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ABSTRACT
This study presents an overview of the Estonian sea level data set obtained from the coastal tide gauges over the period
1842–2005. Variations in the time-series of annual mean sea level, maxima and minima, as well as standard deviations are
investigated and their relationships with variations in the North Atlantic Oscillation index are studied. After correcting
the sea level series to spatially varying land uplift rates the series display increasing (1.5–2.7 mm yr−1) trends, which
in case of Pärnu tide gauge evidently exceed the global sea level rise rate. The increase is larger in winter, which is in
accordance with similar seasonal structures of the NAO index trends. The rise in mean sea level, standard deviations
and particularly in maxima (3.5–11.2 mm yr−1) could be explained by the local response to the changing regional wind
climate. Due to its windward location the sea level variations in the semi-enclosed study area are sensitive to the ongoing
intensification of cyclones and prevailing westwinds. In case of the Pärnu Bay, the statistical fit of both the frequency
distributions of hourly data and the maximum values distributions for 1923–2005 are inconsistent with the two highest
storm surge values of 253 and 275 cm.

1. Introduction

Measurements of relative sea level variations by means of coastal
tide gauges have more than two centuries of history in the
Baltic Sea. Most notably, the world’s longest continuous sea
level record compiled from disparate historical measurements in
Stockholm starts in 1774 (Ekman, 1999). Records from Swinou-
jscie and Kolobrzeg, both from Poland, start from 1811. In St.
Petersburg, Russia, the storm surge record starts in 1703, and a
more or less continuous sea level time-series in 1806 (Lazarenko,
1986; Bogdanov et al., 2000). A number of investigations are up
to now available, focusing on one or several of such problems
as derivation of land uplift or subsidence rates from tide gauge
data, investigation of temporal variations in relation to varying
meteorological and oceanographic forcing, estimation of global
sea level rise rates (e.g. Lisitzin, 1964; Vermeer et al., 1988;
Ekman, 1999; Samuelsson and Stigebrandt, 1996; Johansson
et al., 2001; Andersson, 2002). So far the vast majority of such
work in the Baltic Sea has been based on Swedish, Finnish,
German or Danish tide gauge data. In addition to some earlier
papers, mostly in Russian (e.g. by Lazarenko, Mikhailov and
Chernysheva), some information on Estonian sea level measure-
ments has been presented by Raudsepp et al. (1999), Jevrejeva
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et al. (2001, 2005) and Suursaar et al. (2006a). However, the
Estonian tide gauge data in general have not been thoroughly
investigated and published yet.

In Tallinn, the capital city of Estonia, regular sea level mea-
surements started in 1809. The near-continuous data sets are
available from 1842 (Table 1, Fig. 1). Estonian historical tide
gauge data are certainly a valuable source for investigating vari-
ous aspects of decadal sea level tendencies, as the regional condi-
tions affecting the sea level (land uplift rate, meteorological and
oceanographic conditions, configuration of coastline) are rather
different along the west and east coasts of the Baltic Sea. Other
studies of the Baltic sea level are therefore not representative for
the Estonian coastal sea.

‘Sea level’ is understood as relative sea level throughout this
paper, if not otherwise specified. With regard to mean relative
sea level of a location, there are three main factors influencing
its variations: global sea level change, the land uplift or subsi-
dence and changes in the water balance of the particular sea.
According to numerous studies (Gornitz et al., 1982; Vermeer
et al., 1988; Woodworth, 1990; Ekman, 1999; IPCC, 2001;
Church and White, 2006) the global sea level rose by 1–2 mm
yr–1 during the 20th century. The overall reason for that rise is
climate warming with the main mechanism acting via the ther-
mal seawater expansion and the gradual melting of glaciers. As it
mainly occurs due to the thermal expansion of the whole ocean,
it should evidently be manifested within the Baltic Sea as well,
with or without temperature rise in the Baltic Sea.
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Table 1. Monthly and annual time-series of mean and extreme sea level available for the investigated tide gauges

Time-series Years covered Years with gaps (number of missing months in brackets)

Tallinn mean 1842–1882, 1886–1917, 1923–1940, 1996 (9)
1945, 1947–1996

Tallinn extremes 1899–1917, 1923–1940, 1945, 1924 (3), 1928 (1), 1929 (1), 1945 (2),
1947-19-96 1947 (4), 1996 (9)

Narva mean 1899–1915, 1923–1943, 1945–2005
Narva exteremes 1899–1915, 1923–1943, 1945–2005 1899 (4), 1900 (4), 1905 (1), 1907 (1), 1913 (1),

1915 (4), 1922 (3), 1941 (3), 1947 (3)
Pärnu mean 1923–2005 1923 (6)
Pärnu extremes 1923–2005 1923 (6), 1941 (1), 1944 (4), 1945(2), 1948 (5)
Ristna (all) 1950–2005

Fig. 1. Locations of selected meteorological and tide gauge stations,
together with vertical crustal movement rates (Vallner et al., 1988;
isobase contour interval 0.5 mm yr−1).

