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Abstract: The present study examines the seasonal and decadal changes of the variance of the
synoptic (periods from 2 days to 30 days) and mesoscale (periods from 2 h to 2 days) sea level
oscillations in the Baltic Sea. Long-term hourly sea level records were used at 12 tide gauges located
in different parts of the sea. We used spectral analysis to estimate the variance for different time
scales. The spectral density of sea level oscillations in the Baltic Sea has maximum values in winter
when the cyclonic activity in the atmosphere is more intensive. The maximum variances of synoptic
Uszyn and mesoscale 02, sea level oscillations are observed in winter, except for the heads of the
Gulf of Finland (Gorny Institute) and Gulf of Riga (Parnu), where the absolute maximum of USZW, is
reached in November. The variances Us,zyn and 02, from November to February are 2-3 and 5 times
higher than in the summer. The values of (Tszy,, and 02, are characterized by high correlation up to
0.7-0.75 with wind variations and atmospheric indices (NAO, AO, and SCAND) in winter and low
correlation in summer. The zonal wind and ¢2,,, in Gorny Institute are characterized by wide areas of
high coherence at periods of 0.7—4 years. At Gedser, Uszyn decreased by 19%, and at Ratan it increased
by 17% over 90 years. The values of 02, over 90 years increased by 32% at Klagshamn, 36% at Ratan,
and up to 60% at Kungsholmsfort.

Keywords: sea level; Baltic Sea; storm surges; spectral analysis; tide gauge

1. Introduction

The Baltic Sea is a semi-enclosed shelf basin connected to the open ocean through
the narrow shallow Danish straits. As a result, in the inland water basin, the sea level
variability totally differs from the open ocean. The tides make a dominating contribution to
the sea level variance in the marginal seas (up to 85-90%), but they are negligibly small in
the Baltic Sea. The amplitude of the main diurnal and semidiurnal constituents is 2-3 cm,
and the maximum tidal range is 20-23 cm [1,2]. The tides contribute less than 2% to the
total sea level variance in the Baltic Sea [3]. The main contribution to the sea level variance
at periods from hours to months is made by the components of meteorological origin:
storm surges and seiches. These sea level oscillations are internal. Kulikov et al. [4] showed
that external sea level oscillations in the Kattegat Strait penetrating the Baltic Sea are very
weak: the amplitude of oscillations with a period of 10 days decreases 10 times.

Medvedev [3] has studied in detail the Baltic Sea level spectrum formation in a
wide frequency range. The intra-annual variations with periods from month to year
compose the largest part (42-53%) of the total non-tidal sea level variance. The synoptic
sea level variability contribution is 12% in the Baltic Proper, Stockholm, and 24% in the
gulfs, Kronstadt and Furuogrund. Mesoscale non-tidal variability in the Baltic Sea is well
pronounced in the Gulf of Finland and in the southwestern part of the sea. It amounts to
12%, while in the Gulf of Bothnia and Baltic Proper it does not exceed 2%.
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Medvedev [5] has compared processed long-term observations at 48 coastal tide
gauges and the ROMS numerical model results. It was found that the maxima in the spatial
distribution of the synoptic sea level variance are located in the head of the Gulf of Bothnia
and in the southwestern part of the Baltic Sea. The maximum variance of mesoscale sea
level variance is located in the head of the Gulf of Finland and the southwestern regions of
the sea.

Samuelsson and Stigebrandt [6] examined the interannual and seasonal variability of
the sea level variance of the Swedish sea coast. They showed that the maximum variance
at all stations corresponds to November and the minimum to the period from May to
July. They divided the sea level variability into the five period ranges and showed that
short-period oscillations from two days to two weeks prevail in the southern part of the
Baltic, while long-period variations from two months to two years prevail in the Baltic
Proper (Stockholm) and in the Gulf of Bothnia. Suursaar and Soodér [7] showed that the
annual standard deviations calculated based on hourly sea level at Parnu rise statistically
significantly by 2 cm in 1952-2004. Johansson et al. [8] found that standard deviations have
increased by 1-3 cm for 50 years also at Finnish tide gauges. Both at Finnish and Estonian
stations, the sea level variability was lower in the 1950s and higher in the 1980s [7].

Synoptic and mesoscale sea level variations in the Baltic Sea level are mainly influenced
by meteorological factors, primarily the zonal wind [5]. From interannual to decadal
timescales, the sea level oscillations are strongly determined by the strength of westerly
winds [9]. This zonal component of wind variations is closely related to the North Atlantic
Oscillation (NAO). For the Baltic Sea, the correlation between the NAO and mean sea
level (MSL) is especially strong in winter [7,10-12], especially in the northern and eastern
parts of the sea [13,14]. In the whole basin, the NAO-MSL correlation in winter changes
significantly over time [9,15].

Medvedev [5] considered the temporal variability of the Baltic Sea level variance and
found the link between winter NAO and the mesoscale sea level variance for the Gulf of
Finland and for the Gulf of Riga. In the current research, we have extended this topic:
seasonal and interdecadal changes in the variance of synoptic and mesoscale sea level
oscillations in the Baltic Sea and the connection with atmospheric circulation were studied.

