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Abstract

The work presents the results of studies on hydicéd and meteorological determination of water
level fluctuations in the Odra Estuary. Firstlyrdvdas been found the evident continuous increase
of average water level at the gawwinoujscie from the beginning of observational series ()81
due to eustatic changes and gradual land decrea$@xg the study revealed that seasonal fluctua-
tions of sea level are determined by the quanfityea basin filling which is dependent on circula-
tion conditions. Then examined storm surges (19836)] emphasised the important role of sea
surface distortion caused by the dynamical moveroémow-pressure system. Finally there was
found that circulation conditions modify relatiobgtween water discharge of the Lower Odra
River and water level differences data as measuréltkacoastal stations of the Szczecin Lagoon
and theSwina Strait. Especially during the Odra floodingeets there were found statistically
significant relations between them.

Key words: water level fluctuations, the Odra Estuary, diation conditions, water
discharge of the River Odra

INTRODUCTION

Water level fluctuations present an important gegsjal, oceanographical and cli-
matological problem. They have a significant impawtthe changes of water depth
and on the location of characteristic elementsoafstal zone, which cause the ero-
sion of seashore and the movement of coastlinetirddand. As a consequence the
ecological changes, the disturbance of work in tiard and a danger of human exis-
tence can take place. Hence hydrological and mategical determination of water
level fluctuations is worth studying by all means.

In the Pomeranian Bay a great variability of wdtarel fluctuations is ob-
served. It is a result of interactions betweenedéht types of periodical and non-
periodical fluctuations. Among periodical ones &Bg-term, annual, semi-annual
oscillations as well as tides and seiches. Amongperiodical ones are storm surges
and decreases of water level caused by wind amigelsaof atmospheric pressure as
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well as fluctuations caused by irregular amountiwér input during the year. Some
water level fluctuations are the result of annualcjpitation and evaporation distri-
butions as well as water density (Dziadziuszko #athorat 1987, Kaichowski and
Boryczka 1997, Majewski 1974, Robakiewicz 1993sméwski 1978).

In the Szczecin Lagoon variability of water levkictuations is significantly
smaller and is the result of water level fluctuation the Pomeranian Bay as well as
wind conditions over them. Water level increasethin Szczecin Lagoon caused by
brackish and river water inputs amount to 50-80%hef increase of water level in
the Pomeranian Bay and occur with a lag in relatmmlynamic changes of water
level in the Pomeranian Bay. In tSsvina, Dziwna and Piana Straits water level
fluctuations depend on water level fluctuations mhain the Pomeranian Bay, to
a lesser extent in the Szczecin Lagoon (Buchho®)18uchholzat al. 1990, Ma-
jewski 1980, Robakiewicz 1993).

The work presents the results of studies on hydicé and meteorological
determination of water level fluctuations in ther®dEstuary. First long-term vari-
ability of water level fluctuations at the gaug@inoujscie was studied. The station
is in possession of the longest series of wategl lelevation data in the Baltic area
(since 1811). The statistical compilation was penfed and trend analyses were
applied. Then seasonal and short-term variabilityvater level fluctuations in the
Odra Estuary were studied. Air circulation and wamhditions were taken into con-
sideration in order to find meteorological deteration of water level fluctuations at
the gaugeSwinoujscie. Finally water discharge of the Lower Odra Rie¢ Goz-
dowice was taken into analysis in order to find ieyohical influence on water level
difference data as measured at Trzibigarsibor andSwinoujscie gauges. As high
water discharge of the Odra has an effect on watels in the Odra Estuary the
Odra flooding events in the years 1970-1982 waudistl (Buchholz 1991). Cross-
correlation, simple and multiple regression anaysere performed. The data were
taken from published sources and from InstituteMeafteorology and Water Man-
agement in Gdynia.

