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Abstract
Klaipėda City is located in the Southeast Baltic Sea region, where sea level rise has been observed for decades. The
Klaipėda Strait, which separates the Baltic Sea and the Curonian Lagoon, where the port is located, is also more prone
to sudden extreme changes in water levels, usually caused by windstorms. Extreme sea level changes pose a threat to
port operations, technical structures, city residents, buildings, and infrastructure. Fluctuations in sea levels also affect
the water level of the Danė River, which enters the Klaipėda Strait and divides the city into two parts. Therefore,
this study aims to determine the past extreme sea level events and their influence on floods in the Danė River within
Klaipėda City from 1961 to 2022. For this, the impact of meteorological parameters caused dangerous sea level rises in
the Klaipėda Strait, and the following rise of the Danė River was studied. The results show that the annual mean,
annual mean maximum, and annual mean minimum water levels in the Klaipėda Strait increased from 1961 to 2022.
Also, the number of events where the water level in the Klaipėda Strait was ≥ 100 cm in the Baltic Elevation System
was increasing. The increasing frequency of extreme water level events in the Klaipėda Strait puts urban areas at
greater risk from Danė River compound floods.
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1. Introduction
Coastal cities are threatened not only by rising water lev-

els but also by hydrometeorological extremes. Long-term

sea level variations in the Baltic Sea are associated with

vertical crust movements and climate change, which lead

to global sea level rise. The Baltic Sea mean sea level rise

(MSLR) rate was slightly higher than the global average

(Weisse et al., 2021). Long-termmeasurements of mean

sea level in the Baltic Sea show an almost statistically sig-

nificant acceleration (Hünicke and Zorita, 2016). The as-

sessment of long-term sea level changes highlights that

the highest future flood risk is expected to occur at the

eastern ends of the Gulf of Finland and the Gulf of Riga,

as well as in the Gulf of Gdańsk (Meier et al., 2004). The

annual mean water level maximum rise 1961–2005 is also

recorded in the Gulf of Finland and the Gulf of Riga, near

Klaipėda, and in the south-western Baltic Sea (Pindsoo and

Soomere, 2020). Short-term water level fluctuations are

determined by changing air pressure and the effect of wind

on the sea surface (Kulikov et al., 2015). Both long-term

and short-term fluctuations in water levels, due to the geo-

graphical features of the Baltic Sea, manifest themselves

very differently in different regions and have an impact

on extreme sea levels. Numerical simulations have shown

that the response of extreme sea level to wind speed per-

turbations is more complex in the Baltic Sea to wind speed

perturbations and that return levels are found to increase

more where they are already high, for example in the Gulf

of Finland (Hieronymus et al., 2018). According to Meier

(2015), sea level rise is more likely to increase the Baltic

Sea surge levels.

In recent decades, the intensification of the westerly

circulation has led to more rapid sea level rise, an increase

in storm surges (extreme sea levels), and a rise in the max-

imum annual sea level (Wolski and Wiśniewski, 2021).

Extreme sea level rise is partially driven by the average sea

level that has risen overall over the last 100 years (Weisse

et al., 2014). Extreme sea level rise by the end of this cen-

tury is also projected under RCP4.5 and RCP8.5 scenarios

(Vousdoukas et al., 2016, 2017). Sea level extremes are
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strongly linked to variability and changes in large-scale at-

mospheric circulation (Weisse et al., 2021), with large sea-

sonal to decadal fluctuations (Weisse et al., 2017). Some

parts of the Baltic Sea may have experienced an increase

in the intensity of storm surges in recent decades (Pindsoo

and Soomere, 2020), which may be linked to long-term

changes in storm tracks (Hünicke et al., 2015).

Extreme sea levels in the Southeast (SE) Baltic Sea are

usually caused by storm surges. The number of storm

surges increased steadily on various Baltic coasts between

1960 and 2010 (Wolski et al., 2014). Formation of the

storm surges depends on three components: the volume

ofwater in the respective basins of theBaltic Sea (the initial

sea level prior to preconditioning an extreme event); the

action of tangentialwind stresswithin the given area (wind

directions: whether they are shore- or seaward; wind ve-

locities; and duration of wind action); and deformation

of the sea surface by the mesoscale, deep low-pressure

systems passing rapidly across the Baltic, which then gen-

erate seiche like variations of the sea level in the Baltic

(Wolski et al., 2014). Wolski and Wiśniewski (2021) iden-

tified and characterized two main types of storm surges: a

surge driven by wind and a surge driven by sub-pressure

associated with an active low-pressure area. Moreover, the

authors emphasized that if these two factors act together at

the same time, a major storm surge can occur. Short-term

sea level rises in the SE Baltic region are mostly associ-

ated with wind updrafts caused by storms and hurricanes

(Stonevičius et al., 2010). Gräwe et al. (2019) simulations

also showed that sea level rise in the East Baltic region is

most sensitive to the wind effect when prevailing westerly

winds push the water from west to east. Eastern Baltic

coasts, including Lithuania, are vulnerable to extreme hy-

drological events caused bywestern airmasses (Dailidienė

et al., 2006; Wolski et al., 2016).