2. Materials and Methods

Long-term hourly sea level records at 12 coastal tide gauges located in different parts
of the Baltic Sea were used to analyze synoptic and mesoscale sea level variability: Kalix, Fu-
ruogrund, Ratan, Stockholm, Kungsholmsfort, Klagshamn, Gedser, Warnemiinde, Ristna,
Parnu, Narva, and the Gorny Institute (Figure 1). These stations are located in different
parts of the Baltic Sea and have long-term quality sea level records. The length of the records
varied from 31 to 127 years. Data were collected from the European Marine Observation
and Data Network (EMODnet) (http://emodnet.eu/, accessed on 20 April 2021), the Uni-
versity of Hawaii Sea Level Center (UHSLC, http:/ /uhslc.soest.hawaii.edu/, accessed on
20 April 2021), and the Unified State System of Information on the World Ocean (ESIMO,
http:/ /portal.esimo.ru/, accessed on 20 April 2021). All observations were brought to a
single time reference (UTC). The series of observations were carefully checked, outliers and
failures were removed, the short gaps were interpolated, and the series containing long
gaps were excluded from the analysis.

Monthly data sets of wind at 10 m and atmospheric pressure at sea level were obtained
from the 20th Century Reanalysis from 1871 to 2012 [16]. We used North Atlantic Oscillation
(NAO) index data from Li and Wang [17]. The Arctic Oscillation (AO) index and the
Scandinavia pattern (SCAND) index were taken from the NOAA Climate Prediction Center
from 1950 to 2015.

Medvedev [3], based on the classification [18,19], identified five frequency bands of
sea level variability: mesoscale, synoptic, intra-annual, seasonal, and interannual. In the
current study, we are focused on the mesoscale and synoptic scales. The synoptic-scale has
periods from 2 to 30 days, and the mesoscale has periods from 2 h to 2 days. The long-period
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storm surges contribute most of the synoptic-scale energy. Its generation is associated with
atmospheric processes of the natural synoptic period. In turn, the mesoscale variability
in the Baltic Sea is determined by the short-period storm surges and the natural sea level
oscillations [20]. The main eigen mode period of the Baltic Sea and the Gulf of Finland is
26-29 h [20,21].
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Figure 1. Locations of the tide gauges (circles) and reanalysis grid point (square) with the wind and
pressure data.

We used the fast Fourier transform (Welch’s method) for each year to calculate the
sea-level spectra for each tide gauge. The linear trend was previously removed from the
hourly series of observations. The variance of synoptic and mesoscale sea level variability
was estimated as the sum of the spectral density values within the frequency band

o> =AfY S(fi), )

where Af is the spectral resolution, and i varies for the synoptic-scale agyn from 2 to 30 days,
and for the mesoscale 02, from 2 h to 2 days.
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The wavelet coherence method was used to identify frequency bands in which time
series of sea level and atmospheric processes are covarying [15,22]. The wavelet coherence
of two signals x and y can be defined as

C0h2 — (fwxy)2
YW W,

where f is an operator that denotes smoothing along the wavelet scale axis and in time,

Wy and W, are wavelet-spectrums of signals x and y, and Wy, is the wavelet cross-

spectrum [22]. This definition resembles the correlations coefficient, but only localized in

frequency-time space.

3. Results
3.1. The Seasonal Variability of the Baltic Sea Level Spectra

We calculated spectra at nine tide gauges for four seasons (Figure 2): winter (DJF),
spring (MAM), summer (JJA), and autumn (SON). The spectra were calculated for each
separate 3-month time series and averaged over the full length of the records (31-127 years).
There is a significant seasonal change in the spectral density of the continuum spectrum
(continuum) in the synoptic frequency range~from 0.03 to 0.5 cpd for all stations. The high-
est values of spectral density are observed in winter. In spring, the spectral density in
this frequency range decreases. It reaches its minimum in summer. Then it increases
in autumn again. In spectra at most tide gauges, the maximum spectral density of the
continuum is observed in winter, and it is less in autumn. However, in the head of the Gulf
of Finland (Gorny Institute and Narva), the Gulf of Riga (Pdrnu), and the Gulf of Bothnia
(Kalix), the spectral density in winter and autumn does not differ. At the Gorny Institute,
the autumn spectrum is even higher than in winter. This is probably due to the location of
these tide gauges. The possible influence of the ice cover in the winter months can reduce
the variance of the sea level oscillations of wind origin in the head of gulfs. The differences
in the summer and spring spectra are negligible at the Gorny Institute, while at the other
stations, the difference between the summer and spring spectra is significant.

The difference between the spectra at various seasons decreases with increasing
frequency. Therefore, for the Gorny Institute, Padrnu, and Warnemdiinde, these spectra for
four seasons merge. These tide gauges are located at the head of the bays, where the
maximum amplitudes of seiches and the maximum of the variance of the mesoscale sea
level oscillations in the Baltic Sea are observed [5]. At the other stations, in general, at the
mesoscale, the same spectral pattern is observed as in the synoptic one. However, in the
Gulf of Bothnia (Kalix and Furuogrund), the summer spectrum exceeds the spring one.
This is possibly caused by the influence of the ice cover. In the spring, it still covers
a significant area of the Gulf of Bothnia and thus prevents the formation of sea level
oscillations with wind origin.

