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Abstract: The paper examines annual extreme sea levels along the Polish Baltic coast. The analysis
is based on water level data sets collected at gauging stations in Swinoujscie, Kotobrzeg, Ustka, and
Gdansk in the years 1946-2001. The article also draws upon historical data. The results of the study
show that differences between the maximum and minimum levels have increased, particularly during
the last 50 years. Sea level amplitudes tend to be wider in the western part of the Baltic coast than in the
eastern part. Extreme sea levels occur in the autumn and winter months.
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INTRODUCTION

Analysis of extreme sea levels requires the
identification and comparison of the highest and
lowest levels recorded in a multi-annual period,
in a year, a month, or during a storm event. Obvi-
ously, the most important data pertain to sea lev-
el fluctuations throughout a multi-annual period.
This work addresses sea level fluctuations in the
period 1946-2001, as recorded at the following
four stations on the Polish coast: Swinoujscie,
Kotobrzeg, Ustka, and Gdansk. In addition, his-
torical data on the annual maximum and mini-
mum sea levels in Swinoujscie (1901-2001) and
Gdansk (1889-2001) is also drawn upon. More-
over, the analysis utilises the absolute maximum
and minimum levels at 9 selected stations from
when sea level gauging began, as well as of data
taken from the relevant literature.

Analysis of the frequency of extreme events
can provide the necessary data for the establish-

ment of warning systems and varying levels of
alarm that can be used by services responsible
for, say, flood control, coastal protection, and
navigation safety. Fig.1 shows the current major
gauging stations recording water levels along the
Polish coastline of the Baltic Sea, in the coastal
lagoons, and in river mouths. Figs. 2 and 3 illus-
trate storm-induced damage on the Polish coast.

EXTREME SEA LEVELS
IN A MULTI-YEAR PERIOD

Absolute maximum and minimum sea lev-
els, recorded by gauges and mareographs at the
stations since the beginning of recording opera-
tions and retrieved from the literature (Cyber-
ski and Wroblewski 1999; Dziadziuszko 1992;
Majewski 1986; Majewski and Dziadziusz-
ko 1985; Majewski et al. 1983; Sztobryn and
Stigge 2005; Wroblewski 1975, 1982, 1992)
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Figure 1. Gauges on the Polish Coast.

Figure 2. Damage to fishery installations in the vi-
cinity of Migdzyzdroje during the storm surge on
3 and 4 November 1995.
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Figure 3. A beach damaged during the storm surge
on 3-4 November 1995.

are summarised in Table 1. Noteworthy are the
wider amplitudes between the extreme levels
in the western part of the coast (Swinoujscie,
Kotobrzeg) compared to those in the eastern
part (Gdynia, Hel). Fig. 4 shows the historical
maximum and minimum sea levels, their am-
plitudes being presented in Fig. 5. The graph in
Fig. 6, based on a continuous series of data for
the period 1946-2001 from 4 major sea ports,
supports the pattern indicated above.

Annual maximum and minimum sea
levels recorded in Swinoujscie in the period
1901-2005 and in Gdansk in the period 1886-
2001 are shown in Figs. 7 and 8 respectively.
The Swinoujs$cie data series shows a tenden-
cy towards an increase in the annual maxi-
mum sea levels (y = 0.128 x + 588.08; R?
= (0.0242) and towards a small reduction in
the minimum levels (y = -0.0467 x + 419.66;
R? = 0.0083); i.e., towards an increase in
the amplitude. The Gdansk data indicate an
increase in the annual maximum levels (y
=0.2026 x + 574.37; R* = 0.0847) and an
increase in the annual minimum levels (y =
0.1464 x +432.35; R2=0.1168).

Another characteristic of multi-annual
series of extreme sea levels is their frequency
distribution; this makes it possible to deter-
mine the distribution of probability of their
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Table 1 Extreme sea levels [cm] along the Polish coast
. Date of L. Date of .
gauge maximum minimum amplitude
occurrence occurrence
Swinoujécie 696 10 Feb. 1874 366 18 Oct. 1967 330
Kotlobrzeg 716 9/10 Feb. 1874 370 4 Nov. 1979 346
Dartowo 659 9 Jan. 1914 393 10 Feb. 1897 266
Ustka 668 5 Dec. 1883 396 10 Feb. 1897 272
Leba 668 15 Dec. 1893 403 31 Dec. 1890 265
25 Feb. 1954, 4
Wiadystawowo 638 Jan. 1992 415 223
Feb. 1960

Hel 620 19 Jan. 1983 405 Jan. 1904 215
Gdynia 626 19 Jan. 1983 414 Feb. 1937 212
Gdansk - Nowy Port 664 16 Dec. 1843 395 20 Jan. 1887 269
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Figure 4. Historical extreme sea levels.
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Figure 5. Amplitudes of extreme sea levels along the Polish coast in different periods.
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Figure 6. Trends in the change of amplitudes of extreme sea levels along the Polish coast.
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Figure 7. Annual maximum and minimum sea levels in Swinoujscie and their trends.
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Figure 8. Annual maximum and minimum sea levels in Gdansk and their trends.



