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Purpose. The aim of the paper is to identify possible trends in the wave climate dynamics in
the Baltic Sea, and to analyze statistical significance of the coefficients of these trends based on
the results of their numerical modeling for 1979-2018.

Methods and Results. The simulations for 1979-2018 (40 years) were carried out on an irregular grid
using the MIKE 21 SW spectral wave model. The wind forcing was preset according to the ERA-
Interim reanalysis data. The model was calibrated and validated against the data of wave buoys
located in the northern and southern parts of the Baltic Sea. Based on the calibrated model, the wind
wave parameters were calculated for the whole Baltic Sea area from 1979 to 2018 with the interval
1 hour. These parameters became the initial data for estimating temporal variability of the wind wave
heights in the Baltic Sea for 40 years. The simulation results obtained on the irregular grid were
interpolated to the regular one. It permitted to construct the maps of distribution of the maximum and
average (for the 40-year period) significant wave heights in the Baltic Sea. The time trends for
the average annual significant wave height values were revealed, and statistical significance of
the coefficients of these trends was estimated.

Conclusions. The average annual values of the significant wave heights over almost the whole Baltic Sea
area for 1979-2018 (40 years) tend to decrease with the rate not exceeding 2-3 cm (~2-3 %) per 10
years. The highest rate reduction is observed in the southeastern part of the Baltic Sea, the lowest — in
the Gulf of Bothnia and the Gulf of Finland. Interannual variability of the average annual significant
wave heights and the changes along the trend during the entire 40-years period are of the same order.
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Introduction
The most complete information in Russian about the wind and wave regime in
the Baltic Sea is provided by the Russian Maritime Register of Shipping®.
The present article describes the calculation methodology and also provides
extreme and operational statistical characteristics of wind and waves for different
sea areas. The temporal variability of the wind wave height is not considered in it.

1 Russian Maritime Register of Shipping, 2006. [Reference Data on the Wind and Wave Regime of
the Baltic, North, Black, Azov and Mediterranean Seas]. Saint Petersburg: Russian Maritime Register of
Shipping, 452 p. Available at: https://meganorm.ru/Data2/1/4293747/4293747775.pdf [Accessed: 06 July
2020] (in Russian).
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The work [1] is based on the analysis of field data, measurements of the wave
parameters by anchored wave buoys installed in different parts of the Baltic Sea.
According to this data, the authors conclude that there is a positive trend of
the average annual significant wave height (the average value of the height for 1/3
of the highest waves in the wave spectrum) in the northeastern part of the Central
Baltic. It should be noted that the period considered in this work (16 years — from
1979 to 1995) is relatively short for climatic trends assessment. In addition, since
measurement buoys are installed only in a few areas of the Baltic Sea, their data
interpolation does not give a reliable result for the entire sea.

The majority of works of recent years [2-5], the wave climate (change
trends, spatial and temporal variability, etc.) analyzed in throughout the Baltic
Sea, the method of mathematical modeling is used. As the atmospheric forcing,
atmospheric reanalysis data (hereinafter referred to as reanalysis), i.e., data on
the wind characteristics over the Baltic Sea at the nodes of a regular (by
geographic coordinates) grid, reconstructed over the historical period using
various atmospheric models, is applied. The approach using numerical modeling
permits to use calibrated and validated (according to wave buoy data) mathematical
models (for example, [2]) to get an idea of the wave climate of the entire sea, about
the average and extreme characteristics of the wave climate [4].

Model analysis of the temporal variability of the parameters of wind waves in
the Baltic Sea was carried out in the works of T. Soomere and A. Rdamet [5, 6], in
which specific numerical values of the coefficients of temporal trends are given.
The calculations were carried out using the WAM model, geostrophic wind was used
as the atmospheric forcing. The work [5] indicates a notable decrease in the average
annual values of a significant wave height after 1995.