The second main factor, the radial crustal movements, which
are mainly influenced by postglacial rebound (glacial isosatic
adjustment) in Estonia, is of regional origin and varies locally.
The uplift rate varies among the Finnish tide gauges between 8.9
at Vaasa and 3.1 mm yr−1 at Hamina (Lisitzin, 1964; Vermeer
et al., 1988). In the coastal areas of Estonia it varies between
0.5 and 2.8 mm yr−1 (Vallner et al., 1988). Another regional
sea level component appears as a result of variations in the water
balance of the Baltic Sea as a whole. These variations are mainly
caused by water exchange processes through the Danish Straits,
and by river runoff. Both are largely controlled by atmospheric
pressure patterns over the North Atlantic, the North Atlantic Os-
cillation (NAO) (Ekman and Stigebrandt, 1990; Heyen et al.,
1996; Lehmann et al., 2002; Johansson et al., 2004). Minor fac-
tors for decadal Baltic Sea level changes are variations in salinity,
temperature, precipitation and evaporation regime (e.g. Ekman
and Stigebrandt, 1990; Meier et al., 2004). According to Hünicke
and Zorita (2006), temperature and precipitation account for up
to 15% of the total sea level variability in winter and up to 35%
in summer. However, this statement applies to a few, more south-

ern stations, and the statistical inferences may be correlated with
other factors.

Although most studies of past sea level changes have con-
centrated on changes in mean sea level instead of extremes, it
is actually the latter that has the most substantial impact for the
coast (Lowe et al., 2001; Orviku et al., 2003; Woodworth and
Blackman, 2004). Systematic changes in extreme high waters are
reported, for example, by Langenberg et al. (1999) and Johansson
et al. (2001). Factors related to cyclone frequency, intensity, and
their tracks are the most crucial ones for the issue. Besides the
well-known St. Petersburg area, the Pärnu Bay (Fig. 1) is an
area where some of the largest Baltic storm surges can occur.
Since 1703 the St. Petersburg storm surge record includes just
five surges larger than 280 cm above the Kronstadt zero, that is,
the surges that are larger than the 275 cm surge at Pärnu on 9
January 2005 (Suursaar et al., 2006b). Due to site-specific fea-
tures, the West Estonian bays are subject to storm surge hazard.
Besides, it is supposed that due to the low-lying land, the gen-
tly sloping coasts and indented coastline, the flooding generated
both by local storm surges and climatologically induced global
sea level rise will increasingly affect the nearly tideless Estonian
coastal zone (Kont et al., 2003; Orviku et al., 2003; Suursaar
et al., 2006b).

The objectives of this study are (1) to investigate long-term
changes both in mean water level and in extreme sea level events
in the Baltic Sea along the Estonian coast; (2) to analyse rela-
tionships between sea level and atmospheric circulation indices;
(3) to study changes in sea level variability and to discuss past
and possible future changes in sea level regime due to changes in
global and regional climate and (4) to discuss the possibility of
estimating maximum expected future surge heights in Estonian
coastal waters.

2. Data sets and statistical methods

Sea level observations on the territory of Estonia have been car-
ried out at different times at 29 locations (see Jevrejeva et al.,
2001; Suursaar et al., 2006a for additional overviews). How-
ever, most of the time-series are not long term and have a lot

Tellus 59A (2007), 2



DECADAL VARIATIONS IN MEAN AND EXTREME SEA LEVEL VALUES 251

of gaps. The number of tide gauges currently operated by the
Estonian Meteorological and Hydrological Institute (EMHI) is
12, in addition a few tide gauges are operated by ports. Most of
the tide gauges are equipped with tide poles and have a sampling
frequency of two or three times a day. Automatic tide gauges,
currently operated by the EMHI, which provide hourly data, are
located at Pärnu, at Narva-Jõesuu (denoted as ‘Narva’ in figures
and tables) and at Ristna (Fig. 1). Measurements at the histor-
ically valuable location of the Tallinn Port were unfortunately
discontinued and transferred to the Muuga Bay in 1996 due to the
problems related to local land subsidence and construction work
at the port. In the present study, data from four tide gauge stations,
offering a most extensive and reliable data, were considered. We
have used the database of monthly mean and extreme sea levels
by the EMHI (Table 1). They represent relative sea level values
in regard to the Kronstadt datum and are based on hourly mea-
surements since 1951. The monthly values for earlier periods
were obtained on the basis of daily data. Thereby the minor gaps
(e.g. single months in case of mean sea level) were filled by the
measured values at neighbouring stations by the EMHI accord-
ing to their routines. Larger gaps were left blank (see Table 1).
Annual values were calculated provided at least 9 monthly values
were available. In case of monthly extreme sea levels a missing
value in winter could rule out an annual value. Gaps in extreme
values were not as a rule interpolated. In addition to this base of
monthly and annual data hourly data from the period 1961–2005
were used to calculate the probability distributions and descrip-
tive statistics at Pärnu.