The long-term sea level rise in the Klaipėda Strait from

1898 to 2002 was 13.9 cm, which is attributed to climate

change (Dailidienė et al., 2006). Klaipėda was the third

fastest in sea level maximum increase from 1961 to 2005

(5–7mm yr–1) after the Gulf of Finland and the Gulf of Riga

(Pindsoo and Soomere, 2020). The average water level in

the Klaipėda Strait increased by 21 cm from 1902 to 2018

(Čepienė et al., 2022).

Rising sea levels due to climate change increase the

likelihood of extreme water levels, putting coastal cities lo-

cated at rivermouths at risk of flooding (Kirezci et al., 2020;

Rutgersson et al., 2022). Storm surges pose a threat to low-

lying areas under the influence of low-pressure systems

(Kowalewska-Kalkowska, 2021). Storm surge flooding is

common in coastal river cities. The water level of the Oder

River due to storm-driven flooding has been analysedmost

comprehensively in the Baltic Sea basin by Kowalewska-

Kalkowska (2021) and Kowalewska-Kalkowska andWiś-

niewski (2009). The water level of the Odra River has

been found to rise as a result of storm surges caused by

wind and baric waves, combined with a large-scale sys-

tem of northerly and north-westerly winds (Kowalewska-

Kalkowska and Wiśniewski, 2009). There is a lack of re-

search on storm-driven flooding in Baltic Sea rivers. An

analysis of compound floods often encompasses the impact

of the storm surge on the occurrence of river flooding. The

frequency of compound floods was revealed over north-

western Europe from 1901 to 2014 (Ganguli and Merz,

2019). The eastern Baltic Sea coast is predicted to experi-

ence an increase in the probability of compound flooding

(Bevacqua et al., 2019).

The aim of this study was to determine the occurrence

and frequency of extreme sea level events and their impact

on flooding in the Danė River in Klaipėda during the years

1961–2022. Klaipėda is a coastal city where the river and

sea potential for compound flooding increases flood risk

areas (Čepienė et al., 2022). Sites close to water bodies are

becoming increasingly attractive for the development of

new residential communities. However, further develop-

ment of such places without considering the implications

of climate change might make them more vulnerable to

flooding. At the national level, the socio-economic losses

caused by extreme hydro-meteorological events will then

be higher. Sustainable spatial planning in flood risk areas

requires knowing hazards and risks.

2. Study site, materials and methods
2.1 Study site
Klaipėda is a river city located on the southeastern coast of

the Baltic Sea. The city experiences short-term variations

in sea level due to the influence of westerly and south-

westerly winds (Dailidienė et al., 2006, 2012; Gräwe et al.,

2019; Wolski and Wiśniewski, 2021). Klaipėda city has

a shoreline along the Curonian Lagoon and the Klaipėda

Strait, which connects the lagoon to the Baltic Sea (Fig-

ure 1).The Klaipėda Seaport, a significant national asset,

is situated along the Klaipėda Strait. The urban area of

Klaipėda is geographically split by the Danė River, which

flows into the Klaipėda Strait. The river is called Akmena-

Danė from its origin in the Klaipėda Strait. The river in

the urban area of Klaipėda has the name Danė, whereas

outside the city territory, it is known as Akmena.

The Danė River is prone to compound floods, and in

the center of Klaipėda, the short-term extreme rise of the

water level in the Klaipėda Strait has the greatest impact

on them (Čepienė et al., 2022). The magnitude of flooding

in the city is determined by regional factors such as atmo-

spheric circulation, westerly and south-westerly winds,

short-term rises in the water level due to storm surges,

and local factors such as the topography, the discharge of

the Danė River, the riverbank type of reinforcement, and

the protective measures in place.

The Klaipėda Strait has significant variations in water

level, with a high amplitude of extreme fluctuations. Ac-

cording to Dailidienė et al. (2006), the amplitude in the
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Figure 1. The study area: South-eastern part (SE) of the Baltic Sea (a); the Klaipėda Strait, which connects the Curonian

Lagoon with the SE Baltic Sea and the Danė River (b); Klaipėda city (c).

years 1961–2002 displayed fluctuations ranging from a

maximum observed value of 186 cm in 1967 to aminimum

of −91 cm in 1984. The fluctuations in water levels pose

a significant risk to the urban environment, including the

city’s infrastructure and the efficient operation of its port

facilities.

A high water level event in the Klaipėda Strait is called

a surge when the water level exceeds the 100 cm thresh-

Figure 2. Klaipėda Strait mean annual water level (BS)

trend, 1961–2022.

old in the Baltic Elevation System (BS) or when the water

level exceeds the 600 cm threshold in the Lithuanian State

Elevation System LAS07 (On Approval (...), 2020). A water

level of 650 cm is considered to be a very high water level

or an extreme event.