The spectral peaks with periods of 4, 5, 6, 7, and 8 cpd are observed at the summer
spectrum of Narva. These peaks are less in the spectra of other seasons. This confirms the
assumption of [1] that these peaks are radiational tides, and they are caused by the local
influence of sea-breeze winds.

In general, the results of the spectral analysis showed a significant seasonal modi-
fication of the Baltic sea level spectrum. This seasonal variability is caused by seasonal
changes of the driving forces, primarily, of the wind and atmospheric pressure fields and
the cyclones trajectories.

3.2. Seasonal Changes of the Sea Level Variance

We calculated the variance of the synoptic ‘Tszyn and mesoscale 02, sea level oscillations
for individual months to obtain their seasonal variations. Figure 3 illustrates the results of
these estimations for the synoptic scale. All tide gauges are characterized by a seasonal

variation with a minimum in the summer and an increase of aszyn in November-December.
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The variances of ‘Tszyn from November to February are 2-3 times higher than in the summer.
A small local maximum Uszyn is observed at the Gorny Institute in May (Figure 3a). Probably,
this variance maximum is formed under the influence of the Neva River runoff. In the head
of the Gulf of Finland (Gorny Institute) and Gulf of Riga (Pdrnu), the absolute maximum
of Uszyn is reached in November. At Narva and Ratan, it is reached in December, and at
Stockholm and Kungsholmsfort in February. At the head of the Gulf of Finland, Uszyn is
5-10 times greater than in the central part of the sea (Stockholm).

(a) Gorny Institute

(d) Ristna (e) Furuogrund (f) Kalix

(g) Stockholm

(h) Kungsholmsfort I) Warnemiinde
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Figure 2. Seasonal spectra of the sea level oscillations at nine Baltic Sea stations: (a) Gorny Institute, (b) Narva, (c) Parnu,
(d) Ristna, (e) Furuogrund, (f) Kalix, (g) Stockholm, (h) Kungsholmsfort, (i) Warnemiinde.
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Figure 3. Seasonal changes of the variance of synoptic oscillations ((752]/11) for stations at (a) the Gorny Institute, (b) Ratan,
(c) Narva, (d) Stockholm, (e) Parnu, and (f) Kungsholmsfort. The light blue color is + standard deviations of interannual
changes of Ugyn, blue vectors are trends of its value: up is positive, down is negative, right is no trend.

The seasonal variation of 02, is generally similar to the ‘Tszyn seasonal variability:
the minimum is in summer, and the maximum happens in December (Figure 4). However,

if for all six stations Us2yn increases by about 2-3 times more in the winter than in the
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summer, then 02, is 5 times higher in the winter than in the summer. At the Gorny Institute
(Figure 4a), a local maximum of 02, is again found in May-June. A similar maximum is
also observed at Parnu, Narva, and Stockholm (Figure 4c—e).
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Figure 4. Seasonal changes of the variance of the mesoscale sea level oscillations (U%m) for stations at (a) the Gorny Institute,
(b) Ratan, (c) Narva, (d) Stockholm, (e) Parnu, and (f) Kungsholmsfort. The light blue color is & standard deviations of
interannual changes of 07, blue vectors are trends of its value: up is positive, down is negative, right is no trend.
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The Uszyn and 02, values were calculated for every month of every year. We estimated
the scatter of interannual variability in the estimates of Uszyn and 02, for each month;
double standard deviation is shown in blue in Figures 3 and 4. The weak standard
deviations of ‘Ts.zyn are at Stockholm and Kungsholmsfort. The largest range of afyn estimates
fall on the head of the Gulf of Finland and the Gulf of Riga and probably are related
to the instability of a larger number of factors causing sea level variability in this area.
The standard deviations of ‘Tszyn in winter are 2-3 times stronger than in summer.

For each month we estimated trends in interannual changes in ‘Tszyn and 02,,, estimates.
For Swedish stations with long-term observation series (100 years or more), no significant
trends in the interdecadal variability of afyn and 02,,; were revealed. Statistically significant
trends by the Fisher test were identified for the Gulf of Finland and the Gulf of Riga.
For these stations, we used relatively short sea level records (about 30 years). At these
stations, there is a positive trend of Uszyn in January and October and negative trends in
September and December. At the Gorny Institute, positive trends were revealed for 02, in
January, while only negative trends were observed at Narva and Parnu from September to
October. It is likely that with an increase in the length of the analyzed series, the estimates
of the trends in %zyn and ¢2,, may become less significant, which is observed in the example
of Swedish stations with very long series of observations.

3.3. The Link between the Atmospheric Circulation, Wind, and Air Pressure in Different Seasons

Wind stress is one of the main factors determining sea level oscillations in the Baltic
Sea [9]. In the current study, we analyzed the relationship between the Uszyn and 02,,, with
changes in atmospheric pressure and wind over the Baltic Sea for each month. We used
the monthly mean values of atmospheric pressure (P4) and zonal (U) and meridional (V)
wind components over the Baltic Sea from the 20th Century reanalysis. The length of
the atmospheric time series corresponds to the full length of the tide gauge observations
(e.g., 1978-2009 for Parnu and Narva, 1889-2013 for Stockholm, see details in Table 1).
The significance of the correlation coefficient was done using a t-test of the null hypothesis.
The resultant 95% confidence level for nonzero correlation is 0.15-0.16 for Swedish tide
gauges and 0.30-0.31 for short time series (Parnu, Narva, Gorny Institute).