The height system used in Estonia and in other Baltic states
of the former Soviet Union differs from the Finnish and Scan-
dinavian tide gauging standards (e.g. Lisitzin, 1966; Johansson
et al., 2001). It is called the Baltic Height System 1977 with
its reference zero-benchmark at Kronstadt near St. Petersburg
(Lazarenko, 1986; Bogdanov et al., 2000). The Kronstadt zero
was defined as the average sea level of 1825–1840. Naturally,
the Kronstadt zero is not the present-time mean sea level of
this tide gauge. According to the data published by Bogdanov
et al. (2000), the mean was 5.9 cm in 1971–1993. Instead,
the mean sea level of Estonian tide gauges is roughly around
the Kronstadt zero now. The zeroes of Estonian tide gauges
are at least annually levelled in relation to local benchmarks.
A less frequent levelling between local benchmarks and base
frame is performed by national geodetic organizations (see also
Jevrejeva et al., 2001).

Due to non-uniform land uplift in the study area, the use of
fixed land level benchmarks poses specific problems for time-
series analysis as well as comparison of the results from different
tide gauges. Data about the land uplift (Table 2, Fig. 1) for the
studied stations were determined by using the map composed
of the precise levelling data (Vallner et al., 1988). These rates
should be taken as estimates for ‘absolute vertical motions’, not
‘apparent land uplift’ rates (e.g. Ekman, 1996), nor exactly as
glacial isosatic adjustments (GIA). In 1977–1985 Vallner to-

Table 2. Changes by trend of relative sea level time-series (mm);
linear trend slopes S, local uplift rates U, and their combinations S + U
(mm yr−1). Trends of relative sea level (S) on the p< 0.05 significance
level are marked with an asterisk

Time-series Period Years Change S U S+U

Tallinn mean 1842–1995 154 18 0.12 1.8 1.9
Tallinn mean 1923–1995 73 −6 −0.08 1.8 1.7
Tallinn mean 1947–1995 49 −15 −0.31 1.8 1.5
Narva mean 1899–2005 107 55 0.51∗ 0.5 1.0
Narva mean 1923–2005 83 98 1.18∗ 0.5 1.7
Narva mean 1946-2005 60 97 1.61∗ 0.5 2.1
Pärnu mean 1924–2005 82 87 1.06∗ 1.5 2.6
Pärnu mean 1946–2005 60 48 0.80∗ 1.5 2.3
Ristna mean 1950-2005 56 −66 −1.12∗ 2.6 1.5

Tallinn max 1899–1995 97 186 1.92∗ 1.8 3.7
Tallinn max 1948–1995 48 189 3.93∗ 1.8 5.7
Narva max 1899–2005 107 475 4.44∗ 0.5 4.9
Narva max 1946–2005 60 479 7.98∗ 0.5 8.5
Pärnu max 1924–2004 81 164 2.02 1.5 3.5
Pärnu max 1946–2005 60 299 4.99∗ 1.5 6.5
Ristna max 1950–2002 53 322 6.08∗ 2.6 8.7
Ristna max 1950–2005 56 484 8.64∗ 2.6 11.2

Tallinn min 1899–1995 97 11 0.11 1.8 1.9
Tallinn min 1947–1995 49 −49 −1.00 1.8 0.8
Narva min 1899–2005 107 27 0.25 0.5 0.8
Narva min 1946–2005 60 40 0.66 0.5 1.2
Pärnu min 1924–2005 82 120 1.46 1.5 3.0
Pärnu min 1946–2005 60 98 1.63 1.5 3.1
Ristna min 1950–2005 56 –9 −0.17 2.6 2.4

gether with his colleagues from the Institute of Astrophysics
and Atmospheric Physics carried out an extensive study of re-
peated precise levellings, taking into account data from previous
precise levelling campaigns (1933–1943 and 1956–1970). The
preciseness of uplift rates was considered ±0.2 mm yr−1 then.
Later, using precise gravity measurements (e.g. Sildvee 1998)
and GPS technology, regional geoid models were worked out in
cooperation with the Danish Institute of Geodesy (e.g. Forsberg
et al., 1996; Milne et al., 2001) and the vertical motion rates
verified. The actual accuracy and constancy of uplift rate esti-
mates is yet unknown. In comparison with some other sources
(Vermeer et al., 1988; Ekman, 1996; Kakkuri, 1997; Johansson
et al., 2004) we assume that this might be up to ±0.5 mm yr−1.
In addition, there may be local disturbances, such as neotectonic
and anthropogenic components. This may introduce a small error
in long-term trend estimates for mean sea level, but it less affects
the results on seasonal variability, extremes and correlations with
forcing factors.

As a deviation from Fig.1, an uplift rate of 1.8 mm yr−1 was
used for Tallinn (Table 2). Due to local subsidence anomaly the
uplift rate in the city-location is lower than in the adjacent areas
(Vallner et al., 1988). The uplift rate near St. Petersburg and
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Kronstadt is practically zero (Lazarenko 1986; Vallner et al.,
1988).

