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Abstract
Sea level changes are among the key manifestations of contemporary climate change. This review article pre-
sents the current state of knowledge regarding global and regional drivers of sea-level variability, with particu-
lar emphasis on the specific characteristics of the semi-enclosed Baltic Sea basin and the role of post-glacial 
isostatic adjustment (GIA) processes. A review of available studies indicates that the Polish coast is character-
ized by an increasing trend in relative mean sea levels (RSL), which have been rising at a rate of 2 mm·yr-1 since 
the mid-20th century – averaging 15 cm over the last 75 years. The main causes of these changes are global 
factors (global mean sea-level rise – GMSL) and, to a  lesser extent, coastal subsidence processes. Satellite 
and tide gauge data in the 21st century indicate significant acceleration in both relative (RSL) and absolute 
sea level (ASL) rise along European and southern Baltic coasts, directly resulting from anthropogenic climate 
change. Projections of further sea-level rise are deeply alarming for Polish administration. According to the In-
tergovernmental Panel on Climate Change (IPCC), depending on greenhouse gas emission scenarios, the rate 
of RSL rise may reach 6-7 mm·yr-1– more than three times higher than from the mid-20th century to present 
-which further increases the risk of erosion and storm flooding for the Polish coast.
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Introduction

Sea-level rise is among the best-documented 
and most consistent manifestations of con-
temporary climate change. Instrumental 
observations, including long-term tide-gauge 

records as well as satellite altimetry data 
available since the early 1990s, unequivocally 
indicate a positive trend in global mean sea 
level (GMSL), the rate of which has accelerat-
ed in recent decades. According to the latest 
assessment reports of the Intergovernmental 
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Panel on Climate Change (IPCC), the rise in 
global ocean level results from processes oper-
ating at the planetary scale, primarily ocean 
thermal expansion and the ongoing mass loss 
of mountain glaciers and the Greenland and 
Antarctic ice sheets (IPCC, 2022; IPCC AR6, 
2023). These changes represent a  long-term 
trend whose impacts will continue to unfold 
throughout the twenty-first century.

At the same time, sea-level change is not 
spatially uniform. Regional and local depar-
tures from the global trend arise from the 
influence of additional factors, including 
variability in oceanic and atmospheric cir-
culation, regional differences in ocean heat 
content, redistribution of mass within the 
Earth–ocean–lithosphere system, and verti-
cal crustal movements. As a  consequence, 
relative sea-level change (RSL) observed 
along individual coastlines may differ sub-
stantially in magnitude, direction of trend, 
and dominant temporal scale of variability 
(Pugh, 2004; Church et al., 2013).

The Baltic Sea constitutes a  distinctive 
example of a coastal basin in which observed 
sea-level variability results from a  complex 
interplay of global, regional, and local pro-
cesses. As a shallow, semi-enclosed shelf sea 
connected to the North Sea through narrow 
and shallow straits, the Baltic Sea is charac-
terized by limited water exchange and high 
sensitivity to atmospheric forcing. Water-level 
fluctuations in this basin occur over a broad 
range of temporal scales — from short-term 
variations driven by wind forcing and atmos-
pheric pressure changes, through seasonal 
and interannual variability, to long-term 
trends associated with global ocean rise and 
vertical land motion (VLM) (BACC II Author 
Team, 2015; Hünicke et al., 2015; Meier et al., 
2022a; Rutgersson et al., 2022).

Isostatic processes constitute a key factor 
shaping sea-level change within the Baltic 
Sea basin. In the northern part of the region, 
positive vertical crustal movements domi-
nate, leading to a  relative fall in sea level. 
In contrast, in the southern Baltic — includ-
ing the Polish coast — these movements are 
substantially weaker or locally take the form 

of subsidence. As a consequence, these areas 
are particularly vulnerable to the effects of 
eustatic global mean sea-level (GMSL) rise, 
which is reflected in long-term changes in 
both mean and extreme sea levels (Groh 
et al., 2017).