Figure 3. Annual mean water level maximum and annual

meanwater level minimum (cm, BS) trends in the Klaipėda

Strait, 1961–2022.
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2.2 Material and methods
The objective of this study was to analyse the impact of

extreme and high sea level events on flood occurrences in

the Klaipėda Strait. A study was carried out on the fluc-

tuations in sea level, specifically the annual mean, annual

mean maximum, and annual mean minimum water levels.

This analysis was based on meteorological and hydrolog-

ical monitoring data collected in the Klaipėda Strait for

a period of 61 years (1961–2022). The Lithuanian Envi-

ronmental Protection Agency and the Lithuanian Hydrom-

eteorological Service are responsible for the hydrologi-

cal and meteorological observation data. The study uses

data from the Klaipėda Strait Hydrological Station since

1961, coinciding with the establishment of the Baltic Ele-

vation System (BS) in Lithuania and other Eastern Baltic

states. This BS is based on the tide gauge at Kronstadt

(−500 cm). Sea level measurements in the Klaipėda Strait

are conducted using a mareograph, which was later re-

placed by an automated water level measuring station

that had data transmission capabilities. The analysis of

Klaipėda Strait and the Curonian Lagoon data is based on

hourly, daily, and monthly average, minimum, and maxi-

mum records. Trend analysis was used to identify long-

term trends in water levels. The use of linear regression

was applied to evaluate trends, while correlation analysis

was used to investigate the relationship between various

time series of hydro-meteorological indicators. The coeffi-

cient of determinationR2 (r-squared) of a linear regression

characterizes the strength of the relationship. The signif-

icance of the regression equation is enhanced when the

R2 > 0.25 (Borradaile, 2003; Čekenavicius and Murauskas,

2004). The quantity R is equal to the Pearson correla-

tion coefficient. The relationship between wind speed,

atmospheric pressure, and changes in water level in the

Klaipėda Strait was investigated using the Pearson corre-

lation coefficient. Using the same correlation coefficient,

Figure 4. Flood scenario if the water level in the Klaipėda

Strait were to rise 200 cm (BS) at the average annual max-

imum discharge of the Danė River (59 m3 s−1).

the water levels of the Danė River in the city center and

the Klaipėda Strait were correlated.

The research involved the selectionof historical records

from the archives to identify cases of high (100 cm (BS))

and extreme (150 cm (BS)) water level thresholds in the

Klaipėda Strait. Six cases from the years 2000 to 2022

were selected for further analysis: (a) four cases when

the water level reached the 130 cm threshold (BS), and

(b) two cases when the water level reached the 150 cm

threshold (BS). Data on sea level were compared with the

meteorological situation. The meteorological data was ob-

tained from the Klaipėda meteorological station, which is

situated in close proximity to the Baltic Sea (Figure 1). The

air pressure maps were obtained from the Meteorological

Office, Bracknell, UK.

In order to assess the areas at risk, a flood exposure

map was generated for the Danė River, specifically when

the water level in the Klaipėda Strait reached 200 cm. This

water level corresponds to a 1% probability of occurrence

on average, indicating that such an event may occur once

in 100 years and is considered a catastrophic water level

(Environmental Protection Agency, 2018, 2020). This wa-

ter level is relatively close to the extreme water level in the

past. Themap shows the geographical locations of residen-

tial areas, structures, and roadways that are susceptible to

potential floods. The visualization was done with ArcGIS

Pro.

In order to determine how an increase in sea level in

theKlaipėda Straitwould affect the compound floods of the

Danė River, the water level of the river was analysed in the

years 2020–2022. The water level of the Danė River in the

city’s center, about 1.3 kilometers away from the Curonian

Lagoon, is monitored by the Lithuanian Hydrometeoro-

logical Service. Measurements started in 2008, although

the collection of data for hourly water levels began just in

2018.

Figure 5. Number of events where the water level in the

Klaipėda Strait were ≥100 cm (BS), 1961–2022 (n= 48).
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3. Research results
3.1 Long-term water level variability in the Klaipėda

Strait
The mean annual water level (Figure 2) as well as the an-

nual mean water level maximum and annual mean wa-

ter level minimum significantly increased from 1961 to

2022 (Figure 3). The Klaipėda Strait had a statistically

significant increase in its mean annual water level, with

a recorded rise of around 3.9±0.05 mm per year−1 for

the period 1961–2022 (Figure 2). In the same period the

annual mean water level maximum rose on average by

4.3 mm year−1, and the annual mean water level minimum

−4.8 mm year−1 (Figure 3).

The increase in annual mean, maximum and minimum

sea level in the study region can be explained by the global

sea level rise, but also by the change in atmospheric cir-

culation. The intensification of westerly atmospheric cir-

culation is closely related to the increasing water level in

the SE Baltic Sea. The study results show that the extreme

flood events in the lower reaches of the Danė River rise

are related to the changes and increase trends of the sea

level in Klaipėda Strait.

