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Abstract

Purpose. The main purpose of the paper is to estimate in a stationary approximation the magnitudes
of the amplitude-phase characteristics of the sea level seasonal fluctuations in the Baltic Sea in 1971-
2020, and to study the features and possible reasons for their non-stationarity.

Methods and Results. The description of seasonal fluctuations is substantiated by a sum of 4
harmonics: the annual (Sa), semiannual (Ssa), terannual (Sta) and quarterannual (Sga) ones.
The average values of the Baltic Sea level seasonal fluctuations, as well as their interannual
variability are estimated using a harmonic analysis of the average daily values of the tide gauge data.
The results indicate that the amplitudes of the harmonics Sa, Ssa, Sta and Sga are reliably
distinguished for all the coastal points under study. The features of the phase spatial distribution
testify to a statistically reliable propagation of the sea level disturbances with a one-year period from
the southwest to the north and to the northeast. For the other components of the sea level seasonal
fluctuations (Ssa, Sta and Sqga), the spatial phase changes are very small and comparable to
the standard errors of their calculation. The amplitude modulation with a period of about 20 years for
the Ssa harmonic and approximately 2-10 years for the Ssa, Sta and Sqa ones is well pronounced in
the interannual changes in the Baltic Sea level seasonal fluctuations. A significant negative trend for
all the stations is observed in the time series of the Sa harmonic amplitudes in 1971-2020. In order to
clarify the reasons of the revealed features of the Sa harmonic interannual changes, a non-stationary
harmonic analysis of the atmospheric pressure series, wind and the sea level steric fluctuations is done
in the study.

Conclusions. It is shown that the changes in the annual sea level fluctuations observed in 1971-2020
are mostly influenced by the anomalies of annual wind fluctuations, and to a lesser extent, by those of
the atmospheric pressure.
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Introduction
Seasonal course of the Baltic Sea level is manifested in its decrease in winter
to a minimum value in April-May and an increase in summer—autumn to
a maximum in November—January [1-3]. This seasonal rhythm in the Baltic level
surface position is associated with seasonal changes in wind, atmospheric pressure,
currents, seawater density and water balance components (precipitation,
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evaporation, continental runoff and water exchange with the North Sea) [4].
The quasi-stationary component of seasonal fluctuations in the Baltic Sea level is
well expressed and is reliably identified using harmonic and spectral analyzes of
long-term series of mean monthly sea level values [1, 5, 6].

Seasonal sea level fluctuations play an important role in the hydrological
regime of the Baltic Sea. They make a noticeable impact on the coasts and coastal
infrastructure of the Baltic [7, 8] and are indicators of its water exchange with
the North Sea [9-11]. Seasonal level fluctuations are also indicators of ongoing
changes in meteorological processes [4] and observed climate warming [12]. Our
studies show that the contribution of seasonal fluctuations of the Baltic Sea to
dangerous level rises in the east of the Gulf of Finland in some years can reach
26% [13]. The numerical experiments on a three-dimensional baroclinic model
indicate that significant amplitude natural fluctuations of the Baltic Sea are excited
not only in the range of periods from several hours to 2 days, as previously thought
[14], but also in the seasonal variability range [15].

The studies of the spatial variability of seasonal fluctuations in the Baltic Sea
level were carried out based on the results of a harmonic analysis of long-term
series of mean monthly level values obtained from the tide gauge [5, 6].
The results showed that the amplitude of fluctuations varies with an annual period
from 4-6 cm in the Danish Straits to almost 13 cm in the Gulf of Finland and in
the north of the Gulf of Bothnia. The amplitudes of the semi-annual component of
seasonal fluctuations turned out to be several times smaller and varied from 1-2 cm
in the Kattegat and Danish Straits up to 5 ¢cm in the Gulf of Finland and in
the shallow part of the Baltic in the area of the Aland Islands, where they
reached 5.7 cm, as well as near the eastern coast of Sweden in the Sea of Bothnia
(5.1-5.6 cm) and in the central part of the Gulf of Finland (5.2 cm) [5, 6].
The value of mean fluctuations’ phase increased by 30° when moving from
the Danish Straits through the open part of the Baltic Sea to the top of the Gulf of
Bothnia. The phase of the semi-annual harmonic in the Baltic Sea varied from 20°
in the Kattegat to 50° in the north of the Gulf of Bothnia in the very south of
the Sea of Bothnia [6].

The authors of [16] using a moving Fourier analysis of a series of mean
monthly sea level values at Stockholm station for 1825-1984 estimated
the interannual variability of the amplitudes of the annual and semi-annual
components of seasonal fluctuations. Their results showed a significant positive
trend in changes in the annual sea level component. They suggested that this trend
may be associated with secular changes in oceanographic conditions in
the northeastern part of the North Atlantic. The manifestations of these changes are
the movements of the oceanic polar front [16]. In his other work, studying secular
changes in seasonal sea level fluctuations at Stockholm station, the author [17]
concludes that they are associated with interannual changes in seasonal wind
fluctuations in the transition zone between the North and Baltic Seas.