Table 1. The tide gauges which data were used in the study. Numbers in column 1 correspond to
stations in Figure 1.

No. Tide Gauge Longitude (° E) Latitude (° N) Observation Period
1 Gorny Institute 30.3 59.9 1977-2007
2 Narva 28.1 59.5 1978-2009
3 Parnu 24.5 58.4 1978-2009
4 Ristna 22.1 58.9 1978-2009
5 Kalix 23.1 65.7 1974-2013
6 Furuogrund 21.2 64.9 1916-2013
7 Ratan 20.9 64.0 1892-2013
8 Stockholm 18.1 59.3 1889-2013
9 Kungsholmsfort 15.6 56.1 1887-2013
10 Warnemiinde 12.1 54.2 1956-2006
11 Gedser 119 54.6 1891-2005
12 Klagshamn 129 55.5 19302013

The pairs P4 — USZW and P4 — 02, are characterized by negative correlation. The cor-
relation coefficient in the synoptic-scale in all months at all stations varies from 0 to —0.54
without seasonality (Figure 5a). The correlation coefficient for the mesoscale decreases to
—0.60 (Figure 5b). The eastern coast of the Baltic Sea (Gorny Institute, Narva, Parnu) is
characterized by a correlation coefficient of —0.6 in February, after which the correlation
increases to almost zero in May and then decreases in June-July and September. On the
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western coast of the sea (Swedish stations), on the contrary, a correlation coefficient is about
0 in February and —0.4 in September.
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Figure 5. Correlation coefficient (R) of the variance of (a,c,e) synoptic and (b,d,f) mesoscale sea level oscillations and

monthly mean values of (a,b) surface atmospheric pressure, (c,d) zonal, and (e,f) meridional winds in different months.

The pairs U — Uszyn and U — 02, are characterized by a pronounced seasonal vari-
ation with maximum values of the correlation coefficient from November to March and
minimum in May-July. For the synoptic scale, a sharp local maximum of the correlation
coefficient is achieved in March: up to 0.70 at the Gorny Institute and up to 0.77 at Parnu
(Figure 5c¢). The correlation coefficient at Stockholm does not exceed 0.20 for the whole year.
For U — ¢2,,, the seasonal variation of the correlation coefficient has a similar character for
all stations (Figure 5d). The eastern coast of the Baltic is characterized by a high correlation
coefficient in January-March (up to 0.74 at the Gorny Institute and up to 0.80 at Parnu) and
a local maximum in November (up to 0.72) and May (up to 0.50-0.58). The seasonal corre-
lation curve for Swedish stations is smoother. The minimum values were found at Ratan.
This tide gauge is located in the Gulf of Bothnia, which has a meridional elongation, which,
apparently, significantly reduces the effect of the zonal wind on the sea level oscillations in
this gulf.
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For the pairs V(Tszyn, the correlation coefficient varies from —0.4 to 0.4 during the year,

which indicates a lesser influence of the meridional wind on synoptic sea level variations
(Figure 5e). For the Gulf of Finland and the Gulf of Riga, a correlation coefficient is from
0 to 0.4 from January to September, which indicates a small influence of the southerly wind
on the formation of sea level variations on the synoptic scale. The correlation coefficient
sharply changes its sign to negative in October-December and reaches —0.4 in November,
which indicates the influence of the northerly wind on the sea level variations at the
synoptic-scale in the autumn.

For the pairs Vo2, the correlation coefficient is higher than for ‘Tszyn (Figure 5f).
In February, it is 0.55 for the eastern Baltic coast. The correlation coefficient sharply changes
its sign to negative in April (up to —0.3), which again shows an increase in the role of
northerly winds in the formation of sea level variations at the mesoscale. The absolute
maximum of the correlation coefficient is reached in May, up to 0.65-0.67 in the Gulf of
Finland, after which the coefficient decreases, and in November it already has negative
values of up to —0.4 on the western Swedish seacoast.

Long-term changes in wind stress over the Baltic Sea are closely related to large-scale
atmospheric circulation over the North Atlantic and numerically partially displayed in the
North Atlantic Oscillation (NAO) index [17]. The NAO index is the pressure difference
between the Azores maximum and the Icelandic minimum. The essence of the NAO lies in
the redistribution of atmospheric masses between the Arctic and the subtropical Atlantic,
while the transition from one phase of the NAO to another causes large changes in the
wind field, heat, and humidity transfers, in the intensity, number, and trajectories of storms,
etc. A positive NAO is characterized by the strong Azores High and Icelandic Low. It is
associated with warm and humid winters and strong westerly winds in the Baltic Sea area,
which cause sea level rise. A negative NAO (weak Azores High and Icelandic Low) is
associated with cold and dry winters, which cause a sea-level decrease. The correlation
between the Baltic Sea level and NAO is especially strong in winter [5,10].

In the current study, we examined the dependences of interannual changes in the
(TSZyn and 02, with changes in the NAO, the Arctic Oscillation (AO), and Scandinavian
(SCAND) indices.

