.0062,

W 0.0021, E 20.0008, EA 0.0073,
PE 0.0109

Apr–Oct NG 20.0003, W 0.0415
Nov–Mar NP 0.0027, NG 0.0018, AO 0.0019,

W 0.0017, E 20.0090, NT 0.0006,
EA 0.0041
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Together with the strengthening of the wester-
lies, the meridional circulation has decreased.
Frequency of the circulation form E has signifi-
cantly decreased in December, January, February
and April. The circulation form C has decreased
in October and in March, denoting the weaken-
ing of the northerly airflow. The dynamics of
the circulation forms W, E and C (according to
Vangengeim and Girs) are depicted in Fig. 7.

The East Atlantic teleconnection index (EA)
has a strong positive trend during the whole
period from October to February. It describes
intensity of the westerlies in Central and South-
ern Europe. The index has a positive correlation
with air temperature in Estonia in January and
February (Jaagus, 2000).

The negative trend in the East Atlantic=West
Russia teleconnection index (EW) in March im-
plies to the weakening of the northerly circula-
tion and the strengthening of the southerly airflow.
This result is in accordance with the negative
trend in the time series of the frequency of the
form C.

A decreasing tendency in the East Atlantic Jet
teleconnection index (EJ) in May denotes the
weakening of the westerly airflow. It has an op-
posite change in comparison with the change in
winter.

A significant positive trend in the Asia Summer
teleconnection index (AS) in July and August
should represent an intensification of the south-
erly circulation in the East European Plain. It
has only a marginal influence on air temperature
in Estonia.

A significant negative trend in NG is evident
during the summer months. The other variables

describing the intensity of the westerlies have not
had any changes in summer.

6. The influence of changes in circulation
on climatic changes in Estonia

Table 3 presents the summary results of the con-
ditional Mann-Kendall test for the analysis of the
dependence between the atmospheric circulation
and climate variability in Estonia. The table lists
the circulation parameters showing which trends
are significantly related to the trends in air temper-
ature or precipitation in the corresponding month
or period. Or, to be more exact, when taking into

Table 3. Parameters of atmospheric circulation, the trends
of which are significantly related to air temperature and
precipitation trends in Estonia. Bold abbreviation – the trend
is significant in all stations, ‘‘–’’ – a negative relationship,
� – the parameter describes a significant part of the trend, but
not entirely

Period Temperature Precipitation

January AO, W, E�,
EA, POL

AO�, W�,
E��, EA�

February NP, NG,
AO, W, E�,
NT, EA, PE

NP, NG,
AO, W, E�,
NT, EA

March NP�,
NG�, AO�,
W�, NT

NP�, NG�,
AO�, W�,
C��, NT�

April W� W
May EJ�
June
July
August
September
October C��, EA, EW�
November
December SC�

Year AO�, W�,
NT�

AO�

Spring AO�, W�,
NT�

AO�, W�, C

Summer NG�
Autumn C�
Winter NP,

NG, AO,
W, EA, PE

NP�, NG�,
AO�, W�,
E��, PE�

Warm period NG�
Cold period NP,

NG, AO,
W, E�,
NT, EA

NP�, NG�,
AO�, W�,
E��, NT, EA�

Fig. 7. Dynamics of circulation forms W, E and C accord-
ing to the Vangengeim-Girs classification
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account the time series of those parameters with-
in the conditional Mann-Kendall test, it shows
when statistically significant trends in tempera-
ture or precipitation disappear.

When the relationship is negative, the sign ‘‘�’’
has been added to the abbreviation of the circu-
lation variable in Table 3. When the circulation
parameter describes a significant part of the trend,
but not entirely, the sign ‘‘�’’ has been added.
When the abbreviation is typed in bold, it means
that the relationship is significant in all stations.

Results of the conditional Mann-Kendall test
indicate that the increase in the intensity of the
westerlies in the Atlantic-European sector has
induced climate warming in Estonia during the
winter months. While the warming in January
and February can be entirely explained with the
trends in the characteristics of the zonal circula-
tion, the significant increase in temperature in
March can only partly be explained with them.

The trends in the NAO indices in February and
March, in the AO index during three months
(January–March), and in the EA and PE telecon-
nection indices in January and February have
shown a significant influence on changes in tem-
perature and precipitation. The correlation coef-
ficient is the highest in February – 0.66–0.69 in
the case of NG (Fig. 8), and 0.57–0.62 for NP.
The AO index has the maximum correlation not
in February but in March (0.63–0.70). It does not
explain the entire warming trend in that month.

The frequency of the circulation form W is
characterized by an increasing trend from January
until May, but its influence on temperature
increase is evident only during the 3–4 first

months. The correlation is lower than in the pre-
vious examples, mostly between 0.5 and 0.6. At
the same time, a decreasing tendency has been
detected for the frequency of the circulation
form E, which is connected with the coldest
weather in winter. The correlation of the frequen-
cy of the form E with temperature in January
is 0.53–0.54, and in February – 0.56–0.62.