Later studies also revealed a positive trend in the amplitudes of the annual
component of seasonal level fluctuations in the Baltic Sea, which the authors
associate with the North Atlantic Oscillation on a decadal time scale and with
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the general trend of climate warming [18], as well as with secular changes in
atmospheric precipitation in the Baltic Sea region [19].

The authors of [20] studied interannual changes in the annual component of
seasonal fluctuations in the Baltic Sea level over 1900-2012 according to its
monthly averages at 9 coastal stations using discrete wavelet analysis. They did not
reveal a positive linear trend in the change in the amplitude of the annual
component of seasonal sea level fluctuations, which was found by other authors
[16, 18, 19], but they discovered alternating periods of high and low amplitudes in
changes in the annual cycle of seasonal sea level fluctuations.

In [21], the seasonal level variability at one point in the open Baltic was
estimated using satellite altimetry data by averaging the level values for every day
and every month of the year for 18-year period. The results obtained were
compared with similar estimates made on the basis of tide gauge data at several
coastal stations. The relationship between monthly mean altimetry level values and
river flow data for 75 largest rivers flowing into the Baltic Sea was also considered
in the present paper. The comparison did not show any correlation between the
processes analyzed [21].

The authors of [2] used the method of cyclostationary empirical orthogonal
functions to study the regularities of the spatial structure and temporal changes in
the annual level cycle in the Baltic Sea based on monthly average satellite altimetry
data, tide gauge data of the sea level and data of the regional model reanalysis of
physical processes in the Baltic Sea for 1993-2014. They found that the maxima of
the annual level course were observed from December to February, and the minima
in April — May. To study the causes of interannual changes in estimates of
the annual variation of the Baltic Sea level, the authors carried out a cross-
correlation analysis between the main components of the annual sea level variation,
calculated from satellite altimetry data and the main components of various
meteorological parameters (zonal wind, values of the North Atlantic Oscillation
index, atmospheric pressure and air temperature). The results showed high
estimates of correlation coefficients in all cases, reaching values of 0.60-0.80.

The analysis of the listed works shows that the estimates of the characteristics
of seasonal fluctuations in the Baltic Sea level were carried out in the vast majority
of cases based on long-term series of mean monthly level values obtained tide
gauge data at a network of coastal hydrometeorological stations and satellite
altimetry. However, the author of [22] showed that, due to the non-equidistance of
monthly average data, estimates of the amplitudes and phases of the components of
seasonal level fluctuations have errors. To improve the accuracy of estimates, they
should be calculated from series of mean daily or hourly level values. The studies
of interannual changes in seasonal fluctuations based on monthly average data,
carried out using harmonic analysis by calculating their amplitudes and phases for
each year [6], show a decrease in level series to 12 values per year, which affects
the accuracy of their estimates. The studies of seasonal fluctuations obtained on the
basis of long-term averaging of mean daily level values for each day of the year
[21] cannot be considered reliable, since they contain contributions from quasi-
stationary fluctuations from the low-frequency range of the synoptic scale of
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variability, which are revealed even with a visual analysis of mean daily level
series smoothed in this way [21]. The causes of interannual changes in
the characteristics of seasonal fluctuations in the Baltic Sea level remain poorly
understood.

The present paper is aimed at estimating, using a harmonic analysis of
the series of mean daily values of tide gauge of the sea level, the amplitude-phase
characteristics of the four components of seasonal fluctuations in the Baltic Sea
level (Sa, Ssa, Sta and Sqga) for 1971-2020 in the stationary approximation and
taking into account the non-stationarity of the process, as well as to study
the possible causes of their interannual changes.

Data and methods

To study seasonal fluctuations in the Baltic Sea level, the mean daily and
monthly data of tide gauge data at 29 coastal stations of the Baltic Sea (Fig. 1) of
various duration, obtained from the resources of E.U. Copernicus Marine Service
Information (Available at: http://marine.copernicus.eu) and PSMSL (Available at:
http://psmsl.org) [23] were used; and for Pionerskij, Kronstadt, Gornyy Institut and
Vyborg stations, the data from the North-Western Department of Roshydromet
were used. Table 1 gives this data array description. For 24 stations, the duration of
the mean daily series was 50 years (1971-2020), for Pionerskij station — 43 years
(1977-2020). The series of mean daily level values at Stockholm station for 1889-
2020 had the longest duration. For comparison, the data of mean monthly sea level
values at 6 stations for different periods of time were also used (Table 1).