The Polish Baltic coast, characterized by 
diverse coastal morphology and a substantial 
proportion of both accretionary and erosion-
al segments, represents an area where sea-
level change has significant geomorphologi-
cal as well as socio-economic implications. 
An increase in mean sea level, combined with 
variability in storm conditions, affects the fre-
quency and spatial extent of storm surges, 
the intensity of coastal erosion processes, 
and the risk of coastal flooding. For this rea-
son, the analysis of long-term sea-level trends 
along the Polish coast requires consideration 
of both the global and regional background, 
as well as site-specific local controls.

The aim of this review paper is to provide 
a  synthetic presentation and discussion of 
long-term sea-level trends along the Polish 
Baltic coast in the context of observed and 
projected changes in the Baltic Sea and the 
global ocean. The study addresses both 
changes in mean sea level (MSL) and trends 
in extreme water levels and storm surges, 
with particular emphasis on differences in 
temporal scales and the driving mechanisms 
underlying the observed variability.

Global ocean sea-level changes 
in the 20th and early 21st Century

Long-term sea-level trends in the Baltic Sea, 
as a  semi-enclosed basin connected to the 
global ocean, should be considered in the 
context of global climate change. A key indi-
cator of these changes is the dynamics of 
global mean sea level (GMSL). According to 
the latest report of the Intergovernmental 
Panel on Climate Change (IPCC) (IPCC AR6, 
2023), GMSL has been rising since 1900 
faster than during any other century in at 
least the past 3,000 years. GMSL reconstruc-
tions based on tide-gauge records indicate 
a rise of approximately 21 cm between 1901 
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and 2020, corresponding to an average 
rate of 1.7 mm·yr-¹ (IPCC AR6, 2023; Palmer 
et al., 2021). Between 1901 and 1971, the 
mean rate of sea-level rise was 1.3 mm·yr -¹, 
increasing to 1.9 mm·yr-¹ during 1971–2006. 
The GMSL rise accelerated to 3.3  mm·yr -¹ 
between 1993 and 2018, and further to 
3.7 mm·yr -¹ in 2006-2018 — more than twice 
the rate observed in the 20th century (IPCC 
AR6, 2023; IPCC, 2023). Other studies sug-
gest that this acceleration led to a GMSL rise 
of up to 4.8 mm·yr-¹ during the last decade 
(Voosen, 2020).

Since 1970, the dominant driver of acceler-
ated sea-level rise, both globally and in Euro-
pean seas, has been anthropogenic forcing. 
Initially, ocean thermal expansion due to cli-
mate warming was the primary contributor to 
GMSL increase. However, since around 2000, 
the mass loss from mountain glaciers and the 
Antarctic and Arctic ice sheets has exceeded 
the contribution from thermal expansion 
(IPCC AR6, 2023; WCRP Global Sea Level 
Budget Group, 2018). These processes consti-
tute the so-called eustatic sea-level rise.

Projections of global ocean  
sea-level rise

Future projections indicate continued sea-lev-
el rise, depending on greenhouse gas emis-
sion scenarios (primarily CO2, CH4, and SO2). 
By 2100, relative to the 1995-2014 baseline 
period, GMSL is likely to rise by 0.28–0.55 m 
under a very low-emission scenario (SSP1–1.9), 
0.44–0.76 m under an intermediate-emission 
scenario (SSP2–4.5), and 0.63–1.01 m under 
a very high-emission scenario (SSP5–8.5), with 
a 66% probability. High-risk scenarios involv-
ing ice-sheet destabilization could lead to 
GMSL increases of up to 2.3 m by 2100 and 
5 m by 2150, though these outcomes are con-
sidered unlikely. The average rate of global 
sea-level rise is projected to reach approxi-
mately 15  mm·yr-¹ by 2100, and exceed 
several centimeters per year in the 22nd 
century (IPCC, 2022). For the remainder of 
the 21st century, projected ocean warming – 
depending on emission scenario – is expected 