RESULTSAND DISCUSSION
Long-term variability of water level

There has been evident continuous increase of geevater level at the gau§evi-
nougcie from the beginning of observational series tueustatic changes (the gen-
eral positive balance of world ocean waters) ad aglto the gradual land decreas-
ing. The computed trend came to 0.045 cm a yeahfoperiod 1811-1990 (Fig. 1).
The value is a little different than that computeyl Dziadziuszko and Jednorat
(1987) which was 0.07 cm a year. In recent a femedoyears the tendency of sea
level increase has intensifiedSainoujscie. For the period 1949-1990 the computed
trend rose up to 0.07 cm a year. For comparisothmiperiod 1951-1985 the calcu-
lated trend by Dziadziuszko and Jednorat (1987).1t cm a year. Our analysis
revealed also that the maximum water level valoss significantly (0.27 cm a year)
and the minimum water level values deepened coraitle as well (- 0.17 cm a
year). It seems to certify clearly about the inseeaf fluctuations of sea level during
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the year as well as about the increase of the ferg-variability of sea level (Fig. 2).
Probably the great variability of sea level is @by the increase of climatiari-
ability in the recent semi-century. However it ddme excluded that the increase rate
of sea level increase at the ga$génouijicie, apart from the eustatic increase of the
average ocean level, is the tendency of verticalians of the earth’s crust with
negative sign. So the decrease of banks in theatlgame was found.
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Fig. 1. The average trend of water level at thegg&winoujscie (1811-1990)
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Fig. 2. Maximum (A), average (B) and minimum (C)terdevel trends at the gauge
Swinoujscie (1949-1990)

Seasonal variability of water level

Seasonal changes of sea level can be defined aswager level changes during the
year. They cause filling of a reservoir. At the ga$winoujscie the minimum of
water level is observed between March to May, wthike maximum - between July
to September. The secondary minimum in November sambndary maximum in
December are recorded as well. Such distributiorseE#sonal changes is caused
originally by annual and semi-annual oscillatiomsmected with radiation changes
of the Sun as well as annual and semi-annual soldriunar tide. The atmospheric
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circulation is under dominating influence of thenStadiation. Hence the annual
rhythm of sea level changes is also affected bySilne radiation. The magnitude of
semi-annual solar tide can be described accorditiget equation of I.W. Maksimov:

AH_ =53.2(1-3sin’ ¢) cos2h

where: AHs is an amplitude of sea level fluctuations due dmisannual solar tide
wave in mm,h - the average Sun lengtlp,- the latitude. The maximum &fHs is
recorded in January and July and the minimumild{ is observed in April and Oc-
tober.

Directly water level changes &winoujsicie are determined by the quantity of
sea basin filling which is dependent on the kind tre direction of air circulation as
well as wind systems. During the periods of thecagulation coming from west due
to inflows from the North Sea the increase of watdic volume of the Baltic Sea as
well as sea level &winoujscie were to be found. Such situations happen esiheci
during periods of autumn winds with the strong wastcomponent. During the peri-
ods of the air circulation coming from east duetdflows from the Baltic Sea the
decrease of sea level is observed. Such situadtiamsen especially during periods of
spring winds with the strong eastern and northeastemponent. The results con-
firmed earlier studies by Dziadziuszko and Jedn@@87) and Majewski (1974).

M eteor ological deter mination of short-term variability of water level

Short-termchanges of sea level can be defined as water ¢évaglges detected in the
range of time between a dozen or so minutes tovadégy/s. Intermediate oscillations
between wind wavy motion and seasonal fluctuatiogl®ng to this group. Storm
surges are the most important among them. A stomgescan be defined as a dy-
namic increase of water level, above the warninglarm water level, caused by
storm winds and low-pressure systems on a seacsurBbmetimes they can cause
the flooding events. Storm surges, recorded inydars 1993-1995, confirmed their
complicated nature and emphasised the importamt oblsea surface distortion
caused by the dynamic movement of low-pressuresy§iViniewski 1997).