For the vast majority of sea level data series, the number of gaps was less than
1%, and only in six cases their number changed in the range of 2.1-8.1% (Table 1).

The amplitudes (A) and phases (G) of the seasonal level fluctuations in
the stationary approximation were calculated using a harmonic analysis carried out
by the least squares’ method, taking into account the recommendations presented in
[24]. Four harmonics were estimated: annual (Sa) — 365.2 days, semiannual (Ssa) —
182.6 days, terannual (Sta) — 121.8 days and quarterannual (Sga) — 91.3 days:

A(t) = Asacos((’)sat - Gsa) + Assacos((‘)ssat - Gssa) +
+Astacos(mstat - Gsta) + Asqacos(msqat - qua) ’ (1)

where Asa, Assa, Asa and Asqa are the amplitudes of the indicated harmonics,
respectively; Gsa, Gssa, Gsta and Gsqa are the phases of these harmonics; msa, ®ssa,
osta and msqa are the frequencies of the harmonics; t is the time. Based on
the estimated amplitudes and phases, the series of all four harmonics of seasonal
sea level fluctuations were built.

The choice of four harmonics to describe the seasonal variation of the sea
level, and not two, as was done in other works [5, 16, 25], was dictated by
a comparison of the seasonal level variation observed from tide gauge data with its
description of two (Sa, Ssa) and four (Sa, Ssa, Sta and Sga) harmonics, which is
shown in Fig. 2.
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F i g. 1. Bathymetry of the Baltic Sea (shades of blue color). Circles with numbers denote
the location of the tide gauge stations: 1 — Frederikshavn; 2 — Gothenburg; 3 — Klagshamn; 4 —
Kangsholmfort; 5 — Oskarshamn; 6 — Olands; 7 — Visby; 8 — Stockholm; 9 — Spikarna; 10 — Ratan;
11 - Furuogrund; 12 — Kemi; 13 — Oulu; 14 — Raahe; 15 — Pietersari; 16 — Vasa; 17 — Kaskinen; 18 —
Pori; 19 — Rauma; 20 — Turku; 21 — Degerbi; 22 — Hanko; 23 — Helsinki; 24 — Hamina; 25 — Vyborg;
26 — Kronstadt; 27 — Gornyy Institut; 28 — Klaipeda; 29 — Pionerskij. Green triangle indicates
the hydrometeorological station Ozerki, yellow square — the BY-15 station
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Fig. 2. Average seasonal changes in the sea level at different stations of the Baltic Sea (black curve)
resulted from the tide gauge data, and its values pre-calculated by the harmonic analysis including
two (Sa, Ssa, dotted line) and four (Sa, Ssa, Sta, Sga, red curve) harmonics

The results shown in Fig. 2 show that only at Frederikshavn station the mean
seasonal course of the level is well described by the superposition of harmonics Sa
and Ssa. At other stations, when describing the seasonal behavior by two
harmonics, the main minimum shifts from May to April (Rauma, Visby and Oulu
stations), and the absence of an intermediate summer maximum in July, associated
with the maximum of steric changes in the Baltic level [16] and with an increase in
precipitation and river runoff (Gornyy Institut station), or its delay by one month
(Rauma, Vishy, Oulu and Klaipeda stations). At Klaipeda station, there is also a
noticeable discrepancy in the values of the main minimum of the mean seasonal
sea level variation when it is described by two harmonics. The superposition of
four harmonics, on the contrary, in all cases describes quite well this behavior in
different areas of the Baltic (Fig. 2). In this regard, in the present work, all four
harmonics were used to describe the mean seasonal variation of the level.

Accuracy of the amplitudes and phases estimated in the stationary
approximation of the seasonal sea level fluctuation components was estimated by
the method described in [26] as follows. The series of seasonal fluctuations
precalculated by formula (1) was subtracted from the initial series of mean daily
sea level values. Then the fast Fourier transformation of the residual series was
carried out. According to the Fourier analysis results, in the vicinity of
the frequency of each seasonal harmonic, the frequency band w1, @z, ..., @, and
the corresponding amplitude values A(w1), A(®2), ..., A(mn) and phases G(wi),
G(w2), ..., G(wn) were identified. Further, for the obtained estimates of
the amplitudes and phases of seasonal harmonics, their rms errors were calculated:
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where a4 is the rms error of harmonic amplitude calculation; o; is the rms error of
harmonic phase calculation; N is the series member quantity; ™ = 3.14.
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Fig. 3. Comparison of the daily and monthly average sea levels at Stockholm station in 1971-2020
resulted from a moving harmonic analysis. Amplitudes of the annual, semiannual, terannual and
quarterannual components of seasonal sea level fluctuations are calculated from the daily (red circles)
and monthly (blue circles) average data. Dotted line indicates the mean square error in the amplitude
calculation