to be 2–4 to 4–8 times higher than observed 
warming during 1971–2018. Unfortunately, 
these changes in global ocean temperature 
are irreversible on timescales of centuries to 
millennia (IPCC, 2023). It is also projected 
that every five-year delay in reaching peak 
global greenhouse gas emissions increases 
the predicted sea-level rise by 2300 by 0.2 m, 
and the projected extreme (95th percentile) 
sea-level rise by as much as 1  m (Mengel 
et al., 2018).

Over longer timescales, as a  result of 
ongoing deep-ocean warming and ice-sheet 
melt, sea level is expected to rise for centu-
ries to millennia and subsequently remain 
elevated for thousands of years. Over the 
next 2,000 years, the global mean sea level 
(GMSL) is projected to increase by approxi-
mately 2–3 m under a 1.5°C warming scenar-
io, 2–6 m under a 2°C scenario, and 19–22 m 
under a  5°C scenario, after which it will 
continue to rise over subsequent millennia  
(IPCC, 2023).

Although the global sea-level rise is pro-
nounced, its rate exhibits strong regional and 
local variability due to processes such as gla-
cio-isostatic adjustment (GIA), vertical land 
motion (VLM), changes in ocean circulation, 
and local climatic mechanisms. In the context 
of the Anthropocene, these changes are of 
fundamental importance for coastal zones, 
including the Baltic Sea coast.

Drivers and timescales of sea-level 
change in the Baltic Sea

As previously noted, the Baltic Sea is a semi-
enclosed, tide-free, intra-continental sea con-
nected to the Atlantic Ocean via narrow and 
shallow Danish straits. Covering an area of 
approximately 417,000 km² and a volume of 
around 21,200  km³, the Baltic Sea contrib-
utes only about 0.1% of the global ocean’s 
surface area and volume. Consequently, 
its direct contribution to global sea-level 
change is minor (Weisse et al., 2021; Meier 
et al., 2023). Nevertheless, long-term sea-
level trends in the Baltic Sea reflect the global 
mean sea-level (GMSL) signal.
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The Baltic tide-gauge network is one of 
the densest and longest-operating monitor-
ing systems in the world. Currently, approxi-
mately 220 tide gauges are deployed along 
the Baltic coastlines, meticulously monitor-
ing sea-level variability (Wolski et al., 2025). 
Within this network, about 50 gauges have 
been continuously recording for over 60 years 
(Weisse et al., 2021). Satellite radar altimetry 
from various missions has been available 
for the Baltic Sea continuously since 1991 
(Schöne et al., 2010). 

Water levels in the Baltic Sea change consid-
erably as a complex result of the superposition 
of multiple global, regional, and local mete-
orological and hydrological factors, as well as 
geological processes operating at large spa-
tial scales. Each of these factors is associated 
with its own characteristic timescale — rang-
ing from minutes, hours, and days, to weekly, 
seasonal, multi-annual, centennial, and multi-
millennial scales (BACC II Author Team, 2015; 
Wolski, 2017; Weisse et al., 2021; Rutgersson 
et al., 2022; Elken et al., 2024).

The longest timescales affecting long-
term trends in mean sea level (MSL) in the 
Baltic Sea are centennial to multi-millennial, 
associated with glacio-isostatic adjustment 
(GIA) of the Earth’s crust in the surrounding 
regions. On timescales from weekly to multi-
decadal, the Baltic Sea MSL is controlled by 
changes in water volume due to inflow and 
outflow through the Danish Straits (Gustafs-
son & Andersson, 2001). This exchange is 
influenced by local anemobaric conditions, 
the pressure field over the North Atlantic 
and the Baltic Sea, as well as the sea level 
in the North Sea (Kowalewska-Kalkowska, 
2012). During prolonged periods of prevail-
ing westerly winds, the Baltic Sea receives 
inflows from the North Sea, resulting in a rise 
in sea level. Conversely, during prolonged 
periods of prevailing easterly winds, sea level 
decreases due to outflow from the Baltic Sea 
to the North Sea (e.g. record low sea levels 
in January–February 2026).