Tendencies in sea level time-series were analysed using linear
regression analysis. For sea level rise rates linear trend slopes
(mm yr−1) were calculated. Multiplying a slope by a number of
years, ‘change by trend’ for a period was obtained (Table 2). The
trends were considered to be statistically significant on the p <

0.05 level, evaluated by the Student’s t-test. The obtained trend
estimates were further adjusted to take into account land uplift
rates.

Relationships between relative sea level and intensity of
westerly (i.e. the NAO index) or local storminess were stud-
ied by correlating the time-series. Atmospheric circulation
features were described by the NAO index which is down-
loadable from the NOAA Climate Prediction Centre website
(http://www.cpc.noaa.gov/data/teledoc/telecontents.shtml). The
NAO is usually described as a difference between the standard-
ized sea level pressure anomalies between Icelandic low and
Azores high and can be calculated using either data from Ponta
Delgada, Lisbon (Hurrell, 1995) or Gibraltar (Jones et al., 1997).
The data of Gibraltar were used, as the NAO Gibraltar index of-
fers slightly better results for the changes in Estonian climate
(Jaagus, 2006a). The number of storm days per year at the Vil-
sandi meteorological station was used to measure local stormi-
ness. A ‘storm day’ has at least one observation with mean wind
speed 15 m s−1 or higher (Orviku et al., 2003).

Applying a running correlation method, the temporal devel-
opment of the correlation between the winter (January–March,

Fig. 2. Decadal variations in maximum,
mean and minimum sea levels for the whole
year (a, c, e and f), and winter months (b and
d). The data of Tallinn are shown since 1900.
Note that January 2005 maxima at Pärnu
(a and b, 275 cm) and Ristna (f, 209 cm) are
not considered in the trend analysis.

abbreviated as JFM) sea level and winter NAO index was inves-
tigated. Similarly to Andersson (2002), and Hünicke and Zorita
(2006) a 21-yr window was used. The correlation coefficient was
calculated between the series with a length of 21 yr, the values
assigned to the middle year of the window. The window was slid
along the series with a 1-yr time step, yielding time-series of
correlation coefficients.

Extreme value analysis was performed by fitting Gumbel dis-
tribution to samples of annual maximum and minimum values.
Taking into account the gaps (see also Table 1), the series for
this analysis included 83 yr (1923–2005) at Pärnu, 96 yr (1899–
2005) at Narva Jõesuu (Narva), 56 yr (1950–2005) at Ristna and
85 yr (1899–1995) in Tallinn.

3. Results and discussion

3.1. Decadal sea level variations

Time-series representing annual means and selected seasonal
mean sea levels show quite different, but still mostly increasing
tendencies (Figs. 2, 3). Statistical significance is not a particu-
larly important issue in this case, as both the sign and signifi-
cance of a trend-line depend on whether we consider sea level
changes relative to benchmarks (i.e. relative sea level), or we
take land uplift into account (Table 2). Furthermore, moving av-
erages of annual mean sea level series show 30–40 yr cycles
(Fig. 3) which coincide with the similar cycles, for example, in
Lithuanian (Dailidiene et al., 2006) or Finnish (Johansson et al.,
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Fig. 3. Time-series of 11-yr moving averages and linear trendlines of
relative mean sea level data (a, original annual data are not shown);
moving averages and trendlines after correcting the sea level series
with land uplift rates (b); slopes of trendlines for 41 yr periods (c),
the value is assigned to the middle year of the running window, for
example, 1945 for 1925–1965 and 1985 for 1965–2005; trendlines are
shorter after 1985, that is, 1975–2005 for 1995. The numbers in
brackets (c) mark average slope values for the period 1945–1985
(representing 1925–2005).

2004) sea level data. These cycles, with the amplitude of about
5 cm (Fig. 3b), can influence linear trend estimates. For example,
the series of Narva mean sea level for 1899–2005 starts ‘high’
and ends ‘low’ (Fig. 3a,b) and the linear trend estimate (S +
U = 1.0 mm yr−1, Table 2) probably underestimates the real
tendency. Due to the irregular nature of these cycles and short-

ness of the series, it is difficult to properly eliminate the cycles’
influence, but some alternative (shorter) periods are considered
in Table 2, bearing also in mind the gaps. Besides, as trend slope
estimates depend on chosen terminal points (and length) of a
time-series, we calculated ‘running slope’ estimates, which dis-
play rather large time-dependent variability of (corrected with
land uplift) trend slopes (Fig. 3c). It is interesting to point out that
while all the possible 41-yr periods yielded trend slopes between
1.5 and 2.8 mm yr−1 for Ristna (Fig. 3c), the full 56-yr period
just yielded 1.5 mm yr−1 (Table 2). We consider the latter value
as infected from periodicity and non-representative, though the
series is longer. The best trend slope (S + U) estimate for the
period of about 1925–2005 might be 1.5–1.7 mm yr−1 in Tallinn,
1.5–2 mm yr−1 at Ristna, 1.7–2.1 mm yr−1 at Narva-Jõesuu and
2.3–2.7 mm yr−1 at Pärnu (Table 2, Fig. 3c).