To consider the nonstationarity of seasonal fluctuations, the sea level series
were subjected to a moving harmonic analysis [18]. Fig. 3 compares the results of
a moving harmonic analysis of the series of monthly and daily average sea level
values at Stockholm station with a period of quasi-stationarity (moving window) of
one year. It is clearly seen that the greatest agreement in the amplitude estimates
for the monthly and mean daily level series is noted for the Sa harmonic, although
in some rare cases the results of a harmonic analysis of the monthly and mean daily
level series for this harmonic differ by 26%. With an increase in the frequency of
the annual level variation overtones, these differences increase, reaching
the greatest discrepancies in the estimates of the calculated amplitudes for the Sta
and Sga harmonics (Fig. 3). Such significant discrepancies in the estimates of
the amplitudes of the components of seasonal fluctuations are associated with the
non-equidistance of the series of monthly mean sea level values [22] and a small
number of terms in the series in the sliding window (12), which does not allow

a sufficiently accurate description of the interannual variability of the seasonal
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fluctuations’ components. Therefore, in the present work, to carry out a moving
harmonic analysis, the series of mean daily sea level values were used.

For the annual harmonic Sa, the moving window was taken equal to one year,
and the moving harmonic analysis was carried out without overlap (i.e., for each
subsequent year). For other harmonics, the moving Fourier analysis was carried out
with an overlap.

To isolate the non-stationary semi-annual component Ssa, the moving window
was taken equal to one year and the sliding was carried out with an overlap every
six months; to isolate the terannual harmonic Sta, the moving window was taken
equal to 8 months and the sliding was carried out every 4 months; to isolate the
guarter-annual harmonic Sqga, the moving window was taken equal to 6 months,
and the sliding was carried out every 3 months. Based on the estimated amplitudes
and phases for each sliding period, the series of four components of seasonal
fluctuations were precalculated, which were then combined into Csa(t), Cssa(t),
Csta(t), Csqa(t) series describing the interannual changes of each component. The rms
errors in calculating the amplitudes of harmonics estimated using a moving
harmonic analysis were calculated as follows. From the residual series obtained for
each slip period, the amplitudes at the frequencies of all four harmonics were
estimated. Based on the series of these amplitudes, their standard deviation, taken
as the standard error in calculating the amplitudes of the studied harmonics, was
determined.

The linear trend significance in the interannual changes in the amplitudes of
the harmonics Sa, Ssa, Sta and Sga was estimated using the Student’s t-test .

To study the possible causes of changes in the amplitude of annual sea level
fluctuations in the last half century, the series of urgent (4 times a day)
instrumental measurements of atmospheric pressure (Pa) at Kronstadt station
(1979-2020), wind speed and direction (W) at Vyborg (1966-2020), Ozerki (1977-
2020) and Pionerskij (1977-2020) stations, as well as the data from ship
measurements at different horizons of water temperature (T) and salinity (S) at
BY-15 international monitoring station (see Fig. 1) for 1971-2020, obtained from
DAS international database (Available at: http://nest.su.se/das/), were used.
The initial Pa and W data were averaged up to one day, and then, using the method
described above, a moving harmonic analysis was carried out.

The T and S data obtained at BY-15 station were used to estimate the temporal
changes in sea level steric fluctuations at the annual harmonic Sa frequency. For
this purpose, for each standard horizon, the series of mean monthly values T and S,
used to calculate sea water density (p) according to the equation of state described
in [27], were implemented. The steric changes in the level (Cp) were estimated
using the calculation formula (4) from [28]:

n

ATs 14p;

At Zp At Azi ()
1=

L Malinin, V.N., 2008. [Statistical Methods for the Analysis of Hydrometeorological
Information]. St. Peterburg: RSHU, 408 p. (in Russian).
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where % are steric changes in sea level over time At; % is the change in seawater
density in layer i (i = 1, 2, ..., n); Az; is the difference between the horizons of
the i-layer.

The resulting series of mean monthly values of steric fluctuations Cp(t) was
subjected to a sliding harmonic analysis with a sliding period of 12 months.

Based on the results of a sliding harmonic analysis of atmospheric pressure,
wind and steric sea level fluctuations, the series of changes in time of Sa harmonic
of these processes were predicted: Pasa(t), Wsa(t), {psa(t).

To estimate the relationships between changes in time of annual sea level
fluctuations, atmospheric pressure, wind and steric fluctuations, a cross-correlation
analysis was carried out between anomalies of annual sea level fluctuations Csa(t)’ =
Csa(t) — Csa(t) and annual anomalies Pasa(t)’ = = Pasa(t) — Pasa(t), Wsa(t) ’= Wsa(t) —
Wsa(t), Cpsa(t)” = Cpsalt) — Cpsa(t), where Ca(t), Pasa(t), Wsa(t), Cpsa(t) are
stationary Sa components of hydrometeorological processes. The transition to
anomalies was caused by the fact that in all hydrometeorological processes
a stationary annual component is well expressed, and it has a noticeable effect on
the results of cross-correlation analysis [29].