Other factors causing volumetric chang-
es in the Baltic Sea include climatic forcing, 
i.e., long-term variations in mean wind and 

temperature, river discharge, as well as 
precipitation and evaporation (Elken et al., 
2024). Long-term sea-level changes are also 
linked to climate indices such as the North 
Atlantic Oscillation (NAO), the Arctic Oscil-
lation (AO), and other atmospheric circula-
tion patterns. The annual sea-level cycle – 
reflecting the factors controlling the basin’s 
water balance – is clearly distinguishable 
due to cyclic atmospheric forcing and river 
outflow. This cycle is itself subject to long-
term variability (Hünicke & Zorita, 2008; 
BACC II Author Team, 2015; Meier et al., 
2022a; Rutgersson et al., 2022)

Storm surges and other weather-driven 
sea-level oscillations, such as seiches, last 
from a few hours to several days, redistributing 
water in the sea significantly above or below 
mean sea level (MSL) during their occurrence. 
Extreme storm surges occur under conditions 
of high sea filling, deep low-pressure systems, 
and the appropriate alignment of their tracks 
relative to the coastlines. The occurrence of 
storm surges in the Baltic directly contributes 
to the increasing and pronounced trends in 
extreme sea levels observed along all Baltic 
coastlines (BACC II Author Team, 2015;  Wol-
ski & Wiśniewski, 2021; Rutgersson et al., 
2022; Elken et al., 2024).

Long-term trends in relative and 
absolute sea-level change in the 
Baltic Sea

As noted above, long-term trends in Baltic Sea 
level dynamics are primarily associated with 
isostatic movements of the Baltic coasts and, 
at the global scale, with eustatic (volumetric) 
sea-level rise. At the largest temporal and 
spatial scales, the dominant factor modifying 
the global sea-level signal in the Baltic region 
is glacial isostatic adjustment (GIA), i.e., the 
uplift (deformation) of the land following the 
last glaciation (approximately 10,000  years 
ago). GIA is one of the key factors determin-
ing RSL change, as it generates vertical land 
motion, as well as geoid changes and defor-
mation of the ocean floor (Groh et al., 2017). 
The direction and magnitude of GIA depend 
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on the Baltic subregion. Based on continu-
ous GPS observations from 2001–2008, land 
uplift has been recorded along the northern 
Baltic coasts, reaching maximum rates of 
approximately 8  mm·yr-¹ in the central Gulf 
of Bothnia. In contrast, in the southern and 
south-western Baltic, observed uplift rates are 
close to zero and below the margin of uncer-
tainty (Groh et al., 2017). For these areas, the 
opposite process occurs – peripheral subsid-
ence, i.e. the settling of the southern coasts at 
a rate of 0.5–2.0 mm·yr-¹ (Uścinowicz, 2003; 
Harff et al., 2017).

Relative sea level RSL is defined as the 
height of the sea surface relative to the sea-
bed, and thus to the land, at a given location, 
estimated using tide gauges (mareographs) 
(BACC II Author Team, 2015). Tide gauges 
record RSL relative to the local geodetic 
height system. Based on data from 50 Baltic 
tide gauge stations for the period 1901-1990, 
it was established that RSL trends range 
from -8.7 mm·yr-¹ around the Bothnian Bay to 
+1.5  mm·yr-1 along the German Baltic coast 
(Groh et al., 2017). For some eastern Baltic 
basins, eustatic sea level rise is comparable 
to the effect of isostatic movement (e.g., Gulf 
of Finland, Helsinki or Hamina stations), in 
contrast to northern basins (Bothnian Bay, 
Vaasa, Kemi), where the negative total sea 

level trend (vertical crustal movement togeth-
er with the eustatic effect) prevails (Johans-
son et al., 2004, BACC II Author Team, 2015). 
Table 1 summarizes RSL trend results for vari-
ous Baltic coasts based on papers published 
in the last 20 years.