The AO is a large-scale mode of climate variability. It is also known as the Northern
Hemisphere annular mode [23]. The AO pattern is characterized by winds circulating
counterclockwise around the Arctic at around 55° N latitude. In the positive phase of this
pattern, a belt of strong winds circulating the North Pole confines colder air across Polar
Regions. When the AO is in a negative phase, this wind belt becomes weaker and more
distorted. It allows colder, arctic air masses to penetrate southward more easily, and also
the storminess increases into the mid-latitudes.

The Scandinavia pattern SCAND consists of a primary circulation center over Scan-
dinavia, with weaker centers of an opposite sign over Western Europe and eastern Rus-
sia [24,25]. The positive phase of this pattern is associated with below-average tempera-
tures over western Europe and across central Russia, sometimes reflecting major blocking
anticyclones over Scandinavia and western Russia. It is also characterized by above-
average precipitation across central and southern Europe and below-average precipitation
across Scandinavia.

We estimated the correlation coefficients between ‘Tszyn and ¢2,,, and the atmospheric
circulation indices in different months. For the pairs of time series Uszyn —NAO, ¢2,, — NAO,
Uszyn — AO, and ¢2,,; — AO, a predominantly positive correlation coefficient is characteristic,
while for the pairs crszyn — SCAND and ¢2,, — SCAND, the correlation coefficient was
mostly negative. This is due to the different directions of the pressure gradient in the
calculation of these atmospheric indices. The resultant 95% confidence level for nonzero
correlation is 0.21-0.23 for Swedish tide gauges and 0.30-0.31 for short time series (Parnu,
Narva, Gorny Institute).

The largest values of the modulus of the correlation coefficient are observed in the
period from November to March (Figure 6). The correlation approaches zero in the sum-
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mer. The correlation coefficient at the head of the Gulf of Finland and the Gulf of Riga
(Gorny Institute, Narva, and Parnu) is higher than in the Gulf of Bothnia (Ratan) or in
the Baltic Proper (Stockholm). The value of the correlation coefficient for the atmospheric
circulation indices and Uszyn for individual months is less than for 02,,.

0.2— (e) SCAND 5 1 (f) SCAND
Months Months
— Gorny Inst. — Narva — Ratan — Pamu  — Kungsholmsfort Stockholm

Figure 6. Correlation coefficient (R) of the variance of (a,c,e) synoptic and (b,d,f) mesoscale sea level oscillations and
(a,b) NAO, (c,d) AO, and (e,f) SCAND indices.

At the Gorny Institute, Narva, and Kungsholmsfort, the correlation coefficient between
the variance Uszyn and the NAO index reaches the highest values in March, 0.40-0.45
(Figure 6a). The relationship between O'SZyn and the AO index at six tide gauges is slightly
higher than with NAO. The correlation coefficient between changes in the AO index
and Uszyn at Parnu is 0.57 in March (Figure 6¢). The largest values of the modulus of
the correlation coefficient are found with the SCAND index (Figure 6e). At the Gorny
Institute, Narva, and Kungsholmsfort, the correlation coefficient with the SCAND index is
—0.60——0.65, and in November, high correlation coefficients between Uszyn and the SCAND
index are found not only in the Gulf of Finland (up to —0.64) and the Gulf of Riga (—0.50)
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but also at Ratan (—0.64) and Kungsholmsfort (—0.67). The correlation coefficients between
agyn and the NAO and AO indices in November are rather low at all stations, 0.08-0.15.

The seasonal variations of the correlation coefficient calculated for pairs of time series
of 02, and circulation indices have a similar form: maximum values in winter and about
0.10-0.20 in summer. At the Gorny Institute, Narva, and Parnu stations, the correlation
coefficient between 02,,; and the NAO index has the highest values in February-March,
0.55-0.59 (Figure 6b). The relationship between ¢2,, and the AO index is even higher
in February-March at these stations, up to 0.65-0.70 (Figure 6d). The SCAND index
also shows a high correlation coefficient, but with the opposite sign, —0.69 (Figure 6f).
The correlation coefficient with the SCAND index at Kungsholmsfort in January is —0.73.
In November, 02,,; a high correlation with all atmospheric indices is observed.

3.4. Interannual Changes in Sea Level Oscillations Variance

The variance of synoptic (‘Tszyn) and mesoscale (02,) sea level oscillations changes
from year to year. Medvedev [5] has shown that interannual changes in Uszyn are in phase
in different areas of the Baltic Sea (Ratan, Stockholm, and Kungsholmsfort) and do not
have significant trends from XX to XXI centuries. In the interannual changes in 02,
no significant trends were found either. Additionally, Medvedev [5] has shown that if
we calculate the trends for observations from 1922 to 2010, then a pronounced positive
trend was found at Ratan, Kungsholmsfort, and Stockholm: from 0.04 cm?/ year at Ratan
to 0.14 cm? /year at Kungsholmsfort. In the current study, we investigated the temporal

changes of ‘Tszyn and o2, in more detail.

We estimated Us,zyn and 02, for each year. Figure 7 shows interannual changes in
USZW at six tide gauges with long-term observation series from 1922 to 2013. The O'SZyn values
change greatly from year to year. The standard deviation of interannual changes of value
of Uszyn are from 7 cm? at Stockholm to 50 cm? at Gedser, which is 16-19% of the long-term
average values. A pronounced negative trend of —0.66 cm?/year was detected at Gedser,
ie., USZW decreased by 19% over 90 years. At Ratan, an increase in Ufyn with a rate of
0.27 cm?/year is observed, as a result of which the average value of (TSZyn over 90 years
increased by 17%.