3.2 Extreme water level events in Klaipėda Strait
The first case of water level reaching a threshold of 100 cm

(BS) in 1961–2022 was recorded in 1967. With a recorded

rise of 186 cm in water level, this particular example is of-

ten regarded to be the most extreme event in documented

history. This rise can be attributed to the predominant

north-westerly wind, with gusts as high as 40 m s−1 and

an average daily speed of 15 m s−1.

When developing predictions for the future, it is es-

sential to consider both potential extreme and long-term

water level rise in the Klaipėda Strait. Therefore, a wa-

ter level of this magnitude might be considerably more

extreme and damage the city’s economy and social struc-

ture significantly. The extent of the damage is additionally

affected by the development of port activities in recent

decades, the proximity of public areas to the water, and the

development of private residential areas that are at risk

due to increasing water levels.

According to the presented case, Figure 4 illustrates

the flood scenario in Klaipėda City, depicting the affected

road network and buildings within the flood zone. This

flood scenario does not correspond to the 1961 case but it

is close to it. Although it Based on a previous study (Čepi-

enė et al., 2022), the magnitude of the flood may be even

higher when the effect of climate change is considered.

This scenario assumes a water level increase of 200 cm

in the Klaipėda Strait, coinciding with the average annual

maximum discharge of the Danė River, which is recorded

at 59 m3 s−1. In such a scenario, the Old Town and the pri-

vate residential area in the northern part of the city would

be most at risk. The severity of floods may be increased

by the variability in the flow of the Danė River, which is

directly influenced by precipitation patterns. The General

Plan of Klaipėda City Municipality (2021) approves the

Figure 6. Weather maps: 8 January 2005, 18:00 UTC (a); 14 January 2007, 06:00 UTC (b); 11 January 2015, 00:00 UTC

(c). Source: Meteorological Office, Bracknell, UK.
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assignment of certain areas for residential development to

reduce the migration of people to suburban areas. Some

areas are situatedwithin flood-prone zones, hence increas-

ing the potential socio-economic harm in possible extreme

situations.

Throughout the study period, 48 cases of water levels

reaching 100 cm (BS) thresholds were recorded, includ-

ing 34 cases between 2000 and 2022 (Figure 5). There

were 5 cases when the water level exceeded thresholds

of 150 cm, including the most extreme 18 October 1967

event, hurricane Anatol on December 4, 1999, hurricane

Gudrun (Erwin) on January 8–9, 2005, and cyclone Laura

on March 12, 2020. The water level in the Klaipėda Strait

rose to 165 cm (BS) during hurricane Anatol, and there

was a westerly wind blowing with an average speed of

19 m s−1 and a gust of 38 m s−1, the mean atmospheric

pressure was 979 hPa.

38 of the total events or the number of days where

the water level rose over 100 cm (BS) took place in the

winter, including 6 in December, 21 in January, and 11 in

February. This is about 80% of all the occurrences. The re-

currence of extreme water levels is typically related to the

presence of robust cyclonic winds offshore of the Lithua-

nian shore, where the average wind velocities occasionally

exceed 33 m s−1 (Vaidogas et al., 2011). There were 23

events where westerly and 17 cases where south-westerly

winds were the predominant directions that raised the wa-

ter level. Between 1993 and 2021, these wind directions

including southerly winds were the most common along

the Lithuanian coast (Šakurova et al., 2023). Notably, the

strongest winds are observed during the winter season

(Katinas et al., 2017).

In the study, events are defined as the number of days

when the water level reaches the 100 cm (BS) threshold.

The years 2007, 2020, and 2022 were characterized by

a significant multitude of events. All the days when the

water level rose in 2007 (11, 13, 14, 19, 20, 21, and 22days)

occurred in January. The water level exceeded 100 cm on

the dates of February 25th, 26th, and 27th in 2020, with

the highest recorded water level observed on March 12th.

The water level exceeded 100 cm on the dates of February

17, 19, 21 and 25 in 2022. This observed increase in water

level implies a potential increase in both the frequency and

duration of these events.

The cases between 2000 and 2022, when the water

level has reached 130 cm (BS) threshold, were chosen for

additional analysis in this study. There were a total of 6

cases or 7 days, as during Hurricane Gudrun (Erwin) on

January 8–9, 2005, when water level exceeded 100 cm on

two consecutive days (Table 1). In every case the daily

amplitude demonstrates that the peaks in water level are

momentary. High water level (≥100 cm) persists from 4

to 11 hours.

Deep low-pressure systems have an impact on the en-

tire topography of the Baltic Sea, causing floods in some
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Figure 7. Changes in water level at Klaipėda Strait against the background of wind speed and direction: from 27 to 31

January 2002 (a); from 6 to 10 January 2005 (b); from 12 to 16 January 2007 (c); from 9 to 13 January 2015 (d).
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Figure 8. The relationship between mean annual water

levels of the Klaipėda Strait and the lower reaches of the

Danė River, 2008–2022.