Alongside RSL, there is a definition of so-
called absolute sea level (ASL). This is the 
height of the sea surface at a given location 
relative to the Earth’s centre and it most often 
reflects volumetric (eustatic) sea level vari-
ability. ASL is usually measured using satellite 
altimetry. Relative sea level (RSL) observed at 
tide gauges represents the combined effect 
of absolute sea-level change and vertical land 
motion at the coast.RSL trends can differ sig-
nificantly from ASL trends in the Baltic Sea 
region (BACC II Author Team, 2015).

For the period 1900-1991, based on data 
from 13  tide gauge stations collocated with 
GPS receivers and modelled geoid changes, 
the volumetric ASL trend as a  regional esti-
mate for the Baltic Sea was 1.2  mm·yr-1 
(1.3 mm·yr -1 GMSL in 1901-1970 for the world 
ocean) (Groh et al., 2017). Meanwhile, for 
most Baltic coasts (including the Polish coast), 
the ASL trend measured by satellite in 1993-
2019 was 3 to 4 mm·yr -1, thus matching the 
rate of global ocean rise GMSL in this period 
(3.3 mm·yr -1) (European Environment Agency 

Table 1. Trends (mm·yr-1) of long-term relative changes in mean sea level (RSL) for various Baltic coasts 
(after Wolski, 2017)

Coast Researchers Tide gauges with sea level trend value determined for the selected 
period [mm·yr-1] 

Swedish coast Novotny et al. (2005) Furügrund –8.0 (1930–2002) Ratan –7.6 (1930–2002)

Landsort –2.5 (1930–2002)

German coast Richter et al. (2012) Wismar +1.43 (1908–2007) Warnemünde +1.39 (1908–2007)

Sassnitz 	  +0.63 (1908–2007) Greifswald +0.98 (1908–2007)

Lithuanian coast Dailidienė et al. (2006) Kłajpeda +1.32 (1898–2002) Nida +2.76 (1961–2002)

Estonian coast Suursaar and Kullas (2009) Pärnu (Parnawa) +2.7 (1924–2008) Ristna +1.7 (1950–2008)

Narva (Narwa) +1.1 (1899–2008) Tallinn +1.5 (1899–1995)

Danish coast Knudsen et al. (2010) Gedser +1.06 (1900–2000) Hornbaeck +0.13 (1900–2000)

Korsør +0.78 (1900–2000) Frederikshavn –0.42 (1900–2000)

Finnish coast Johansson et al. (2003) Kemi –7.30 (1923–1990) Vaasa –8.0 (1923–1990)

Mäntyluoto –6.40 (1923–1990 Hanko –3.10 (1923–1990)

Helsinki –2.50 (1923–1990) Hamina –2.20 (1923–1990)
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2019, IPCC AR6 2023). Very similar ASL trend 
values for the entire Baltic were proposed 
by Madsen et al. (2019) based on readings 
from 57  tide gauge stations, satellite meas-
urements and statistical data reconstruc-
tion models. The authors estimated an ASL 
trend of 1.34  mm·yr -1 for the period 1900–
1999, 3.4 mm·yr -1 for the period 1993–2014 
based on the data reconstruction model, 
and 4.0  mm·yr-1 for the period 1993–2015 
based on altimetric measurements (Madsen 
et al., 2019). Other recent altimetric research 
projects also determine the ASL trend aver-
aged for the entire Baltic at approximately 
4.0 mm·yr-1 (Łyszkowicz & Bernatowicz, 2018; 
Passaro et al., 2021; Kapsi et al., 2023). Based 
on the above calculations, it can easily be 
concluded that the rate of volumetric chang-
es in Baltic waters (eustatic rise) keeps pace 
with the rise in the world ocean in the 20th 
century as well as slightly exceeding it in the 
last 2 decades of the 21st century.