In general, interannual changes in ‘Tszyn
similar. The local annual highs and lows of Uszyn are synchronously observed in different

at different tide gauges of the Baltic Sea are

areas of the sea. For example, the local maximum aszyn in 1949 and the local minimum in
2006 are expressed both in the southwestern Baltic (Gedser, Klagshamn, Kungsholmsfort)
and in the Gulf of Bothnia (Furuogrund and Ratan). For two nearby tide gauges, Ratan and
Furuogrund, the correlation coefficient was 0.91. Interannual variations of (Tszyn at Kung-
sholmsfort are closely related (0.5-0.6) to the southwestern part of the Baltic (Gedser and
Klagshamn), in the Gulf of Bothnia (Furuogrund), in the Baltic Proper (Stockholm), and in
the Gulf of Riga (Parnu). Some tide gauges have a relatively weak correlation with the
other stations. At Ratan, the correlation coefficient with all the stations under consideration,
except Furuogrund, does not exceed 0.40. The Gorny Institute has a correlation of less than
0.20 with most stations, except Gedser (0.40) and Parnu (0.68). Parnu has high correlation
coefficients with the southwestern Baltic (Gedser, Klagshamn, and Kungsholmsfort) and
with the Gorny Institute.

The variance of mesoscale sea level oscillations 7, changes greatly from year to
year (Figure 8). At Gedser, 02,, changes from 45 to 140 cm?, and at Ratan from 6 to
22 cm?. General periods of increase in 02, typical for most stations, were observed
in 1936-1946, 1970-1979, and 1986-1995. Local minima of ¢2,,, occurred in 1925-1933,
19531966, and 1980-1985. After 1996, a negative trend in 02, is typical for most tide
gauges. For the entire observation period (XX-XXI centuries), the absolute estimates of
the rate of change of 02, differ from 0 to 0.17 cm?/year, and these trends have significant
values in relative units (for example, in percent). The trend at Gedser is 0.08 cm?/year,
i.e., over 100 years, 02, increased by 8 cm?, which is about 9-10% of the average value of
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02, for this station (85 cm?). For Klagshamn, 0.17 cm?/year is about 32% of the average
02,5 (53 cm?), for Ratan up to 36% (average 02,s = 11 cm?), and for Kungsholmsfort up to
60% (average 02,, = 23 cm?).
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Figure 7. Interannual changes of the synoptic Baltic Sea level oscillation variance at stations (1) Gedser, (2) Klagshamn,
(8) Kungsholmsfort, (4) Furuogrund, (5) Ratan, and (6) Stockholm. The dashed line shows the long-term linear trends
with 95% confidence intervals (the lighter shaded area); the bold solid line shows the 13-year moving average for the
corresponding stations.
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Figure 8. Interannual changes of the mesoscale Baltic Sea level oscillation variance at stations (1) Gedser, (2) Klagshamn,
(3) Kungsholmsfort, (4) Furuogrund, (5) Ratan, and (6) Stockholm. The dashed line shows the long-term linear trends
with 95% confidence intervals (the lighter shaded area); the bold solid line shows the 13-year moving average for the

corresponding stations.

We paid special attention to the change in the values of ‘Tszyn and 02,,, from 1977-1978 and
2007-2013. Almost all stations have a negative trend in changes in ‘Tszyn and ¢2,,, (Figure 9).
The rate of Uszyn changes from 0.22 cm?/year at the Gorny Institute to —0.71 cm?/year at
Parnu. At most stations, Ufyn from 1977 to 2013 decreased by 4-7% from the average for
this period. A significant trend was found at Parnu, where the Uszyn decreased from 184 in

1978 to 161 in 2009, i.e., by 23 cm?, which is 13% of the average value. A local minimum
‘Tszyn was observed at all stations from 1985 to 1991.
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Figure 9. Interannual variability of the synoptic (left) and mesoscale (right) Baltic Sea level oscillation variance for the period
from 1977 (1978) to 2013 (2007, 2009) at stations (1) Gorny Institute, (2) Parnu, (3) Ratan, (4) Furuogrund, (5) Klagshamn,
(6) Kungsholmsfort, and (7) Stockholm. The dashed line shows multiyear linear trends with 95% confidence intervals

(the lighter shaded area).

The rate of 03, changes from 0.05 cm? /year at Kungsholmsfort to —1.02 cm?/year at
Gorny Institute. At Ratan, Furuogrund, and Stockholm, the trend was —0.02-0.03 cm?/ year,
which ranges from 6% of the average 02, at Ratan and up to 14% at Stockholm. The most
intense decrease in 02, in 1977-2009 was found at Parnu, 19% of the average value of
02,5, and for the Gorny Institute, 26%. However, these trends of Ufyn and 02, have low
statistical significance (see confidence limits in Figure 9). This is caused by the short period

of time series and the large year-to-year variability of these values.