Figure 9. Weather map on 12 March, 12:00 UTC (14:00

local time). Source: Meteorological Office, Bracknell, UK.

areas and subsidences in others, which contribute to the

development of sea level rise (Wolski et al., 2014). Extreme

hydrometeorological events in Europe are linked with cy-

clones, as indicated by studies conducted by Owen et al.

(2021) and Pepler and Dowdy (2021). The occurrence

of peak water levels in the Klaipėda Strait and the lower

reaches of the Danė River, as well as the occurrence of com-

pound flooding in the city of Klaipėda, may primarily be

attributed to the presence of intense winds accompanied

by cyclonic circulations.

On January29, 2002, during a storm, theKlaipėdamete-

orological station recorded a maximum air pressure depth

of 992.9 hPa (Table 1). With an average wind speed of

16.5 m s−1 and gusts nearly reaching a catastrophic speed

of 32m s−1 (hurricane-forcewinds≥32.7m s−1), thewest-

erly wind direction was predominant in Klaipėda on that

particular day. Due to weather conditions, the water level

in the Klaipėda Strait rose to 137 cm (BS).

During the case of hurricane Gudrun (Erwin) on Jan-

uary 8–9, 2005, a group of deep atmospheric low-pressure

systems connected to frontal systems resulted in the pre-

dominance of southwest and west wind fields over the

Baltic Sea. Consequently, this meteorological phenomenon

led to an increase in water levels in the Klaipėda Strait

(Wolski et al., 2014). At the Klaipėda meteorological sta-

tion, the recorded atmospheric pressure was 993.3 hPa,

whereas a cyclone in southern Scandinavia reached a max-

imum depth of 960 hPa (Figure 6a). During the second day

of the storm, the mean wind speed was 15 m s−1, while

the wind gusts reached an extreme speed of 28 m s−1. A

south-westerly wind blew on the first day and a westerly

on the second. The occurrence of higher water levels in the

Klaipėda Strait is influenced by intensified south-westerly

winds, which in turn affect the rise of the Baltic Sea wa-

ter off the south-eastern Baltic coast. Additionally, the

Curonian Lagoon’s waters are being pushed northward by

south-westerly winds and toward the Klaipėda Strait. This

leads to extreme water level rises in the Klaipėda Strait

and thus in the Danė River. These meteorological condi-

tions led to a significant increase in the water level in the

Klaipėda Strait, exceeding 150 cm (BS). This rise in water

level is considered an extreme event.

Maximumwater levels in the Klaipėda Strait occurred

on 14 January 2007, as a result of a low-pressure cyclonic

system across southern Scandinavia (Figure 6b). Although

the Klaipėda Strait reached a high water of 143 cm (BS)

which is considered an emergency, the maximum winds

(29 m s−1) did not exceed hurricane levels.

On January 11, 2015, during the case of hurricane Felix

(Figure 6c) a prevailing westerly wind with gusts reaching

29 m s−1  was observed over the southeast coast of the

Baltic Sea. The height of the water level in the Klaipėda

Strait was 137 cm (BS). This storm was not as powerful as

previous storms and the damage to Lithuania’s coastline

was severe (Jarmalavičius et al., 2015).

Figure 7 illustrates how meteorological factors, such

as wind speed and direction, affected the water level in

the Klaipėda Strait during the hurricanes and storms in

2002, 2005, 2007 and 2015. The changes in water levels

and the maximum levels observed in the Klaipėda Strait

are dependent upon the speed and direction of the wind.

Furthermore, the time inwhich thewater level had itsmost

significant increase coincided with the occurrence of the

lowest atmospheric pressure.

Between the mean annual water levels of the Klaipėda

Strait and the Danė River, a correlation coefficient (Fig-

ure 8) determined for the period 2008–2022 reveals a

significant relationship (R= 0.81). As hourly meteorologi-

cal and hydrological data have been available from 2011,

allowing for more details case analysis, the last two cases

will be analysed separately by integrating the Danė River

water level data.

3.2.1 12 March 2020 event
The Klaipėda Strait reached a water level of 173 cm on

March 12, 2020, which is over the extreme water thresh-

old. When cyclone Laura, with a depth of 975 hPa, was
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Figure 10. Changes in water level at the Klaipėda Strait against the background of wind speed and direction from 10 to

14 March 2020 (a); hourly water level of the Danė River in the centre of Klaipėda from 10 to 14 March 2020 (b).

Figure 11. Relationship on 12 March between Klaipėda Strait water level (cm, BS) and: wind speed (a), atmospheric

pressure (b), Danė River water level (c).