In the long-term perspective, global mean 
sea level rise (GMSL) is expected to have the 
greatest impact on future changes in the 
Baltic Sea level (BACC II Author Team 2015; 
Weisse et al., 2021). It is predicted that most 
of the future absolute sea level rise ASL in the 
Baltic will be strongly linked to correspond-
ing, large-scale changes in the North Atlantic 
and factors modulating these changes. These 
factors are mainly thermal expansion of the 
water column, the influence of Antarctic ice 
sheet melting (BACC II Author Team 2015, 
Meier et al., 2022b) and the influence of vari-
ability and changes in the meridional circula-
tion of the Atlantic Ocean (Börgel et al., 2018).

Factors controlling sea-level 
change along the Polish coast

The length of the Polish sea coast is 498 km 
(without the shoreline of the Vistula and 
Szczecin Lagoons) (Dobracki & Uścinowicz, 
2007). 80% of this length can be classified 
as dune coastlines, with dune heights from 
several metres to over 40  m. Meanwhile, 
cliffs with heights ranging from a few to sev-
eral tens of metres above sea level constitute 

approximately 20% of the Polish coastline 
(Musielak et al., 2017). The factors determin-
ing the direction and rate of coastline chang-
es in the southern part of the Baltic Sea, 
apart from hydrodynamic processes such as 
currents and wind waves, are primarily sea 
level fluctuations (Cieślikiewicz & Paplińska-
-Swerpel, 2008; Jędrasik 2014).

Similarly to most Baltic coasts, sea level 
and water fluctuations in the Polish coastal 
zone have various causes and amplitudes as 
well as differ in duration. The impact of sea 
levels on the coastal zone is also spatially 
variable (Musielak et al., 2017). The basic fac-
tor when considering long-term trends of sea 
level changes, similarly to the northern Baltic 
coasts, are geological causes and in particu-
lar the aforementioned subsidence process-
es. In contrast to the regressive, northern 
parts of the Baltic Basin (where GIA com-
pensates for eustatic rise), on the southern, 
transgressive Baltic coasts glacio-isostatic 
subsidence and eustatic rise have the same 
direction and complement each other, caus-
ing permanent flooding and consequently 
permanent retreat of the coastline towards 
land (Harff et al., 2017). The Polish coast is 
divided into 2 zones associated with subsid-
ence with a tendency to lowering (1– Świnouj-
ście to Darłowo, 2 – Gulf of Gdańsk) and one 
zone with a tendency to uplift (Darłowo-Puck). 
Neotectonic (geological) processes occurring 
in these zones, depending on their character, 
enhance (subsidence) or reduce (uplift) the 
morphodynamic effects of marine transgres-
sion and simultaneously influence relative 
sea level fluctuations. These processes are 
noticeable both on a  timescale measured 
in millennia and on a  spatial scale covering 
hundreds of kilometres of coastline (Musielak 
et al., 2017).

Long-term trends in mean sea 
level along the Polish Baltic coast

Water level measurements on the Polish 
coast are currently operated by 13  tide 
gauges from Świnoujście in the western part 
(Usedom Island) to Nowy Świat in the eastern  
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part of the coast (Vistula Spit), administered 
by the Institute of Meteorology and Water 
Management (Fig. 1) (Hydro IMGW-PIB 2025). 
It is worth noting that the tide gauge in Świ-
noujście, which has a measurement series of 
mean sea levels from 1811, is the 3rd oldest 
tide gauge on the Baltic Sea (after Stockholm 
1774 and Kronstadt 1777), and at the same 
time the only one that has remained opera-
tional since the beginning of the 19th century, 
with only a minor interruption in 1945-1946 
due to wartime and post-war circumstanc-
es. (Bogdanov et al., 2000; Ekman, 2009; 
Kowalewska-Kalkowska & Marks, 2011). This 
series was used to determine time intervals 
on a  decadal scale where accumulation 
occurred in the coastal zone as sea level low-
ered by several centimetres on average, as 
well as longer periods of coastal erosion with 
fluctuating rise of mean sea level (Musielak, 
et al., 2017). The mean relative sea level rise 
over the last 200  years in Świnoujście was 
20  cm at a  rate of 1  mm·yr-1 (Kowalewska-
-Kalkowska & Marks, 2011). However, due 
to the significantly shorter operating time 