A mutual correlation analysis was carried out between the calculated
anomalies of annual sea level fluctuations Csa(t)’ and anomalies Pasa(t)’, Wsa(t)',
Cpsa(t)'.

Given that wind fluctuations are a vector process, the relationship estimation
between the anomalies Cs(t)' and Ws(t)' by calculating multiple correlation
coefficients using the method of cross-correlation analysis between scalar and
vector processes 2 was carried out. Following this technique, first the matrices of
cross-correlation coefficients of the following form were evaluated:

T Thu Ty T Ty
Dyy = Tun Twu Tw|,Dy, = r r (5)
Tm Tou Tow vu T

where Dy and D,,, are matrix determinants; n is a scalar process; V is a vector
process; u, v are the components of the vector process per parallel and meridian,
respectively 75,5, Tiyus Tuws ---» Typ are cross-correlation coefficients.

Then the multiple correlation coefficient between the scalar (n) and vector (V)
processes was calculated:

|4
Ry = [1—--. (6)

2 Rozhkov, V.A., 2002. Theory and Methods of Statistical Estimation of Probability
Characteristics of Random Variables and Functions with Hydrometeorological Examples.
St. Petershurg: Gidrometeoizdat. Vol. 2, 780 p. (in Russian).
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Results and their interpretation

Fig. 4 shows the results of a stationary harmonic analysis of the series of mean
daily values of the Baltic Sea level. They show that at the considered tide gauge
Baltic Sea stations, the average amplitudes of the harmonics Sa, Ssa, Sta and Sga
are distinguished reliably. The minimum amplitude of the seasonal level
fluctuations of 6.4 cm with a year period is observed in the Baltic southwest at
the exit from the Sound Strait (Klagshamn station) (Fig. 4, a). In the north of
the Kattegat Strait (Gothenburg station), the Sa amplitude increases to 9.6 cm at
Oskarshamn station, up to 9.9 cm — at Pionerskij station in the open Baltic, up to
11.6-12.9 cm in the Gulf of Finland (Hanko and Vyborg stations) and reaches
maximum values of 14.5 cm in the very north of the Gulf of Bothnia (Kemi station)
(Fig. 4, a). The estimates of spatial variations in the Sa harmonic phase are
statistically significant, and they indicate that, first, the maximum of annual sea
level fluctuations occurs in October in the southwest of the Baltic (Klagshamn
station), and then spreads to the north and northeast of the sea, where it is noted in
November. Compared with the previous twenty years 1951-1970 [1] in the period
under consideration, the Sa harmonic amplitudes increased by 0.9-2.2 cm, and
the maximum of annual fluctuations start to appear 1-2 months later.
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Fig. 4. Amplitude-phase characteristics of the annual (a), semi-annual (b), terannual (c) and
quarter-annual (d) components of seasonal fluctuations of the Baltic Sea level in 1971-
2020 estimated from the tide gauge data obtained at the coastal stations; root-mean-square
errors in the amplitude and phase estimates of the annual (e), semi-annual (f), terannual (g) and
quarter-annual (h) harmonics. Colored circles denote the amplitude (cm), numbers — the phase (°).
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The semi-annual harmonic Ssa has the mean amplitudes of 1.6-3.2 times less
than that of Sa. Their smallest values, reaching 3.0 cm, are observed in the north
of the Kattegat Strait (Gothenburg station) (Fig. 4, b). In the southwest of the
open Baltic, the Ssa amplitude slightly increases to 3.3 cm (Klagshamn station)
and continues to grow when moving to the north and northeast, reaching the
maximum values of 6.25 cm in the northeast of the Gulf of Finland (Hamina
station). A statistically significant change in the phase of semi-annual
fluctuations is noted only in the Kattegat Strait, where it increases in the
southeast direction by 20°. In the open Baltic, the Gulfs of Bothnia and Finland,
the phase changes are insignificant and comparable with the standard errors of
their estimation (Fig. 4, b).

The mean amplitudes of the terannual (Sta) and quarterannual (Sga) harmonics
are much less than the amplitudes of the Sa and Ssa harmonics, they vary from
0.83-0.84 cm in the north in the Kattegat Strait (Gothenburg station) to
the maximum values of 2.55-2.57 cm in the east of the Gulf of Finland (Fig. 4, c,
d). In the vast majority of cases, the Sta amplitudes are greater than Sqa, especially
in the north of the Gulf of Bothnia, where they exceed the Sga amplitudes by 1.5
times. Only in the north of the Kattegat Strait (Gothenburg station) and in
the southeast of the open Baltic (Pionerskij station) is the Sta amplitude slightly
less than the Sga amplitude (Fig. 4 c, d). The estimates of these harmonics’ phase
have large standard errors of calculation, which are comparable to or exceed the
spatial variations in the phase of these seasonal sea level fluctuation components
(Fig. 4, g, h).