3.5. Relationship with Atmospheric Circulation, Wind, and Air Pressure Variations

In the current study, using cross-wavelet analysis, we estimated the coherence of

changes in ‘Ts,zyn and ¢2,, with variations in the NAO and SCAND indices on a time-

frequency scale. We used monthly data of atmospheric indices and values ¢, Szyn, 02,5 for two
tide gauges: Kungsholmsfort and the Gorny Institute. The coherence wavelet diagrams
for 02, in 1977-2006 have the same structure for NAO-Kungsholmsfort and NAO-Gorny
Institute (Figure 10b,d): high coherence at the annual frequency and periods of 2—4 years.
The Kungsholmsfort diagram shows high coherence for periods of 8-16 years in 1977-2006.
The coherence between NAO and 72, is very low for periods longer than 2 years from the
1890s to the 1960s. The NAO and (TSZW coherence diagrams for two tide gauges have a similar
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structure to 02, for 1977-2006. The long-term series of Kungsholmsfort is characterized by
extremely high coherence over periods of more than 20 years for the entire 20th century.

Period (years)

Coherence
0 01 02 03 04 05 06 07 08 09 1
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Figure 10. Wavelet coherence of (a—d) NAO and (e-h) SCAND monthly values with (a,c,e,g) Uszy,,
and (b,d,f,h) (T,znes at (a,b,e,f) Kungsholmsfort and (c¢,d,g,h) the Gorny Institute. Contours are wavelet
squared coherencies. In all panels, the black thin line and the lighter shaded picture show the cone of
influence of the edge effects that might distort the coherence.

The high coherence area moved from the annual cycle to a period of 1.5-3 years on the

diagrams of the SCAND index and the values of (752 and 02,;. This is found over the entire

observation time (Figure 10e,fh). Only for the pair SCAND— Syn at the Gorny Institute is
there no increase in coherence for periods longer than 1.5 years.
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We estimated the wavelet coherence for pairs of monthly mean values of the zonal
and meridional wind over the Baltic Sea and the values of ‘Tszyn and 02, at Kungsholmsfort
and the Gorny Institute. All diagrams of coherence are characterized by a regular increase
of coherence at the annual frequency (Figure 11). The diagrams of the meridional wind
have only local increases of coherence for periods longer than a year (Figure 11c,d,g/h).
The zonal wind diagrams are characterized by wide areas of high coherence for longer
than annual periods (Figure 11a,b,e,f). For the pair of Uc?2,, at the Gorny Institute, an area
of high coherence with periods from 0.7 to 4 years is observed throughout the observation
period from 1977 to 2006 (Figure 11f).
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Figure 11. Wavelet coherence of wind speed from the 20th Century Reanalysis mean monthly values
of (a,b,e,f) zonal and (c,d,g,h) meridional components of with (a,c,e,g) Uszyn/ (b,d,f,h) (7,%,65 at (a-d)
Kungsholmsfort and (e-h) the Gorny Institute. Contours are wavelet squared coherencies. In all
panels, the black thin line and the lighter shaded picture shown the cone of influence of the edge

effects where might distort the coherence.
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4. Discussion

The main period of storm surges (floods) in the Gulf of Finland and the Gulf of Riga
is about 24-30 h. Storm surges contribute a lot to the variance of mesoscale sea level
oscillations in the Baltic Sea. Storm surges are separate extreme events, and it is difficult to
obtain an integral estimate of their energy in individual years. The approach presented
in the current study allowed us to obtain these estimates of the energy of storm surges,
to study their seasonal and interannual variability, and also to discover their connection
with atmospheric processes at various time-frequency scales. In [5], it was shown that
the spatial distribution of the variance of mesoscale sea level oscillations is a reflection of
the energy of storm surges and floods in the Baltic Sea. In the Gulf of Finland, the Gulf
of Riga, and the southwestern part of the sea, the 02, is significantly greater than in the
central part of the Baltic and in the Gulf of Bothnia, where the height of the storm surges is
significantly lower.

At Stockholm and Kungsholmsfort, the absolute maximum of Jszyn is observed in

February. At Stockholm, the February peak of Uszyn significantly exceeds all ‘Tszyn values

in other months. This feature of the USZW seasonal variation in February is caused by the
influence of water exchange between the Baltic and North seas. The tide gauges on the
southwestern and central coasts of the Baltic Sea have a sharp decline in the sea level in
February when the mean sea level decreases continuously over 10-20 days. These events
occur quite often (5-6 times a decade). In some years, the average sea level at Stockholm
during 10 days decreases by 60 cm, which is more than the average height of storm surge
in this part of the sea. No pronounced maximum of Us,zyn in February was found at the
tide gauges on the eastern coast of the Baltic Sea (Gorny Institute, Narva, and Parnu).
The variance of the storm surges in these eastern gulfs in the autumn-winter has higher
magnitudes than a sharp decline in the sea level in February. Lehmann and Post [26] intro-
duced a new term “Large Volume Changes (LVCs)”, which represents sea level increases
by at least 29 cm, which corresponds to 100 km3 of the Baltic Sea volume change. They de-
tected 74 LVCs in filtering Landsort sea surface elevation anomalies daily time series for
1948-2013. LVC leads to high values of crszyn in February at Stockholm and Kungsholmsfort.