The work [3] shows the research of the wind waves in the Baltic for 1948—
2010 (63 years) according to the results of calculations in the SWAN model under
the surface wind influence, obtained from the NCEP/NCAR reanalysis data.
The analysis showed a positive time trend in the number of storm situations leading
to the appearance of waves with a significant height of more than 2 m, as well as an
increase in the average annual significant wave height for these storm situations
(from 2.9 to 3.1 m according to the trend). Against the background of the revealed
positive trend, significant interannual variability of the average annual significant
wave height (from 2.4 to 3.3 m) was noted, including a decrease in the values of
this magnitude for the entire sea after 1990. In addition, a discrepancy between
the trends of the decadal variability of these values in different regions of the Baltic
Sea is noted in this article.

The present study is aimed to analyze possible trends in the dynamics of
the wave climate in the Baltic Sea and their statistical significance based on
the numerical modeling results (taking into account ice cover) for 1979-2018
(40 years). The ice cover can remain from 1 to 3 months on 80-100 % of the Gulf
of Bothnia, 70% of the Gulf of Finland and even 40% of the northern part of
the Central Baltic [7, p. 320-329]. In contrast to [3], the ERA-Interim reanalysis
data is used as the atmospheric forcing in the present work. To take into account
the difference in the variability of wave characteristics in various areas of the sea,
an approach based on the analysis of characteristic points is applied [8].
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Numerical model and its implementation
The MIKE 21 SW [9] spectral wave model of the Danish Hydraulic Institute
(DHI) was used to obtain a data array of wind wave parameters. The calculation is
based on solving the balance equation for the wave action density
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where 0 is the direction of wave propagation; w is the circular frequency; c,,c,,C,

and c, are propagation velocities of wave group.

According to equation (1), variation of the density of the wave action in
the control volume (depending on time, advection in geographic space, relative
frequency shift due to changes in depth and currents, refraction and diffraction) is
balanced by the source function S, which, according to equation (2), is
a superposition of the following functions

S = Sin + Sni + Sds + Spot + Ssurf, (2)

where Si» — wind action leading to appearance of waves; Sy is the wave energy
redistribution as a result of nonlinear wave interactions; Sgs, Skot, Ssurf IS the wave
energy dissipation due to whitecapping, bottom friction and depth-induced
breaking, respectively.
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F i g. 1. Bathymetric map of the Baltic Sea and computational grid. Positions of the wave buoys
(Directional Waverider) used for calibration are noted, their characteristics are cited
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The calculation is carried out by the finite element method on an irregular grid.
The computational domain is shown in Fig. 1. Typical length of a grid element side
is 6-10 km, and the minimum one (in the coastal areas of the Southeastern Baltic)
is 2-3 km. The element size selection has two objectives. On the one hand,
the element is obtained smaller than that of typical reanalysis systems, and,
therefore, the spatial resolution is higher (especially for coastal waters).
On the other hand, a sufficiently large side length of a grid element permits to
increase the time step to a value, which no problems with the stability of
the computational process arise at, and to reduce the computation time.

As shown by preliminary calculations, the parameters of the spectral
discretization of the model significantly affect the computation time. For directional
sampling, it is optimal to divide the circle into 24 sectors of 15 degrees. Frequency
sampling covered the range from 0.05 Hz (wave period of 20 s, typical only for
very long swell waves, which are extremely rare in the Baltic Sea) to 0.5 Hz (wave
period of 2 s, typical for incipient wind waves).

Boundary conditions

The entire computational domain shown in Fig. 1, was considered a closed
reservoir, i.e. the model had no open boundaries.

Since the present study was aimed to analyze the parameters of wind waves in
the climatic period of time, it was necessary to find the same type of wind data for
the Baltic Sea for a sufficiently long time interval. In this capacity, the ERA-
Interim global reanalysis data of the European Center for Medium-Range
Forecasts, which are freely available, were selected?. The values of the wind speed
components at an altitude of 10 m above sea level and the current ice situation data
were extracted from the reanalysis data array. The calculation of the waves was
carried out in case when the ice-free sea surface area in the current section
was more than 66% (recommended value for MIKE 21 SW). The latitude and
longitude resolution of the extracted data was 1 degree. The ERA-Interim time step
is 6 hours.