Thus, the mean sea level rise rates for Tallinn, Narva and
Ristna are roughly equal to or insignificantly higher than the
most recent global estimates, about 1.7 mm yr−1 according to,
for example, Church and White (2006) or about 1.5 mm yr−1

as the central value for 1–2 mm yr−1 estimate of 20th century
sea level rise by IPCC (2001). However, even considering pos-
sible uncertainties in data quality and land uplift rates, the trend
estimates for Pärnu tide gauge seem to be significantly higher
(2.3–2.7 mm yr−1) than the global one (Table 2, Fig. 3).

The excess over the proposed global rate of 1.5 or 1.7 mm
yr−1 could be explained by the local influence of the changing
regional wind climate, as discussed in a hydrodynamic modelling
study (Suursaar et al., 2006b; Suursaar and Kullas, 2006). The in-
crease in the westerly wind component above North Europe over
the last 50 yr is quite evident (Siegismund and Schrum, 2001;
Keevallik and Rajasalu, 2001; Räisänen et al., 2004). Our results
on Pärnu show, that the effect of increasing southwesterly winds
and storminess over the Baltic Sea can be larger than consid-
ered earlier. The Pärnu tide gauge is both regionally and locally
windward, and therefore sensitive to wind climate changes. The
effect is localised at the bays exposed to SW or W (Suursaar et
al., 2006a). In the West-Estonian coastal sea there are three such
bays, Haapsalu, Matsalu and Pärnu (Fig. 1), the latter being the
only one to have a tide gauge. The crucial role of changes in wind
climate could be confirmed by astonishingly large change rates
in maximum sea levels (Table 2), ranging between 3.5 and 11.2
mm yr−1, while the rates in minima are only 0.8–3.1 mm yr−1.
No other meteorological or hydrological forcing could yield such
sea level developments (see also Langenberg et al., 1999). It can
be argued that perhaps the sparse measurements of the first half of
the 20th century did not determine the peak values too precisely.
But latter hourly data, available from the 1950s, demonstrate
similar very steep trends. Additional discussion on sea level re-
lationships with zonal circulation and storminess is presented in
the following chapter.

The positive trends in annual time-series definitely appear due
to the positive trends in winter (JFM) (Figs. 2a–d, 6). Seasonal-
ity is an important sea level variability feature. It does not only

Tellus 59A (2007), 2
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Fig. 4. Seasonal variations in monthly sea level statistics. Lines from
top: absolute maximum, average maximum, mean, average minimum
and absolute minimum.

appear as a seasonal signal in means (with amplitude 10–20 cm),
but also in magnitudes (Fig. 4) and temporal tendencies of ex-
tremes (Fig. 6). Furthermore, significant seasonal structure of
the trends should lead to enhancement of seasonal signal in sea
level records. The tendency has already been reported for various
parts of the Baltic Sea (Ekman and Stigebrandt, 1990; Ekman,
1998; Plag and Tsimplis, 1999; Suursaar et al., 2006a) and it has
increased over the last decades (Fig. 6e and f).

Annual fluctuations of minima and averages show significant
correlations (e.g. r = 0.57 at Pärnu), whereas maxima and aver-
ages are not so well connected to each other (r = 0.40). While
high sea level events usually appear as short individual peaks
with low impact on annual statistics, the low sea level events
develop slowly during more stable anticyclonic weather patterns
due to continuous east or north winds (Suursaar et al., 2002).

Pärnu sea level record has the largest variability in the study
area (Figs. 4, 5). It includes 29 individual events higher than
150 cm, 23 of which occurred in October-March and six in April–
September. The period 1923–1963 includes 13 such events vs. 16
events in 1964–2004. Substantial increase in wintertime maxima

Fig. 5. Variations in annual mean NAO-indices and Pärnu sea level
standard deviations (SD, calculated from hourly data) together with
linear trendlines and 11-yr moving averages for the SD.

(Fig. 2b) could be explained both by increased storminess and
by more mild ice conditions. These factors are correlated both
mutually and with the NAO in Estonia (Jaagus, 2006a,b). Storm
surge cannot develop in Pärnu Bay, if the Gulf of Riga is covered
with ice. Indeed, the date of appearance of sea ice has shifted to
mid-winter and the number of ice days has decreased by 70 in
Kihnu over the last 54 yr (Jaagus, 2006b).