In general, the same consistent pattern is observed in the seasonal variations of USZW

and ¢2,, on the entire coast of the Baltic Sea: low values in summer and high values in
autumn-—winter. The same seasonal features are characteristic of storm surges in the Baltic
Sea, which is associated with the intensification of cyclonic activity in the atmosphere
in autumn-winter. The total sea level variance in the Baltic Sea has the same seasonal
changes. Samuelsson and Stigebrandt [6] showed that the maximum of mean monthly
variance at Swedish tide gauges is observed in November and the minimum in May and
July. They showed that externally forced sea level (caused by the varying sea level outside
in the North Sea) explains most of the variance for periods longer than one month in the
central parts of the sea (Stockholm). These external sea level variations are associated with
the LVCs and can influence the variations with periods longer than 10 days.

The atmospheric circulation is the main factor determining the seasonal and interan-
nual changes of USZyn and 02,,;. Moreover, the zonal wind is the main factor affecting the
variance of the sea level oscillations at these frequencies. If the correlation with atmospheric
indices in winter reaches 0.6-0.7, then the correlation coefficient with zonal wind increases
to 0.8 in winter. As it is known, the Baltic Sea level variations on a wide frequency range
are determined mainly by atmospheric processes, and one of the main factors is the wind
effect. This factor determines long-term sea level changes in the Baltic Sea [10,15,27-33]
and short-term sea level oscillations in the synoptic and mesoscale ranges [4,20].

The seasonal changes of the correlation coefficient in Sections 3.3 and 3.4 were shown
for the different length time series. We additionally counted the same correlation coeffi-
cients using the time span (1978-2006) for all stations. The main properties described in
Sections 3.3 and 3.4 do not change.

Bednorz and Tomczyk [34] found the relationships between atmospheric conditions
and changes in the Baltic Sea level on high- and low-frequency scales. In the cold season the
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rapid increases in the Baltic Sea level exceeding 24 cm within a 5-day period are associated
with the development of specific synoptic conditions in the Euro-Atlantic region. It is
characterized by a shift from high to low pressure over Europe and a rapid increase in
the pressure gradient during the week preceding the sea level rise. Among macroscale
circulation patterns, the SCAND is most relevant to the low-frequency variability of the
Baltic Sea level [34]. For the synoptic frequency range, our results are in good agreement
with their conclusions.

Suursaar and Sooéér [7] noticed that the annual standard deviations at Parnu show a
rise from 26.5 to 28.5 cm for the period 1952-2004. Johansson et al. [8] showed that also
at Finnish tide gauges standard deviations have increased by 1-3 cm over a period of
50 years. In the 1980s, the annual standard deviations at Estonian and Finnish tide gauges
reached a maximum and decreased afterward. We also found the positive tendencies in
the interannual changes for long records (80-90 years) and negative tendencies for short
time series (Figure 9).

One of the most pressing challenges of science today is global climate change. Much at-
tention is paid to climatic changes in the mean sea level of the World Ocean and changes in
the return period and height of storm surges on the seacoast. In [8,9], the climatic variability
of extreme sea level oscillations in the Baltic Sea was studied. Johansson et al. [8] identified
significant trends in the increased frequency of extreme sea level rises on the Finnish coast
of the Baltic Sea (Gulf of Finland and Gulf of Bothnia). Johansson et al. [8] used tide gauge
data mainly from 1922. We found positive tendencies in the interannual changes of 02, in
1922-2013 at a rate of up to 0.17 cm?/ year (Figure 8).

5. Conclusions

The results of our study are in good agreement with the results of the earlier research

of the other authors [6-8]. However, only Suursaar and Sooédér [7] and Johansson et al. [8]
analyzed the interannual variations of the annual standard deviations of total sea level.
Samuelsson and Stigebrandt [6] partitioned the total sea level variations at the different
period bands, but their study only features the contributions of these bands to the total
sea level variance for different stations. The present study examines seasonal and inter-
annual changes of the variance of synoptic Jszyn and mesoscale 02, sea level oscillations
in the Baltic Sea and their links with atmospheric circulation. The study has some new
interesting findings:

1. The spectral density of the sea level oscillations in the Baltic Sea has maximum values
in winter when the cyclonic activity in the atmosphere is more intensive. However,
in the head of the Gulf of Finland (Gorny Institute), the autumn spectrum is even
higher than winter, which can be explained by the influence of the ice cover, which can
reduce the sea level oscillations of wind origin.

2. The maximum variance of synoptic ‘Tszyn and mesoscale 02, sea level oscillations
is observed in winter, except the heads of the Gulf of Finland (Gorny Institute) and
Gulf of Riga (Parnu), where the absolute maximum of Ugyn is reached in November.

The variances afyn and 02, from November to February are 2-3 and 5 times higher
than in the summer.

3. The values of Vszyn and o2, are characterized by high correlation (up to 0.70-0.75) with
wind variations and atmospheric indices in winter and low correlation in summer.

4.  The diagrams of wavelet coherence of the meridional/zonal wind, atmospheric in-
dices, and ‘Tszyn and 02, are characterized by high values at the annual frequency.

The zonal wind and ¢2,, at the Gorny Institute are characterized by wide areas of
high coherence for periods of 0.7—4 years.

5. The Uszyn and o2, values change greatly from year to year. At Gedser, Ugyn decreased
by 19%, and at Ratan it increased by 17% over 90 years. The values of 02, for 90 years
increased by 32% at Klagshamn, 36% at Ratan, and up to 60% at Kungsholmsfort.
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The obtained results contribute to the knowledge of the sea level oscillations in the
Baltic Sea and its climate changes.
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