Figure 12. Weathermap on 19 February, 00:00 UTC (02:00

local time). Source: Meteorological Office, Bracknell, UK.

over southeast Sweden at 14:00 local time, the lowest at-

mospheric pressure was recorded at 18:00 local time at

988.1 (Figure 9). The wind speed reached its maximum of

26 m s−1 in a westerly direction, occurring one hour after

the minimum air pressure was recorded. Throughout the

day, the average wind direction remained predominantly

south-west. Simultaneously, the maximumwater level in

the Klaipėda Strait was observed.

The previous cases have demonstrated a strong de-

pendence between the fluctuation of water levels in the

Klaipėda Strait and both wind speed and direction. In this

case, there is also a dependence between fluctuations in

water level, wind direction and wind speed (Figure 10a

and Figure 11a). The maximum increase in water level

coincides with the recorded maximumwind speed, as well

as the maximum water level in the lower reaches of the

Danė River (Figure 10b). A south-westerlywind causes the
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Figure 13. Changes in water level at the Klaipėda Strait against the background of wind speed and direction from 17 to

21 February 2022 (a); hourly water level of the Danė River in the centre of Klaipėda from 17 to 21 February 2022 (b).

water level to rise immediately. The water level decreases

when the wind decreases and changes direction. The cor-

relation between water levels in the Klaipėda Strait and

wind speed is stronger compared to that with atmospheric

pressure (Figure 11b).

A graph of hourly water level data for Danė River (Fig-

ure 9b) shows an obvious correlation between the water

level of the river and the water level of the Klaipėda Strait.

The calculated correlation coefficient (R= 0.93) indicates
a significant relationship (Figure 10c) Themaximumwater

level in the Danė River, measuring 203 cm, was recorded

at 19:00 during the storm. This occurred 20 minutes after

the maximumwater level of 173 cm was observed in the

Klaipėda Strait.

3.2.2 19 February 2022 event
InKlaipėda, February2022wasaparticularly stormymonth.

Stormy weather was caused by three storms: Dudley, Eu-

nice and Franklin. During approximately one week, specif-

ically from 16th to 21st February, a series of low-pressure

systems passed through northwestern Europe and north-

ern central Europe, mainly affecting the southern regions

of Ireland and England, as well as northern Belgium, the

Netherlands, the northern part of Germany, and the south-

western area of the Baltic Sea region (Mühr et al., 2022).

During the Eunice storm on 19 February, a storm surge

formed in the Klaipėda Strait, resulting significant increase

in water level by 132 cm (BS). At 05.00 local time, the

Klaipėda meteorological station recorded the minimum

atmospheric pressure of 978.1 hPa. Within the cyclone bar

system, the lowest pressure recordedwas 971 hPa at 00.00

UTC, located in the south-west Sweden (Figure 12). The

pressure field and the steeper bar gradients show a pre-

dominance of stronger south-westerly winds in the south-

eastern part of the Baltic Sea. The wind speed reached its

maximum around 04:00 local time (02:00 UTC), coinciding

with the greatest increase in water level in the Klaipėda

Strait. This increase maintained until 05:00 (03:00 UTC).

From 17–21 February, the presence of cyclonic circu-

lation in the Klaipėda Strait and the lower reaches of the

Danė River resulted in the generation of maximumwater

levels and their predominance over an extended duration.

The water level has reached the 100 cm threshold several

times these days, with a peak of 132 cm observed on 19

February (Figure 13a). This rise and fluctuation in water

levels was driven by three storms over Europe.

The Danė River had its highest increase in water level,

measuring 246 cm, approximately 2 hours after the maxi-

mumwater level of 132 cm observed in the Klaipėda Strait

(Figure 13b). The highest water levels in the Danė River

are caused by two factors: the increase inwater level in the

Klaipėda Strait and the duration of the strong westerly and

south-westerly winds. These wind patterns contribute to

the rise in water levels (Figure 14). The prolonged rise of

the maximumwater level of the Danė River (Figure 13b)

is linked to a combination of factors. The prevalence of
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Figure 14. Relationship on 19 February between Klaipėda Strait water level (cm, BS) and: wind speed (a), atmospheric

pressure (b), Danė River water level (c).

cyclonic circulation during the January–February 2022 pe-

riod resulted in intensified precipitation. Additionally, an

ongoing rise in sea level in the southeastern Baltic Sea, cou-

pled with raised water levels in both the Curonian Lagoon

and the Klaipėda Strait, compounded the situation.

On 19 February, flooding of the Danė River was ob-

served throughout the entire territory of Klaipėda City.

Pedestrian and bicycle paths, other recreational infras-

tructure, a part of the territory of the Klaipėda University

Botanical Garden, and the steep bank of the meander had

all been inundated. Some of these locations are 9 kilome-

ters away from the Klaipėda Strait.