The sea level variability expressed as annual standard devia-
tions, calculated on the basis of hourly data, show a statistically
significant rise by 2 cm in 1952–2004 (Fig. 5). Standard devi-
ations have increased by 1–3 cm over a period of 50 yr also at
Finnish tide gauges (Johansson et al., 2001). Both in Finnish and
Estonian stations the sea level variability was somewhat lower
in 1950s, and higher in 1980s. The average standard deviation
was 27.7 with variability range 20.6–35.9 cm at Pärnu. This is
close to the estimates at Kemi and St. Petersburg, where average
standard deviations are approximately between 25 and 30 cm
(e.g. Lazarenko, 1986; Johansson et al., 2001).

3.2. Correlations with the NAO index

Close relationships between the Baltic sea level and various in-
dices describing atmospheric circulation above North Atlantic
(NAO, AO) or, more specifically, above the Baltic Sea (BAC,
BSI and Wibix) are well known (Andersson, 2002; Lehmann
et al., 2002; Hagen and Feistel, 2005). The NAO index is not a
single forcing for sea level, it rather manifests through a complex
of forcing factors such as stronger westerly airflow, higher winter
temperature, higher precipitation rate, lower ice extent, etc. All
these manifestations are mutually correlated, but their specific
impacts on sea level are hardly distinguishable. The main hy-
drodynamic mechanism for the Baltic sea level applies through
the more intensive water inflow through the Danish Straits as
a result of sea level differences in the transition area between
the North and Baltic Seas, which in turn appears due to stronger
westerlies and more frequent storms (Stigebrandt, 1984; Heyen
et al., 1996; Samuelsson and Stigebrandt, 1996).

Estonian sea level data show low-frequency correlations with
the NAO index and the Baltic Sea level. According to a hy-
drodynamic modelling study (Suursaar et al., 2006a), the share
of locally generated sea level variability is up to 40% in a few
windward bays and below 20% virtually elsewhere in the study
area. Water exchange processes both in the semi-enclosed Gulf
of Riga and in the Danish Straits are sensitive to similar wind
conditions. Intense westerly and windstorms cause mean vol-
ume surplus within the Baltic Sea and sea level inclination as
quarter-wave length oscillations in the fjord-like Baltic Sea. The
effect is duplicated on a smaller scale within the Gulf of Riga.
Model runs also showed that every change in long-term wind
regime (change in average wind speed, variability, or directional
distribution) has an effect on the established sea level equilib-
rium (Suursaar et al., 2006a). The reaction depends on coastline
configuration and bottom topography, and it is strongest in the far
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Table 3. Regression between winter (January to March) NAO index
(WNAO) and winter mean sea level (WSL, cm)

Tide gauge Period Regression result R2

Pärnu 1924–2005 WSL = 12.07 WNAO – 8.67 0.54
Narva 1923–2005 WSL = 11.59 WNAO – 5.56 0.53
Tallinn 1900–1996 WSL = 8.68 WNAO – 10.13 0.44
Ristna 1950–2005 WSL = 11.42 WNAO – 9.46 0.55

ends of windward bays, like Pärnu Bay. Increase in western wind
component by magnitude of 2–3 m s−1 reported for the last 50 yr
(Alexandersson et al., 1998; Siegismund and Schrum, 2001;
Keevallik and Rajasalu, 2001) may account for up to a 5 cm
rise in annual mean sea level at Pärnu (Suursaar et al., 2006a).
This wind-induced local change component appears in addition
to a possible analogous change outside our study domain, which,
under similar circumstances, could be up to 3–4 cm in the Central
Baltic according to the study by Meier at al. (2004).

The correlations between NAO and Estonian sea level series
are both the highest and statistically most significant in winter
(JFM), the local storminess additionally showing strong rela-
tionships for October–December (Fig. 7). Storms act more di-
rectly on sea level than the NAO index does and therefore yield a
slightly higher correlation. On the basis of the winter NAO index
it is possible to present some diagnostic relationships (Table 3),
which allows the reconstruction of JFM mean sea level on the

Fig. 6. Seasonal structure of changes by
trend and trend slopes in sea level (SL) data
and NAO. ‘Uplift’ can be viewed as
zero-correction, any change above the line
means climatological (global, regional and
local) sea level rise.

basis of the NAO index. The seeming disagreement between
gently decreasing NAO trend for the chosen period (Fig. 5), and
positive mean sea level and sea level variability trends, could
be explained by the seasonal structure of the NAO index trends
(Fig. 6f). The positive NAO trend in winter is likely to affect
sea level more strongly than the negative NAO trend in sum-
mer does. The seasonal curves of the NAO index trend slopes
are quite similar to the curves of mean sea level trend slopes.
Moreover, seasonality has increased for both cases over the last
150 yr (Fig. 6).

The results of running correlation analysis show variations in
correlations between 0.25 and 0.75 at Pärnu (Fig. 8). Correlations
with winter data show values between 0.41 and a remarkably high
0.94 at Pärnu and 0.93 at Narva–Jõesuu. The long-term cycles
(Fig. 8) are coherent with the results acquired with the similar
21-yr running window for the other parts of the Baltic Sea (An-
dersson, 2002; Hünicke and Zorita, 2006). This time-variable
nature of the relationships between sea level and the NAO
mainly appear due to the changes in the locations of the Azores
high- and Icelandic low-pressure centres that define the NAO
index (Ulbrich and Christoph, 1999; Wakelin et al., 2003; Hu
and Wu, 2004).