Extreme Water Level Fluctuations along the Polish Coast

103

.
. L s e
b |
& RELORETEG L —— il e el i
= L
247 -
_ L]
i s L
u L 3
& T
=il T
+r T
4 =
Lt L8
i ]
55
LT
Bl
1] 11} W I i [4] il [
43 T L]
K 1
A8F 4 "
455 1 o
" K DLCTRET FLG -2
- \\\ F
R | -
B
113
o -
| -
1 -
Ay =
i
= Ii. —— i [
o e PR SIT R I T
i f
15 -
[ 1] ¥l i (] m L] (L] [1L]

Figure 9. Frequency and the cumulative distribution function of annual maximum and minimum sea lev-

els in Kotobrzeg.

occurrence. The frequency distribution of
maximum and minimum sea levels in the
period 1867-2001 in Kotobrzeg is shown in
Fig. 9. The most frequent among the maxi-
mum sea levels was 590 cm (90 cm above
the mean level), and 435 cm (65 cm below
the minimum level) being the most frequent
among the minimum levels. During the pe-
riod 1867-2001, the maximum level > 650

cm occurred with an average frequency of 10
years, the minimum level of < 400 cm oc-
curred with a similar frequency.

An examination of the temporal distri-
bution of changes in sea levels shows their
extremes to occur during autumn-winter,
from October through to March (Cyberski
and Wroblewski 1999; Dziadziuszko 1992;
Dziadziuszko and Jednorat 1996; Majew-
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Figure 10. Characteristic seasonal sea levels in a) Swinoujscie, b) Kotobrzeg, ¢) Ustka, d) Gdansk.

Figure 11. The route of the storm low-pressure system centre for the period 13 January, 00 UTC to 14

January, 12 UTC, 1993.

ski 1986; Majewski and Dziadziuszko 1985;
Majewski et al. 1983; Sztobryn and Stigge
2005; Wisniewski 2003, Wisniewski et al.
2005; Wroblewski 1975, 1982, 1992). Fig.
10 presents data on characteristic — maxi-
mum (WWW) and minimum (NNW) — sea

levels in different months of the period 1946-
2001 at four selected stations (Swinoujscie,
Kotobrzeg, Ustka, Gdansk). The respec-
tive mean values (SWW and SNW) and the
monthly mean (SSW) are given as well.
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Figure 13. Sea level changes along the Polish coast of the Baltic Sea for the period of 13 January, 18:00

to 15 January, 18:00, 1993.

AN EXAMPLE OF A STORM SURGE
EFFECT ON THE SEA LEVEL
RISE AND FALL

An extreme sea level event is related to
atmospheric dynamics, particularly to the
passage of intense low pressure systems over
the Baltic. Such occasions may be marked
by high storm surges that can ensue within
a few hours. An example of an event of this
type is the storm of 13-15 January 1993 doc-
umented in the Baltic Sea.

The route of the atmospheric low is de-
picted in Fig. 11; Fig. 12 shows air pressure
distribution, while the associated sea level
changes along the Polish coast are illustrated
in Fig. 13. An explanation of storm surge-
related changes in sea levels always invokes

the actual water volume of the Baltic, wind
velocity and direction, duration of the wind
field, and sea level deformation by the pre-
vailing pressure system (Wisniewski 2003;
Wisniewski and Kowalewska-Kalkowska
2001, Wisniewski et al. 2005). As with the
case of tropical cyclones, one may analyse
sea level deformation caused by a fast mov-
ing concentric low with its positive and
negative phase (the so-called baric wave).
The selected example of 14 January 1993
shows a movement of the positive phase of
the baric wave from the western part of the
Polish coast (Swinoujscie) to the eastern part
(Gdansk, Puck); the movement followed the
trajectory of the concentric atmospheric low.
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CONCLUSIONS

1. Sea level amplitude (the difference be-
tween the maximum and minimum levels)
was found to have increased, particularly
during the last 50 years.

2. Sea level amplitudes tend to be wider in
the western part of the Baltic coast than in
the eastern part.

3. Extreme sea levels occur in the autumn
and winter months.

4. The factors responsible for the occurrence
of extreme sea levels include:

e changes in the air pressure at the sea
surface during the passage of a low
pressure system; they generate a sea
surface deformation, the so-called bar-
ic wave, with its positive phase inside
the low and its negative phases outside
it; those changes vary within £1.5m;

e wind forcing, dependent on wind
velocity, duration, and direction; sea
level fluctuations produced vary with-
in £0.8m.

e the present water volume of the Bal-
tic Sea; prolonged stationary weather
systems over the Baltic induce vol-
ume changes and may cause £0.5 m
changes in the water level.

5. Although these factors act simultane-
ously, their effects may be additive, i.e.,
the net result is an increase or a decrease
of the sea level on the coast; or they may
be non-additive, e.g., one factor produces
a sea level increase, while the action of
the other results in a decrease.

6. The rate of sea level fluctuations may vary
within £0.6 m per hour; however, fluctua-
tions recorded on a per minute basis may
be faster, and is accounted for mainly by
the baric wave.
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