4. Discussion and conclusions
The water level rise in the Klaipėda Strait is being affected

by climate change, which therefore amplifies the proba-

bility of maximum flooding occurrences in the port city of

Klaipėda. In the region situated along the south-eastern

coast of the Baltic Sea, there has been a consistent increase

in sea levels at an average annual rate of 3.9mmduring the

years 1961–2022. It is important to emphasize that both

the annual mean water level maximum and annual mean

water level minimum increased as well as the average an-

nual water level. The increase in sea level is closely related

to the changes in the atmospheric circulation patterns. It

was assumed, that there is a strong correlationbetween the

long-term variations of the winter North Atlantic Oscilla-

tion (NAO) index and the long-term annual mean sea level

of tide gauges in the Klaipėda Strait and Curonian Lagoon.

The correlation coefficient between these variables during

the period of 1961–2005 ranged from 0.53 to 0.60, with

99% significance (p< 0.01) (Dailidienė et al., 2006). Fur-
thermore, the relationship between the long-term changes

in sea level and the winter NAO index was found to be

stronger than the relationship between changes in air and

water temperatures. Large-scale atmospheric circulation

and the variations of the Baltic Sea’s climate are known to

be closely related (Hurrell et al., 2003; Omstedt et al., 2004;

BACC I, 2008; BACC II, 2015). The frequency of air mass

from west to east has increased, potentially impacting the

magnitude of the sea level rise.

In recent decades, there has been a notable increase in

the frequency of intense storms. For example, very high

water levels were observed only 1–2 times per 50 years

during the start of the 20th century, but in more recent

decades, they have been seen every 5–7 years. The ob-

served phenomenon can be attributed to the rise in re-

gional storm activity and the increased occurrence of west-

erly wind (Dailidienė et al., 2012). The occurrence of in-

creased water levels in the Klaipėda Strait and the lower

reaches of the Danė River, as well as occurrence of com-

pound floods in Klaipėda, can be attributed to the prevail-

ing intense winds accompanied by cyclonic circulation. An

increase in cyclonic circulation is noted during the cold

season. Typically, the months of December to March ex-

hibit an increased occurrence of intensified storms and

increased occurrences of floods. During the study period

1961–2022, a total of 48 cases were recorded in which the

maximumwater level reached a high water level threshold

of 100 cm BS. Of the total number of extreme water level

rises, about 71% (34 cases) occurred between 2000 and

2022. The number of extreme water levels has increased

since the beginning of the 21st century.

The results of the study indicate a correlation between

the increase in water levels in the Klaipėda Strait and a cor-

responding increase in water levels in the lower reaches of

the Danė River. Therefore, the rise in water levels caused

by the storm has a significant influence on the occurrence

of floods and amplifies the built-in vulnerability of the ur-

ban area. The research did not analyze the Danė River flow

and its susceptibility to flooding in relation to precipitation

patterns. However, it is important to note that historical

records indicate a significant rise in the water level of the

Danė River, approximately 2.5 meters, during the month

of November in 2017, which can be explained by heavy

precipitation events. The technical specifications of urban

surface water collection systems had a major impact what

happened. In the future, it is important to assess an inte-

grated analysis of all the factors contributing to flooding

and to identify vulnerabilities of the coastal community.

This approach could help the adjustment to possible neg-

ative impact of storms in the future, assessing potential

socio-economic losses, mitigating impacts, and reducing or

avoiding socio-economic damage (Sinay and Carter, 2020).

With a changing climate, increasing recurrence and



Extreme sea levels and floods: the case study of Klaipėda City, Lithuania 12/15

potentially higher magnitude of extreme events, it would

be appropriate for coastal river communities to analyse

multiple flood scenarios. This can help to adapt to poten-

tial threats in order to avoid socio-economic losses while

planning and developing areas near water bodies. The

two given case studies show the dependence between the

water level of the Danė River and the fluctuations in the

water level of the Klaipėda Strait. These fluctuations are

affected by several variables such as wind speed, direc-

tion, and atmospheric pressure. However, the case study

of 2022 shows the necessity for an integrated long-term

adaptation strategy that involves thoroughmonitoring and

studies to understand the factors contributing to the in-

crease in water levels and the occurrence of floods in the

Danė River.

When developing future scenarios to mitigate socio-

economic risks for infrastructure and residential areas, it

is essential to comprehensively assess several elements,

including climate change, bank deformation, and the in-

fluence of hydrometeorological events on bank changes.

Fast-moving low-pressure systems pose a threat to coastal

cities as they cause deformation of the sea surface topogra-

phy. Storm-generated surges and fluctuations in sea level

are the result of wind forces and sea surface deformation

caused by the baric field’s characteristics (Wolski et al.,

2014). Extreme hydro-meteorological events can change

the coastline and cause coastal erosion, which is partic-

ularly relevant to seacoast settlements because they are

designed to satisfy the needs of the local population and be

used for recreation. The Danė River is no exception, with

walking and cycling trails, leisure spaces, playgrounds, and

various types of infrastructure. Future infrastructure de-

velopments must take coastal erosion caused by hydrom-

eteorological factors into consideration because it may

damage already-existing infrastructure. Storms in January

and February 2022 damaged the Danė River bank in the

city’s northern part close to Klaipėda University’s Botan-

ical Garden, threatening the city’s infrastructure. In the

near future, it is planned to develop the recreational infras-

tructure and promote water tourism on the Danė River by

installing recreational docks. It is important to assess pos-

sible fluctuations inwater levels in order to ensure that the

infrastructure to be developed is long-lasting and remains

intact or less vulnerable to extreme hydro-meteorological

events.