3.3. Frequency distributions and return periods

The sea level variability range at Pärnu is rather large (400 cm,
Figs. 2a and 4) for a nearly tideless location. While empirical
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Fig. 7. Seasonal variations in correlations of sea level at Pärnu and
Narva with NAO index and frequency of storm days at Vilsandi. The
calculations were based on data from 1950 to 2002 (see: Suursaar et al.,
2006a) and are shown with the 95% significance level.

Fig. 8. Running correlations with 21-yr window between sea level and
NAO for winter months (JFM), July to September (JAS), and the whole
year, shown together with the 95% significance level.

probability distributions for individual years show some inter-
annual variability, the distributions of 20-yr periods become
smoother and more stable (Fig. 9). The curve of 1981–2000
has shifted towards higher values, when compared with the pe-
riod 1961–1980 (Fig. 9a). As the postglacial rebound and global

Fig. 9. Empirical frequency distributions of Pärnu hourly sea level data
for the two sub-periods (a), and for the whole period of 1961–2005
together with a theoretical distribution version (b). Note that
logarithmic y-axis visually emphasizes tail areas. There appear to be at
least 12 outliers (values above 200 cm in b) which do not fit theoretical
distributions.

sea level rise roughly compensate each other at Pärnu, the shift
appears due to the changes in wind climate (NAO, storminess,
etc.). According to Johansson et al. (2001) the distribution curves
of Finnish tide gauge data has also become somewhat broader,
and the probability for high sea level values has increased.

Sea level data from a tide gauge can nearly always be fitted
by some theoretical distribution. However, in case of Pärnu the
empirical distribution function for the period from 1961 to the
end of January 2005 (Fig. 9b) cannot be fitted by any single rea-
sonable theoretical distribution, so that both, the main bulk of
the data and the tail areas were successfully described. In statis-
tical terms the distribution is contaminated. It probably consists
of several distributions due to mixed populations, for example,
as the result of interannual variations in the Baltic mean sea
level. Furthermore, about 12 values (describing two short storm
events on 18 October 1967 and on 9 January 2005) from the sam-
ple of 369 071 elements, remain ‘outliers’ or ‘errors’ in any case
(Fig. 9b).

We shall further discuss the annual maxima and minima, and
their distributions. It is usually believed, that out of Fisher-Tippet
function family (Type I Gumbel, Type II Frechet or Type III
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reverse Weibull) both for extreme wind speeds and return pe-
riods of extreme sea level the best fit is offered by the Gum-
bel distribution (Gumbel, 1958; Onforio et al., 1999; Lowe
et al., 2001; Wroblewski, 2001). To find empirical return peri-
ods the observation period was divided by the (ranking) number
of events. Using least-squares method, mode and scale parame-
tres for theoretical Gumbel distributions were calculated for the
tide gauges under study. The plots against the empirical data
(Fig. 10a and b) show a more or less satisfactory fit in case of
three tide gauges, but failure in case of Pärnu maxima. It should
be stressed here that our idea was not to find the ideal fit by
checking a large number of distribution parametres, and some
other distribution would possibly have offered a slightly bet-
ter fit (i.e. less steep slope) in the region of higher values. The
main idea was to show that no extreme value distributions could
probably describe or predict the two extreme sea level events of
253 cm (in 1967) and of 275 cm (in 2005).

Outlier is sometimes defined using the difference between the
first and third quartile of the sample. The difference multiplied
by 1.5 and added to the third quartile would give an inner fence
for ‘mild outlier’. Both 253 and 275 cm values fall far behind this
limit. 209 cm at Ristna (in 2005) is also an outlying, but not very
representative value (see Suursaar et al., 2006b). According to
the distribution based on 82 yr of data valid until the end of 2004,
the value 253 cm should be considered as a very outlying value
(Fig. 10c). It has the recurrence period of some 300 yr, according
to Gumbel fit and possibly around 1000 yr according to some
‘better’ fit. If there were a gap in measurements in 1967, the
81-yr empirical data set (Fig. 10c) would not project that event
even within 1000 yr. The event of 1967 was actually repeated
and surpassed just 38 yr later.

A misbelief probably exists, that as soon as we discover the
‘right’ theoretical distribution function, we can extrapolate the
return period outside the length of the empirical series. Evidently,
an estimation of certain extreme events in dependence on long
return periods can be valid for certain established climatologi-
cal equilibrium and changes in meteorology will lead to future
changes in the return periods of extreme events. However, the
changes in empirical response data cannot follow the ongoing
climatological changes fast enough, as extreme events are rare
anyhow. Thus, the existing bulk of the data does not carry suf-
ficient statistical information about possible extreme sea level
values at Pärnu, as the most extreme values seem to appear ‘out-
side’ the system. The situation is comparable with the gust wind
speed record that includes both ‘normal’ winds and data from
occasional tornados (e.g. Cheng and Yeung, 2002), or sea level
data, including tsunami events, due to earthquake or asteroid
impact.