The trends in these circulation variables have a
significant relationship with the warming during
the whole winter (DJF) and the cold half-year
(NDJFM). The highest correlation has been
detected for the Arctic oscillation index (AO) –
0.68–0.76 at different stations. For the same pe-
riods, the correlation between mean temperature
and NG is 0.66–0.74, and NP – 0.59–0.71.
Usually, the highest correlation is characteristic
for the coastal stations. It is essential to notice
that the trends in the atmospheric circulation dur-
ing the cold half-year describe entirely the in-
creasing trend in annual mean temperature. The
corresponding correlation coefficients are 0.56–
0.62 (NP), 0.60–0.66 (NG), 0.60–0.69 (AO),
0.57–0.61 (NT) and 0.59–0.64 (W).

Warming in May can be explained by the neg-
ative trend in the series of the EJ teleconnection
index. The correlation between them is �0.56 up
to �0.68 at the stations (Fig. 11). EJ expresses an
intensity of the westerlies during the warm peri-
od. They are followed by higher cyclonic activ-
ity, cloudy and rainy weather. Their part has
decreased in May. Some circulation parameters
have a trend even in the time series of annual
values (AO, W, NT), which is one of the causes
of annual temperature rise.

Fig. 8. Time series of mean air temperature
(�C) in T€uuri (solid line) and of NAO index
(NG, dashed line) in February
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It was not possible to explain the dramatic
warming in spring entirely by the trends in cir-
culation during the same season. Therefore, the
influence of changes in circulation during the pre-
vious winter was also analysed. Using the Mann-
Kendall test it was found that the warming in
spring is very much affected by the strengthening
of the zonal circulation in winter (Fig. 10). For
example, the temperature increase in March is

entirely described by the trends in the NP, NG,
AO, NT and EA indices during the cold half-year
(NDJFM), and partly by their trends in February
and in winter (DJF). A significant decreasing
trend in the frequency of the meridional circula-
tion form E in February also describes entirely the
warming trend in March.

The warming in April is connected with the
trends in the frequency of the form W and in
the NAO indices in February, in winter and dur-
ing the cold period. Trends in the Arctic oscilla-
tion index in January, February, in winter, as well
as in the cold period have even higher influ-
ence on the warming trends in spring months.
It is interesting to mention that the temperature
increase in April is related to increase in zonal
circulation in January and February, but not in
March.

The warming in May is weakly correlated with
changes in the NAO indices during the previous
winter. Whereas the temperature in April is more
connected with the circulation in January and
February, May is mostly related with the circula-
tion in March. An extremely significant increas-
ing trend (P<0.001) in air temperature in spring
(MAM) is partly explained by the trends in the
zonal circulation (W, NP, NG, NT) during the
previous cold period.

Correlation between precipitation and the
characteristics of the atmospheric circulation is
remarkably lower. It is caused by the strong in-
fluence of local factors on precipitation fields,
by lower homogeneity and precision of precipi-
tation data.

Relationships between precipitation and the
atmospheric circulation are rather similar to those
of air temperature. The most important change has

Fig. 9. Relationship between EJ teleconnection index and
air temperature (�C) in Vilsandi in May (r¼�0.65)

Fig. 10. Relationship between AO index in Nov–Mar and
spring mean air temperature (�C) in Vilsandi (r¼ 0.74)

Fig. 11. Relationship between NAO index
(NG) and precipitation (mm) in T€uuri during
the cold period (Nov–Mar) (r¼ 0.62)
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been an increase in winter precipitation that is
significantly related to the increasing trend in the
westerlies (NAO indices, AO, EA, W) and to the
decrease in the meridional circulation (E) in win-
ter. The highest values of the correlation coeffi-
cient (above 0.60) occurred with NG in winter
and the cold half-year (Fig. 11), and with the fre-
quency of the form W in February.

An increase in precipitation in October is
connected with the negative trends in the EW
teleconnection index (r¼�0.23–0.54) and in
the frequency of the circulation form C (r¼
�0.3–0.45). The maximum correlation is obtained
from the stations on the western coast. They dem-
onstrate a weakening of the airflow from the
north and northwest, and a strengthening of the
airflow from the south and southeast. The neg-
ative trend in the Scandinavia teleconnection
pattern (SC) in December, related to the increase
in precipitation means a decrease in the south-
easterly circulation and an increase in the north-
westerly circulation. Dissimilarly to autumn, the
southeastern airflow brings dry and cold weather
in winter.

The precipitation trends in the warm period, for
example in June, cannot be explained by changes
in the parameters of the atmospheric circulation.

The significant negative trend in snow cover
duration at the three stations is clearly explained
by the increasing trend in the zonal circulation
in winter. Using the conditional Mann-Kendall
test, the variables describing the intensity of the
westerlies eliminate the trends in snow cover
duration. It occurs in case of single months
(January, February, March), as well as for winter
(Dec–Feb) and the cold period (Nov–Mar) as
a whole. In the latter case, correlation is the
highest.