A comparison with the results of harmonic analysis from [6], which
considered longer series of average monthly levels, covering periods from the early
1800s, 1900s until 2012, shows an increase in the amplitudes of all four harmonics
over the past half century. A particularly significant increase in amplitude (by
a factor of 2—-6) is noted for the Sta harmonic.

Fig. 5 shows examples of the series of seasonal sea level fluctuation
components Csa(t), Cssa(t), Csta(t), Csqa(t), as well as their superposition in the Gulf of
Finland (Kronstadt station) and in the open Baltic (Visby station), estimated
usinga moving harmonic analysis. There is a significant interannual
variability of amplitudes for all four components. In some years, their amplitudes
reach 20-40 cm; in other years, they decrease to several centimeters. At Kronstadt
station, the largest Sa harmonic amplitude was observed in 1983. That year,
the largest number of floods in the history of St. Petersburg (10 cases) occurred. In
the time course of the amplitudes of the Sa, Ssa, Sta and Sga components, the
amplitude modulation is well traced. The annual component has a modulation
period of ~ 20 years. A similar feature in the changes in the annual fluctuations of
the Baltic Sea level was noted by the authors of [20] based on the analysis results
of series of mean monthly values of tide gauge data received using a discrete
wavelet transformation. For the Ssa, Sta and Sga components, the modulation
period varies approximately in the range of 2-10 years (Fig. 5).
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Fig. 6 shows the interannual changes in the amplitudes of the Sa, Ssa, Sta and
Sga harmonics for 1971-2020 at tide gauge stations of the Baltic Sea. Significant
negative trends are noted for the Sa harmonic at all stations, indicating that in
the past half century in various parts of the Baltic Sea, the amplitude of the annual
seasonal level fluctuation component has decreased. The largest trend decrease in
the Sa harmonic amplitude is noted at Kronstadt station, where it decreased by
11.5 cm over half a century. Unlike the Sa harmonic, there are no significant linear
trends in the interannual variability of the Ssa, Sta and Sga harmonic amplitudes.

The presence of a significant negative trend in the Sa harmonic variation
(Fig. 6) contradicts the results of [16], whose authors identified a significant
positive trend in the interannual variations in the annual harmonic amplitude at
Stockholm station in 1825-1984. These differences in the trend signs may be due
to the fact that over the past two centuries there have been multidirectional trends
in the interannual changes in the amplitudes of the annual seasonal fluctuation
component in the Baltic Sea level. Continuous sea level measurements at
Stockholm station allow a more detailed study of the interannual variability of
the annual harmonic amplitude, taking into account the past decades.

Table 2 shows the results of a cross-correlation analysis of interannual changes
in the amplitude of the annual seasonal fluctuation component in the areas of
operation of various tide gauges, which demonstrate a high correlation between
changes in the amplitudes of annual level fluctuations in different sea areas.
The cross-correlation coefficients vary within 0.6-1.0, at Stockholm station —
within 0.8-1.0. These results show that changes in the amplitude of annual
fluctuations at Stockholm station reflect its interannual changes throughout
the Baltic Sea well.

Fig. 7 shows the time variations in the amplitude of annual sea level fluctuations
at Stockholm station in 1889-2020 estimated using moving harmonic analysis. In
contrast to work [16], where for an earlier period of 1825-1984 a significant positive
trend was obtained in changes in the amplitude of annual sea level fluctuations at
Stockholm station, in the studied period, there is already a statistically insignificant
positive trend here. It may indicate that in the 132-year period we consider, there
have been noticeable changes in the regime of hydrometeorological processes that
determine interannual changes in annual sea level fluctuations. Multidirectional
tendencies are observed in changes in the Sa harmonic amplitude. The most
significant increase in the amplitude of annual sea level fluctuations was noted in
the periods from 1900s — mid-1920s and from 1940s — early 1980s, when
the maximum amplitudes reached 25-27 cm. From the mid-1880s until the end of
the 1890s and from the 1920s until the early 1940s, there was a noticeable decrease
in the Sa harmonic amplitude, when in some years its values decreased to 1.5-2.5
cm. A significant undulating decrease in the amplitude of annual fluctuations has
been observed from the 1980s until present.