During the examined period of time there were rdedreight significant peri-
ods of storm surges. One kind of storm surges Wasrged on 124 of January 1993.
It surrendered clearly to the dynamic effect of Josessure system and created by it
so-called barotropic wave (Fig.3). The active Ipressure system, so-called
Junior”, with atmospheric fronts was moving ovéetNorth Sea, the Danish Straits
and finally over the Baltic Sea. The minimum presseached 976 hPa. During the
storm surge the sea surface distortion occurredalthee barotropic wave effect with
its positive and negative phase. The speed ofotheplessure system (about 115 km
an hour), that considerably affected the magnitfdeave dynamic component, was
an important factor. The sudden increase and deerefawater level up to 70 cm an
hour were the distinctive features of that stormgeuFig. 4). The storm lasted only
5 hours but caused heavy financial losses alongtitieh coast of the Baltic. It also
caused the catastrophe of the ferry ,Jan Heweliusz”
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January 1993 (from Dziadziuszko and Malicki 1993)
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Fig. 4. Sea level changes along Polish coast oB#tic Sea for the period
13" of January, six p.m. to I'%f January, six a.m., 1993
(from Dziadziuszko and Malicki, 1993)

Another kind of storm surges was recorded betwé®mo34" of November
1995. The increase and the decrease of sea lethe ghugewinoujscie lasted for
34 hours. The storm surge was connected with aensixte wind field over all the
Baltic Sea. The storm situation developed due tl-aexeloped high-pressure sys-
tem with the centre over the Norwegian Sea (presswre than 1030 hPa) and two
less-developed low-pressure systems (the minimuesspre of 990 hPa), which
moved south of the Scandinavian Peninsula withvéhecity of 45 km an hour. Due
to one-dimensional stream of air masses coming finthe southern and south-
western parts of the Baltic Sea were being fillpdar a long time. Along the Polish
coast of the Baltic an occluded front came. Herfzanges of wind directions fol-
lowed. Winds coming from NW, N and NE were recordedinly atSwinoujsicie
whereas winds coming from SE and then E were recbed other coastal stations.
When the wind direction over the Baltic Sea hadegalty changed from NE to ENE
and the wind speed had increased rapidly the iserefisea level in the Pomeranian
Bay took place. Further change of the wind directo N caused the increase of sea
level up to 689 cm, while the warning sea levelsen®ardly exceeded at the eastern
Polish coast. It was the biggest storm surge inpitéod 1995-1996 and caused the
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serious damage of the western Polish coast (24 tifie financial losses in that pe-
riod). 75% of all the length of the coast was dBgd. The cliffs and sand dunes
with the cubic volume of 871 775°mvere damaged. Dune berms were brought at
Miedzywodzie, Dziwnéw, Niechorze and Mizmo. The beaches were significantly
narrowed and decreased, sometimes they disappeatieely. The fishery landing
stages were destroyed and foundations of the ArBbéic Hotel at Mgdzyzdroje
were unbalanced.

Generally storm periods in the Baltic area causeeises as well as decreases
of sea level. Rapid decreases of sea level aneulifin forecasting of water reserve
under a keel of a ship during making port or pgtiut to sea.

Hydrological determination of short-term variability

During the Odra flooding events water dischargehef Lower Odra River has an
effect on shaping free surface of water in the 8aicz Lagoon as well as in the
Swina Strait. During three high water periods of ®eéra in the winter 1974-75 (19
October 1974 - 8 March 1975), the summer 197&udust - 250ctober 1977) and
the spring 1979 (2February - SJune 1979) statistically significant relations were
found. During the Odra flooding events in the sprit®79 as well as in the winter
1974-75, when the air circulation from the soutbteewas prevailing, the synchro-
nous relations between water discharge values aterevel differences data were
the closest. On the contrary during the high wpestod in the summer 1977, when
the air circulation from the north sector was pievg, the lag of maximum correla-
tion coefficient was 1-8 days. For instance, duriiigh water period in 1979 the
highly statistically significant coefficient of aalation,r = 0.803, was obtained as a
result of relating water discharge values of theveoOdra to water level differences
data as measured at Karsibor &winouijicie. In that case the equation of polyno-
mial regression explained almost 65% of all theesd§ig. 5).
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Fig. 5. The plot of water level differences as nueed at Karsib6r anfiwinoujscie
(observed and calculated from the equation of pmiyial regression) during the
Odra flooding event in the spring 1979
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CONCLUSIONS

1. There has been found the evident continuous inerebiaverage water level at
the gaugewinouijscie from the beginning of observational series (38For the
period 1811-1990 the computed trend came to 0.04% g/ear. For the period
1949-1990 the computed trend rose up to 0.07 creaa. yProbably the great
variability of sea level is caused by the increaelimatic variability in the re-
cent semi-century.