The NAO and AO indices for the cold period
have the highest negative correlation with snow
cover duration – more than �0.7. The frequency
of the circulation form W has a negative cor-
relation with the snow cover duration, and the
frequency of the form E – a positive one of
approximately the same magnitude (r¼ 0.4–0.6).
Among the teleconnection indices, the NT, EA
and PE patterns have a significant influence
on snow cover duration. Thereby, the Polar=
Eurasia pattern is characterized by the strongest
relationship (in winter r¼�0.55–0.61). It can be
mentioned, that the highest correlation was ob-
tained from the westernmost coast of Estonia
(S~oorve) and the lowest one from East Estonia
(Tiirikoja) (Fig. 12).

As mean air temperatures in winter and in
spring have increased and snow cover duration
has decreased, the onset of early spring at all
stations and of spring in coastal stations has
moved to a significantly earlier date. These trends
can also be explained by the trends in atmospheric
circulation. The most important factors are the AO
index and the NAO indices, reflecting the intensi-
fication of the westerlies during the cold half-year.
The highest correlation has been detected between
the AO index in NDJFM and the start date of early
spring – from �0.63 up to �0.76. Even the
annual mean AO index is closely correlated with
the onset of early spring.

The frequencies of the circulation form W in
February, March, winter and the cold half-year
have a significant negative influence on the onset
of early spring, while the meridional circulation
forms E (in February, DJF and NDJFM) and C
(in March and MAM) are positively correlated
with the onset. Higher correlation, above 0.5 is ob-
served on the coastal region.

Fig. 12. Relationship between AO index
(Nov–Mar) and snow cover duration (days) in
Tiirikoja (r¼�0.71)
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7. Discussion and conclusions

The results of regression and correlation analysis
and the Mann-Kendall test applied to a large
amount of circulation and climatic data give a con-
sistent picture about the long-term trends of the
atmospheric circulation and of climatic variables
in Estonia, and about their relationships. They lie
in concordance with other studies on relationships
between circulation and climate variability.

Climate warming is evident in Estonia but only
in winter and spring seasons. A statistically signif-
icant increase in monthly mean air temperature
during the second half of the 20th century appears
in the five first months of a year. The highest in-
crease has occurred in March, when the change by
trend was 3–5 �C at different stations.

The warming in winter in Estonia is caused by
a significant change in the large-scale atmospher-
ic circulation. The intensity of the westerlies is
increased during the cold period, especially in
February and March. Correlation coefficient be-
tween the NAO and AO indices and winter mean
air temperature exceeds 0.70.

The results of the conditional Mann-Kendall
test demonstrate that there is a significant influ-
ence of the change in the winter circulation on the
warming in spring. It is easy to explain that, due
to the thermal inertia, a cold winter is followed
by a late and cold spring, and a mild winter – by
an early and hot spring. Thus, air temperature in-
crease during the spring months is related not so
much to circulation changes in the same month,
but in the previous winter. Temperature rise in
May is also caused by a negative trend in the East
Atlantic Jet (EJ) teleconnection index. This trend
means a decrease in the westerly circulation and,
as a result, a decrease in the frequency of cyclonic
weather with clouds and rainfall.

The other climatic variables under study are
related to changes in air temperature. Therefore,
a decrease in snow cover duration is also influ-
enced by the increasing trend in the zonal circu-
lation in winter. Statistically significant shifts to
the earlier time of the onsets of early spring and
spring climatic seasons are very closely related to
the warming trends in that period.

Even changes in precipitation during the cold
half-year have a relationship with air temperature
and circulation changes. The westerly circulation
is usually connected with a high cyclonic activity
that brings a lot of precipitation. The results of

the conditional Mann-Kendall test indicate also
that some changes in the meridional circulation
have a remarkable influence on the increase in
precipitation. A decrease in the northerly circula-
tion and an increase in the southerly circulation
in March and October are related to the precipi-
tation trends in those months.

Some differences in the results of statistical
analyses from the stations from the continental
part of Estonia and those from the coastal area
have been observed. The three westernmost sta-
tions (S~oorve, Vilsandi, Ristna), lying under the
direct influence of the central ice-free part of
the Baltic Sea are characterized by a less warm-
ing in March and April in comparison with the
other stations. While these stations are located
in the area, which has mostly been under the
influence of ice-free sea surface during many
decades and less influenced by sea ice, they have
been less affected by the recent decreasing
trend in sea ice. Thermal inertia of the sea pre-
vents a faster warming in that region in spring.

The increase in precipitation at these three
maritime stations in winter is much lower than
at the other stations, and in spring it is notably
higher. The start of early spring has moved to
much earlier dates there – by more than one
month (Table 1). The trend in the onset of spring
is statistically significant only at the coastal sta-
tions. It can be considered also as an expression
of the thermal inertia of the sea surface.

In general, the climatic time series at the
coastal stations have a slightly higher correlation
with the parameters of atmospheric circulation
than inland stations have.
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