The final question is, how to explain these two extremely high
sea level values at Pärnu, which statistically appear as unpre-
dictable outliers, but are nevertheless caused by ‘normal’ storms
(though, with catastrophic consequences for West Estonia;
Suursaar et al., 2006b)? The main reason lies in the southwesterly

exposition and the specific configuration of the Gulf of Riga, and
the Pärnu Bay in particular. Suursaar et al. (2002, 2006a) mod-
elled the dependence of Pärnu local sea level constituents from
wind speed and direction, and found that it is proportional to the
wind speed in the power of 2.4. This dependence introduces a
large uncertainty component at the upper range of wind speeds:
a slightly higher wind speed and a ‘suitable’ direction (closer to

Fig. 10. Return periods based on annual maximum (a and c) and
minimum (b) sea level data for the four tide gauges (a and b), and for
Pärnu (c) together with theoretical Gumbel distribution curves.
Distribution parameters shown in legend boxes (a-mode, b-scale) were
calculated using least-squares method.
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220◦ for the Pärnu Bay) lead to remarkable differences in Pärnu
surge heights. One metre per second wind speed increment yields
a 20 cm higher surge near the 30 m s−1 mean wind speed value.
On the other hand, a deviation of wind direction by about 20◦

has an opposite effect with the same magnitude. The third cru-
cial factor for the two highest Pärnu surges was the high (60–90
cm) Baltic background sea level. Probability for an outstanding
Pärnu storm surge therefore appears as a product of probabilities
of these three events: a suitable wind speed and direction, and a
high boundary sea level.

According to sensitivity runs of the hydrodynamic model
(Suursaar et al., 2002, 2006a) and considering the 30 m s−1

mean wind speed (which has occurred at least two to three times
in the last 50 yr), the direction of SW (which is quite usual, if the
cyclone passes Estonia from the north, heading from SW to NE),
and the Baltic mean sea level of 70 cm for at least a few days
(which happens once or twice almost every autumn or winter),
the maximum sea level may easily reach 310 cm at Pärnu. Con-
sidering the further rise of the global sea level (IPCC, 2001) and
an anticipated intensification of storms (Räisänen et al., 2004),
a surge up to 350 cm is hydrodynamically and meteorologi-
cally possible. Coincidence of these three nearly independent
events is just needed. This probability should be further esti-
mated on the basis of meteorological data, rather than on sea level
data.

4. Conclusions

(1) Trend analysis of the Estonian sea level data from the
period 1842–2005 showed that, at Tallinn, Ristna and Narva–
Jõesuu tide gauges the mean sea level rise rates (corrected with
land uplift rates) were about 1.5–2.1 mm yr−1. Besides, trend
slope estimates considerably depended on the chosen terminal
points of the series. Nevertheless, the trend at Pärnu (2.3–2.7
mm yr−1) was significantly steeper than the mean global sea
level rise estimate (1.5–1.7 mm yr−1; IPCC, 2001; Church and
White, 2006).

(2) The sea level increase mainly occurs in winter, which is
in good accordance with similar seasonal structures of the NAO
trends, and local storminess data. In the Estonian coastal waters
the excessive rise in mean sea level and particularly in maxima
(3.5–11.2 mm yr−1) could be explained by the local sea level
response to the changing regional wind climate. Sea level vari-
ations in the semi-enclosed study area with windward location
are sensitive to the current increase in the westerly and intensifi-
cation of cyclones. The results indicate that in case of an obvious
decadal trend in wind conditions the sea level change rates of a
semi-enclosed basin may deviate from the global estimates. A
positive trend in wind speed and storminess should yield steeper
than average sea level trend in windward side, and less steep in
leeward side (and vice versa in case of a negative wind speed
trend).

(3) Increase in wind speed and storminess lead to the sea
level variability increase in the windward section of the Baltic
Sea. Annual standard deviations calculated on the basis of hourly
sea level data at Pärnu show a rise from 26.5 to 28.5 cm for the
period 1951–2004. Results from the running correlation analysis
between NAO index and the Estonian sea level data showed
temporal variations with maximum correlations in 1940s and
1980s. Wintertime correlations reached 0.94 at Pärnu and 0.93
at Narva-Jõesuu.

(4) In the Pärnu Bay the statistical fit of both frequency dis-
tributions of hourly data from the period 1961–2005 and max-
imum values distributions for 1923–2005 are inconsistent with
the data from the two highest storm surges of 253 cm (in 1967)
and 275 cm (in 2005). In statistical terms they appear as outliers,
or elements of some other population. The parametres of maxi-
mum expected storm surges could be estimated on the basis of
hydrodynamic modelling study.
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