Calibration and validation
The DHI MIKE 21 SW model was widely used by the authors in previous
studies [10, 11]. The main calibration parameter of the model is Cgys (the wave

energy dissipation coefficient as a result of the whitecapping). Its value may
depend both on the wind speed and direction, the location and, possibly,
the characteristics of the wave buoy, the measurement data of which is used for
calibration. In the present work, the calibration was carried out using data from
wave buoys for July 2015 (Fig. 1). Fig. 2 shows the dependence of the significant
wave height on time according to the wave buoy 1 measurements (NBP station)
and the calculation results for the parameter values equal to 1, 3, and 5. Fig. 3 gives
the same dependences for wave buoy 2 (Arkona station). It can be seen that equal
Cqis t0 1 gives slightly overestimated results, andCy, equal to 5 — slightly

underestimated ones.

2 ECMWEF. ERA-Interim. 2020. [online] Available at:
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim [Accessed: 05 June 2020].
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F i g. 3. Dependencies of a significant wave height upon time (1-31 July, 2015) at the location of
buoy 2 (st. Arkona) based on the field data and simulation results

For more accurate assessment the optimal choice of the calibration parameter
Cgis» the comparison of the calculated and natural significant wave heights was
carried out using the following statistical characteristics (Table 1):

— BIAS, m (the difference between the average significant wave height over

the entire observation period and a similar calculated value),

— RMSE, m (root mean square error),

— R, dimensionless quantity (the Pearson correlation coefficient).

The model was validated based on data for January 2015 (Table 2). According
to its results, for further calculations, it was decided to use the calibration
parameter value Cy, equal to 3 as it gives the most reliable values of the wave

parameters.
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Table 1

Values of statistical parameters of waves for buoys 1, 2 and 4 (July, 2015)

Cuis Buoy 1 Buoy 2 Buoy 4
BIASm [|RMSEm| R [BIASm[RMSEm]| R |BIAS, m [RMSE,m| R

1.0 -0.31 0349 092 -025 0440 09 —0.21 0.287  0.94
15 -0.21 0273 092 -017 0354 09 -0.15 0237  0.94
2.0 -0.13 0225 092 -011 0304 09 —0.10 0.206  0.94
2.5 -0.07 0198 092 -0.06 0276 096 —0.06 0.188  0.94
3.0 -0.02 0.187 092 -002 0265 09  —0.03 0.181  0.94
3.5 0.02 0188 092 002 0264 096 0.00 0.181  0.94
4.0 0.06 0198 092 005 0270 096 0.03 0.186  0.94
45 0.09 0214 092 008 0281 096 0.05 0.195  0.94
5.0 0.12 0233 092 011 0295 096 0.08 0.207  0.94

N ot e : the best values are in bold.

Table 2
Values of statistical parameters of waves for buoys 1, 2 and 3 (January, 2015)
Buoy 1 Buoy 2 Buoy 3

Cis BIAS, m ‘ RMSE, m ‘ R BIAS, m ‘ RMSE, m ‘ R | BIAS, m ‘ RMSE, m ‘ R
1.0 -0.44 0.666 0.95 -0.38 0.655 094 -0.36 0.606 0.94
15 -0.23 0.491 0.95 -0.24 0518 094 -0.23 0.469 0.94
2.0 -0.07 0.394 0.95 -0.14 0430 094 -0.14 0.379 0.94
2.5 0.05 0.360 0.95 -0.05 0.374 094 -0.06 0.32 0.94
3.0 0.16 0.374 0.95 0.02 0.343  0.94 0.01 0.286 0.94
35 0.25 0.414 0.95 0.08 0.331 0.94 0.06 0.272 0.94
4.0 0.33 0.465 0.95 0.13 0336 0.94 0.12 0.275 0.94
4.5 0.40 0.521 0.95 0.19 0352 0.94 0.16 0.291 0.94
5.0 0.46 0.576 0.95 0.23 0376 0.94 0.21 0.314 0.94

N o t e : the best values are in bold.