There is the question of the physical mechanisms of such significant changes
over time in the characteristics of annual fluctuations in the Baltic Sea level and, in
particular, about the reasons for the significant negative trend in the variations in
their amplitudes over the past half century (Fig. 6).
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The study of sea level seasonal fluctuation causes should be based on
theoretical concepts of the large-scale fluctuation mechanisms. These mechanisms
are most fully described based on the analysis of the formalized hydrostatic
equation [30], as well as the depth-integrated mass continuity equation [31, 32]. In
these equations, the rate of sea level change is related to variations in dynamic,
steric and water balance processes. The influence of dynamic processes on changes
in seasonal sea level fluctuations is determined by seasonal changes in atmospheric
pressure and wind [30-32]. The steric component of seasonal sea level
disturbances is associated with seasonal changes in seawater density [30].
The Baltic Sea level fluctuations, caused by changes in the water balance, are
determined by seasonal changes in atmospheric precipitation, continental runoff,
evaporation and water exchange with the North Sea [32].

To study the reasons for the annual fluctuation nonstationarity in the Baltic
Sea level, the cross-correlation and regression analyzes of sea level fluctuations
with various hydrometeorological processes were used [2, 18, 19, 21, 33].
The results presented in the listed papers showed that there was a high correlation
between changes in time of annual fluctuations in sea level and zonal wind,
atmospheric pressure and air temperature, while there was no correlation with
fluctuations in river runoff [21]. The regression analysis also showed the decisive
contribution of wind and atmospheric pressure fluctuations to the description of
the interannual variability of seasonal fluctuations in the Baltic Sea level [20, 33].

In [29], for a more representative assessment of the correlation between long-
term changes in the seasonal fluctuation components of the Baltic Sea level,
estimated from satellite altimetry data and various hydrometeorological processes,
it was proposed to pass to their anomalies by excluding the stationary component
from the series of non-stationary components of seasonal sea level fluctuations and
other processes obtained with the help of moving harmonic analysis. The results of
such an analysis indicated that for all four harmonics (Sa, Ssa, Sta and Sqa) there
was no relationship between sea level anomalies and freshwater balance
components (precipitation, evaporation and continental runoff), while a high
correlation was noted with wind and atmospheric pressure anomalies [29]. In
addition, for the Sa harmonic there was a high correlation with annual air
temperature anomalies (which may be associated with thermosteric sea level
fluctuations) and with annual anomalies of water transport through the Danish
Straits, the correlation coefficients were low. For the Ssa, Sta and Sqa harmonics,
on the contrary, high correlation coefficients were noted between seasonal
anomalies of sea level and water transport [29].

Taking into account the results of the above mentioned works, it can be
assumed that significant negative trends in changes in the annual level fluctuation
amplitudes observed over the past half century must be associated with changes in
annual fluctuations of wind, atmospheric pressure and seawater density.

Fig. 8 shows the interannual variations in the amplitudes of the Sa harmonic of
atmospheric pressure and wind at hydrometeorological stations in the Baltic Sea, as
well as steric level fluctuations at station BY-15, obtained from the moving
harmonic analysis results. It is clearly seen that, just as with the changes in annual
sea level fluctuations (Fig. 6), significant negative trends in changes in
the amplitude of annual fluctuations in atmospheric pressure and wind have been
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observed in the past half century (Fig. 8, a, b). The cross-correlation analysis
results given below show that between the changes in annual sea level anomalies
Csa(t)” and atmospheric pressure Pasa(t)’, as well as wind variability Wsa(t)' at
different stations, there are high values of correlation coefficients, reaching 0.66—
0.78, which is in good agreement with the results of other works [2, 18, 19, 21, 33].
However, in variations in the amplitude of steric fluctuations with a year period, on
the contrary, a significant positive trend is observed (Fig. 8, c).
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F i g. 8. Interannual changes in the amplitude of seasonal fluctuations annual component in
the atmospheric pressure in Kronstadt (a), wind speed at the hydrometeorological stations Vyborg
(black curve), Ozerki (red curve), Pionerskij (blue curve) (b), and steric fluctuations of the sea level at
station BY-15 (c). Straight lines are the significant linear trends
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Below, there are maximum values of correlation coefficients R and time shifts
T (in brackets) between the anomalies of annual sea level fluctuations Csa(t)’ and
annual anomalies of atmospheric pressure Pasa(t)’, wind Wg,(t)' and steric level
fluctuations Cpsa(t)’ in different areas of the Baltic:

Csa(t)" at Kronstadt station — Pasa(t)’ at Kronstadt station — 0.74 (0)
Csa(t)" at Kronstadt station — Wsa(t)" at Ozerki station — 0.67 (0)
Csa(t)" at Pionerskij station — Ws,(t)" at Pionerskij station — 0.78 (0)
Csa(t)" at Vyborg station — Wsa(t)" at Vyborg station — 0.66 (0)
Csa(t)" at Vishi station — Cpsa(t)’ at station BY-15 - 0.09 (-1)
Csa(t)’ at Klaipeda station — Cpsa(t)’ at station BY-15 — 0.16 (-1).