Previous studies (Čepienė et al., 2022) have shown

that flooding in the northern part of Klaipėda is more influ-

enced by the discharge of the Danė River, while the central

part of the city is more at risk from rising water levels in

the Klaipėda Strait. In the northern part of the city, next

to the Danė River, there are private residential houses that

are located in flood-risk areas. The riverbank remains in

its natural state and there are no protective shoreline for-

tifications that preserve them from higher flooding. The

city centre is rich in cultural heritage sites, buildings, and

public infrastructure. All these tangible objects affected

by flooding contribute to the economic damage. Social

risk impacts are measured in terms of intangible impacts

on coastal communities (risks to human health, life). Ef-

fective communication with the coastal communities is

crucial for local authorities when developing flood risk

mitigation programmes. It is the responsibility of these

authorities to ensure that the development of flood risk

management infrastructure corresponds to the needs and

perceived significance of water bodies as expressed by the

coastal communities (Quinn et al., 2019).

The potential effects of climate change should not im-

pede the progress of urban development. Therefore, it is

essential to consider all scenarios, identify the areas and

communities that are most vulnerable to harm, and im-

plement sustainable climate change mitigation initiatives.

Although there exist a contentious debate on how much of

human-induced climate change’s influence on storms so

far, climate models indicate that the phenomena of global

warming may potentially result in a rise in the occurrence

of severe hourly winds by middle of the 21st century (Vau-

tard et al., 2019). Regions that are prone to fluctuations in

water levels resulting from storm surges driven by intense

winds will experience increased vulnerability. Klaipėda is

no exception, with storm induced surges appearing more

frequently in the Klaipėda Strait. The rise in water level

in the Klaipėda Strait has significant effects on the city,

particularly concerning the increased water level of the

Danė River. Further research is needed for comprehensive

investigations that integrate various hydrometeorological

phenomena and their implications for flood-prone regions.

Additionally, it is important to assess the efficacy of urban

surfacewater collection systems. By considering the poten-

tial risks, the development and expansion of flood-prone

areas in the context of climate change, thereby minimiz-

ing or mitigating potential losses to the maximum extent

possible.

The main theses of this study:
• Annual mean water level, annual mean water level

maximum and annual mean water level minimum

are significantly increasing in the SE Baltic Sea re-

gion.

• Themeanwater level in theKlaipėda Strait continues

to increase due to climate change. It increased by  4

mm year−1 in the study period (1961–2022).

• The frequency of events with water levels ≥100 cm

(BS) in the Klaipėda Strait has been increasing from

1961 to 2022.

• The formationof compound floods in the lower reach-

es of theDanė River is determinedby the risingwater

level of the SE Baltic Sea in the Klaipėda Strait. We

therefore recommend that this climate change com-
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ponent be included in flood risk assessments in the

lower reaches of rivers flowing into the sea.
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Myrberg, K., 2006. Sea level variability at the Lithua-

nian coast of the Baltic Sea. Boreal Environ. Res. 11,

109–121.

Environmental Protection Agency, 2018. Potvynių Direk-

tyvos įgyvendinimas [Implementation of the Floods Di-

rective]. Available online:

  https://vanduo.old.gamta.lt/cms/index?rubricId=6

d87deab-3ecc-412a-9b66-7fd6361f26ba (accessed

on 16 September 2023).

Environmental Protection Agency, 2020. Preliminaraus

Potvynių Rizikos Vertinimo Atnaujinimas 2011–2018

m. [Update of the Preliminary Flood Risk Assessment

2011–2018], Aplinkos Apsaugos Agentūra. Available
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Wolski, T., Wiśniewski, B., Musielak, S., 2016. Baltic Sea

datums and their unification as a basis for coastal and

seabed studies.  Oceanol. Hydrobiol. Stud. 45(2), 239–

258.

https://doi.org/10.1515/ohs-2016-0022

https://doi.org/10.1016/j.coastaleng.2013.10.017
https://doi.org/10.5194/esd-12-871-2021
https://doi.org/10.1016/j.piutam.2017.09.010
https://doi.org/10.3390/atmos12121679
https://doi.org/10.5697/oc.56-2.259
https://doi.org/10.1515/ohs-2016-0022

	Introduction
	Study site, materials and methods
	Study site
	Material and methods

	Research results
	Long-term water level variability in the Klaipėda Strait
	Extreme water level events in Klaipėda Strait
	12 March 2020 event
	19 February 2022 event


	Discussion and conclusions