Results and discussion

The calibrated model was used to calculate the parameters of wind waves for
the entire Baltic Sea for 1979-2018 with 1-hour interval, which served as the initial
data for assessing their temporal variability over 40 years. For the further
processing convenience, the spatio-temporal distributions of wave parameters
obtained on an irregular grid were brought to a regular grid with a cell size of
approximately 21 x 21 km. The resulting regular grid had 60 cells in
the longitudinal direction and 65 — in the latitudinal direction.

The distribution of the significant wave heights maxima obtained as a result of
statistical processing for the considered period 1979-2018 (40 years old) is shown
in the inset (Fig. 4, a). This representation is not one-time, but integral — each cell
in this figure reflects the maximum significant wave height recorded at a certain
moment over 40 years in this cell. The maximum waves are shown to be confined
to the water area around Gotland Island in the Central Baltic, Bornholm Island and
the Gdansk basin center.
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Fig. 4. Significant wave heights: a — maximum values recorded over 40 years; b — 40-year averaged
values (1-10 — control cells)

40 year-averaged significant wave heights obtained as a result of calculations,
are shown in Fig. 4, b. It can be seen that the maximum values of this parameter
are observed in the Central Baltic at a considerable distance from the coast.
The region of maximum values is shifted from the longitudinal axis of the sea by
about 50-100 km towards the eastern coast and corresponds to the largest fetches
for the dominant westerly and southwestern winds.

Time series analysis

The control cells which the time series were extracted from for the significant
wave heights averaged over the calendar year to analyze the trends in the wind
wave heights variability are numbered in Fig. 4, b (from 1 to 10). Most of
the selected control cells correspond to those regions in which the maximum
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significant wave height over 40 years under study were recorded. Control cells 1
and 3-9 were selected as there were cases where the calculated values of
significant wave heights exceeded 8 m. In control cells 2 and 10, the calculations
did not show such high waves, nevertheless, these cells were added to the study for
the better coverage of the Baltic Sea.

The area represented by control cell 5 is characterized by the maximum
average significant wave height in it over the entire Baltic Sea for the entire
considered period (Fig. 4). Linear regression calculation [12, 13] using the least
squares method (linear regression coefficients and their errors at a 90% confidence
level) shows a negative trend to be revealed in this control cell: a decrease in
the average annual significant wave height is (2.3 + 7.5)-10° m/year, and the true
regression line is (with 90% probability) within the confidence limits bounded by
dashed lines in Fig. 5.
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Fig. 5. Time series for annual average significant wave height in cell 5 (see Fig. 4), trend line (bold
dotted line) and its 90%-confidence limits (thin dotted line)

Time series analysis for all other control cells (Fig. 6) shows that negative
trends are also observed for these cells: the average annual significant wave heights
over the past 40 years have been decreasing at a speed that is maximum in
the Southeastern Baltic (control cells 5 and 6, see Fig. 4) and the minimum in
the Gulfs of Bothnia and Finland (control cells 1, 2 and 10, see Fig. 4). Speaking
about the statistical significance of the identified trends, it should be noted that in
all the cases considered, the error in estimating their coefficients at 90% confidence
level exceeds the values found. Thus, no statistically significant trends were
revealed in the studied time interval, although a tendency towards a decrease in
the intensity of the waves is traced.
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Fig. 6. Time series of annual average significant wave height in control cells 1-10 (see Fig. 4) and
their linear trends. Confidence level is 90%