The range of changes in the annual atmospheric pressure fluctuation
amplitudes at Kronstadt station reaches 6.7 hPa (0.3-7.0 hPa), and their trend
decrease is 1.3 hPa (Fig. 8, a). According to the “reverse barometer” law, such
changes in the atmospheric pressure correspond to variations in static sea level
fluctuations in the range of 0.3-7.0 cm and 1.3 c¢cm in trend changes. Although
these are noticeable level changes, they are not decisive for explaining the total
changes in sea level amplitudes for the Sa harmonic at Kronstadt station, where
Csa(t) amplitudes vary in the range of 1.8-38.3 cm, and their trend decrease is 11.5
cm (23.9-12.4 cm) (Fig. 6).

The maximum amplitude of steric {psa(t) level oscillations at station BY-15 is
very small (3.3 cm), and it is more than half the size of the amplitude of annual
static level fluctuations (Fig. 8). The maximum amplitude of the total annual level
fluctuations Csa(t) at the nearest Visby station reaches 24.4 cm. The cross-
correlation analysis between the anomalies Csa(t)’ at Visby and Klaipeda stations
with the anomalies Cpsa(t)’ at station BY-15 shows a lack of communication
between these processes. These results indicate that interannual changes in annual
steric sea level fluctuations cannot be the reason for the significant decreases in
the amplitudes of the Sa harmonic observed in the past half century (Fig. 6).

Taking into account the fact that previous works showed the absence of
a stationary relationship between Csa(t)’ anomalies and annual anomalies of the
water balance components [21, 29], the results obtained here suggest that the main
reason for the significant decreases in the amplitude of annual fluctuations of
the Baltic Sea levels observed in the past half century is a decrease in the
amplitudes of annual fluctuations of the wind and, to a lesser extent, of
atmospheric pressure.

Conclusions
1. Based on the stationary harmonic analysis, it is shown that the average
seasonal course of the level in the coastal Baltic is most accurately described by
the superposition of not two (Sa and Ssa), but four harmonics: annual (Sa), semi-
annual (Ssa), terannual (Sta) and quarter-annual Sqa.
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2. For a more accurate assessment of the seasonal sea level fluctuation non-
stationarity using a moving harmonic analysis, it is necessary to use the series of
daily mean rather than monthly sea level values.

3. The results of the stationary harmonic analysis of the series of mean daily
values of tide gauge data at 26 stations of the Baltic Sea showed an increase in
the average amplitude of the components of seasonal Sa, Ssa, Sta and Sga sea level
fluctuations in the past half century compared to the previous decades.

4. Average Sa harmonic amplitudes in 1971-2020 vary from 6.5 cm in
the southwest of the Baltic Sea to 14.5 cm in the very north of the Gulf of Bothnia.
The second largest Ssa harmonic has average amplitudes from 3 ¢cm in the north of
the Kattegat Strait up to 6.25 cm in the northeast of the Gulf of Finland.
The average amplitudes of the terannual (Sta) and quarterannual (Sga) harmonics
are much less than the amplitudes of Sa and Ssa harmonics and vary from 0.83—
0.84 cm in the north of the Kattegat Strait (Gothenburg station) to the maximum
values of 2.55-2.57 cm in the east of the Gulf of Finland.

5. The moving harmonic analysis results show a significant non-stationarity of
all four components of seasonal fluctuations with a pronounced amplitude
modulation. The annual Sa component has a modulation period of approximately
20 years. For Ssa, Sta and Sga components, the modulation period varies from
approximately 2 to 10 years.

6. The interannual changes in the amplitude of Sa harmonic in different areas
of the Baltic Sea are well interconnected and have significant negative trends in
1971-2020.

7. The estimation of the nonstationarity of Sa harmonic at Stockholm station,
carried out based on the moving harmonic analysis of a longer series of mean daily
sea level values in 1889-2020, demonstrates an insignificant positive trend, against
which the multidirectional trends in changes of Sa harmonic amplitude are
observed. The most significant increase in the amplitude of annual sea level
fluctuations was noted in periods from the 1900s until the end of the 1920s and
from the 1940s until the early 1980s. From the beginning of the 1920s until
the early 1940s and from the early 1980s to date, there has been a significant
decrease in the amplitude of annual fluctuations, when in some years the amplitude
values decreased to 1.5-4.0 cm.

8. It is shown that the main reason for the significant decrease in
the amplitudes of annual fluctuations in the Baltic Sea level observed in the past
half century is the decrease in the amplitudes of annual fluctuations of wind and, to
a lesser extent, atmospheric pressure.
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