2. Seasonal fluctuations of sea level are determinethé quantity of sea basin
filling which is dependent on circulation conditerDuring the periods of the air
circulation coming from west (especially during ipds of autumn winds) the
increase of sea level Swinoujscie were to be found. During the periods of the
air circulation coming from east the decrease aflseel is observed (especially
during periods of spring winds).

3. Storm surges in the years 1993-1995 emphasiseiinfh@tant role of sea sur-
face distortion caused by the dynamical movemelawfpressure system. They
caused heavy financial losses along the Polisht adabke Baltic Sea and were
dangerous on sea. Rapid changes of sea level panisiems in maritime navi-
gation.

4. Circulation conditions modify relations between eratlischarge of the Lower
Odra River and water level differences data as oredsat the coastal stations of
the Szczecin Lagoon and tReina Strait, especially during periods of high wa-
ter of the Lower Odra River. The closest synchrenmlations between them
were found during the Odra flooding events withvarling air circulation from
the south sector. On the contrary when the aiukiton from the north sector
was prevailing, the lag of maximum correlation dimént was 1-8 days.
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ZMIENNOSC STANOW WODY W ESTUARIUM ODRY
Streszczenie

Praca przedstawia wyniki badaad hydrologicznymi i meteorologicznymi uwarun-
kowaniami zmienngi stanéw wody w estuarium Odry.

W Swinoujsciu od pocatku serii obserwacyjnej (1811) zaznacza sialy
wzrostsredniego poziomu morza. Wyznaczony trend za okB44-11990 ma wartd
0,045 cm rok W ostatnich kilkudziestiu latach wSwinouijsciu wyraznie nasility
si¢ tendencje podniesienia poziomu morza. Trend wyzmac dla okresu 1949-90
oskga warté¢ 0,07 cm roK. Jednoczénie zauwaa sk wyrazny wzrost waha rocz-
nych.

W Swinoujsciu minimalne roczne stany wody wystija wiosm - od marca do
maja, maksymalne gav mieshcach lipiec - wrzesie Réwniez zauwaane § ek-
strema drugorgine. Pierwota przyczyra takiego rozkladu zmian sezonowych
poziomu morza jest charakterystyka rocznej i p@ne§ oscylacji zwizanej ze
zmiam radiacji Staica oraz rocznym i pétrocznym ptywem stonecznym. @ézd-
nio na ksztattowanie sipoziomu morza véwinoujsciu ma wptyw wielkéé wypet-
nienia przez wog basenu morskiego zalea przede wszystkim od rodzajow cyrku-
lacji atmosferycznej i wygenerowanych przez nigey@w wiatrow.
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Zmiany wywotane warunkami sztormowymi podczas waztsztormowych
naleza do najwaniejszych zmian krétkookresowych. Rejestracja wazhw okresie
1993-95 potwierdza ich ztona natue oraz podkréla wazna role znieksztatcenia
powierzchni morza przez dynamicznie przemiesacyagic uktad obntonego -
nienia atmosferycznego. Okresy sztormowe powpdajéwno wezbrania poziomu
morza jak i jego obuenia powodujc ogromne straty na wybragi na morzu. Bar-
dzo szybki spadek poziomu wod meospowodowébrak rezerwy pod gpka statku.

Wielko$¢ przeptywu wody w Odrze jak i warunki cyrkulacyjngaja istotny
wptyw na uklad zwierciadla wody w Zalewie Szczegim. Zwlaszcza w okresach
wysokich przeptywéw wody w Odrze wielkd przeptywu determinuje uktad zwier-
ciadta wody w Zalewie Szczéskim, co potwierdzily istotne statystycznie zeki.
W czasie wezbra Odry w 1979 i na przetomie 1974-75, o przewadzekudgcji
potudniowej, najsilniejsze okazalyesiwiazki synchroniczne. W okresie wezbrania
letniego w 1977, o przewadze cyrkulacji pétnocm@gesunicie czasowe wspot-
czynnika maksymalnej korelacji wynosito 1-8 dni.