It is of interest to compare the interannual variability of the annual average
significant wave height with its changes along the entire period trend (i.e., with
the difference between the extreme values of the trend line). The results of this
comparison are shown in Table 3. For example, for cell 5, the decrease in
the average annual significant wave height in accordance with the revealed trend is
~0.09 m over 40 years. At the same time, the average interannual variability of this
parameter, observed over 40 years, is characterized by an average value of 0.1 m,
and a maximum of 0.26 m. It can be seen that the average values of interannual
variability and trend changes over 40 years have the same order of magnitude in all
control cells, except for the 1% (northern part of the Bothnian Sea), where the trend
is the weakest. The fact that the interannual variability of the annual average
significant wave height and changes along the trend for the entire period are
numbers of the same order of magnitude, testifies to the conclusion that the trend
exists.
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Table 3

Interannual variability of the annual average significant wave height
and its trend change (absolute values)

Interannual variability, 102 m Trend change for 40 years,
Cell - 2
Average | Maximum 102 m
1 6 17 0.4
2 7 20 4.4
3 8 27 7.2
4 9 27 6.4
5 10 26 9.2
6 10 28 11.0
7 8 24 6.4
8 6 16 6.0
9 6 17 6.4
10 5 22 2.8
Mean value 7 22 6,0
10
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Fig. 7. Maximum and average annual values of significant wave heights for cell 5 (see Fig. 4)

As for the maximum annual significant wave heights, there is no need to talk
about any trends: the spread is very large from year to year. A typical time series
(for control cell 5, see Fig. 4) is shown in Fig. 7. For comparison, a time series of
the average significant wave heights is also presented. Calculation of the linear
trend of the maximum values gives (—1.5+128.0)-10° m/year. Although for
average values of significant wave heights the trend coefficient error exceeds
the trend coefficient value ((—2.3 + 7.5)-103m / year), it coincides with it in order
of magnitude, then for the maximum values the trend coefficient error is two orders
of magnitude greater than the coefficient itself.

Tendency for the waves weakening for the entire Baltic Sea is confirmed by
comparing the significant height and power of the waves for the first and last
decades of the 40-year period under consideration. The comparison was carried out
as follows: the fields of the average significant wave height and wave power for
1979-1988 and 2009-2018 were calculated. Their difference (values for the last
decade minus values for the first decade) is shown in Fig. 8. Increase (extremely
insignificant) in height and power of waves is observed only in the northern parts
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of the Bothnian Sea and the Gulf of Bothnia. In the rest of the water area,
a decrease in the average annual values of these parameters is monitored. It is
the most noticeable in the Southeastern Baltic.

Change in | Change in
Signiﬁcant wave wave power,
height, m 1 kW/m
Il Above 0.018 o Above 0.21
I 0012- 0018 a = 0.14- 0.21 b
I 0006- 0012 [0 007- 014
[ 0.000- 0.006 0.00- 0.07
-0.006 - 0.000 [ -007- 000
[ -0.012--0.008 [ -014--007
[ -0.018--0.012 B 0.21--0.14
I -0.024--0.018 I 028--021
I -0.030 - -0.024 B 035--028
I -0.036 - -0.030 B 042--035
Il -0.042--0.036 Bl -0.49--042
Bl -0.048 --0.042 Bl 054--049
Il 0054 --0.048 Il 063--054
Il -0.060 - -0.054 Il 070--063
Il -0.066 - -0.060 Bl 077--070
Il Below -0.068 Il Below -0.77 \

F i g. 8. Differences between the significant wave height (a) and wave power (b) average values in
the last (2009-2018) and the first (1979-1988) decades of the time interval under study

Conclusions

The average annual significant wave heights in almost the entire Baltic Sea
area over the past 40 years have a tendency to decrease with the rate not exceeding
2-3 mm per year or ~0.2-0.3 % per year. The highest decrease rate is observed in
the Southeastern Baltic, the lowest — in the Bothnian Sea, Gulf of Bothnia and Gulf
of Finland. The interannual variability of the annual average significant wave
height and its trend changes over the entire 40-year period are of the same order of
magnitude.
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