of the remaining tide gauges on the Polish 
coast, most estimates of long-term sea level 
trends fall within the time interval from 20 to 
70  years. Below are compiled estimates of 
trends in mean relative sea level along the 
Polish coast published in the last 30  years 
by various researchers (Tab. 2).

Based on the compiled trend results, it can 
be stated that an increasing trend in relative 
mean sea levels occurs along the entire Pol-
ish coast, which from the mid-20th century 
has been increasing at a rate of 2 mm·yr-1, i.e. 
an average of 15 cm over the last 75 years. 
This increase is faster compared to the end of 
the 19th century and the first half of the 20th 
century. This sea level rise is attributable not 
only to global factors (GMSL rise) but also to 
the aforementioned neotectonic processes on 
the Polish coast as well as processes respon-
sible for the intensification of westerly circu-
lation in the second half of the 20th century 
(Moberg et al., 2005; Jakusik et al., 2012). 
Miętus et al. (2004) explains the increase in 
mean as well as maximum sea level (95th 
percentile, Table 2) by the increased intensity 
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Figure 1. Tide gauges on the Polish coast administered by the Institute of Meteorology and Water 
Management 
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and stability of western air masses, which are 
pushed with greater force from the North Sea 
into the Baltic, whilst the opposite direction of 
advection favours sea level lowering (outflow 
of waters from the basin) occurring much less 
frequently. The result of these processes is 
also the sea surface slope along the Polish 
coast from west to east with the dominance 
of zonal, westerly air mass circulation (Miętus 
et al., 2004, Jakusik et al., 2010, Klimat Polski, 
2024). It is worth noting that the RSL trend 
value during the year is highest in winter and 
partially in spring, and lowest in the summer 
months. This is understandable, as winter is 
the period of the year with the greatest inten-
sity of westerly circulation and the positive 
phase of the North Atlantic Oscillation (Wol-
ski, 2017). It should be noted that the abso-
lute sea level (ASL) trend for Polish coastal 
stations (from Świnoujście to Gdańsk) meas-
ured by satellite altimetry during the period 
1993-2017 and corrected for glacial isostatic 
adjustment (GIA) averaged 3.7 mm·yr -1– near-
ly twice as high as the relative sea level (RSL) 
trend measured since the mid-20th century 
(Pająk & Błaszczak-Bąk, 2019).

Trends in maximum sea levels 
and storm surges long the Polish 
coast. Changes in return periods

It follows from Table 2 that trends in maximum 
sea level rise (95th percentile) on the Polish 
coast are clearly higher than trends in mean 
sea levels (on average 2.7 : 2.0 mm·yr-1). In the 
winter period, the trend of maximum sea lev-
els is even greater than the annual average 
and ranges from 3.3  mm·yr -1 in Świnoujście 
to 4.3 in Gdańsk (Jakusik et  al., 2012). This 
corresponds with the results of the Institute of 
Meteorology and Water Management report 
– Klimat Polski (2024), according to which in 
the years 1961-2024, in both the western and 
eastern parts of the Polish coast, a progres-
sive decade to decade decrease in the num-
ber of cases of low water levels is observed, 
particularly strong in Świnoujście. At the 
same time, an increase in the number of 
cases of levels higher than the mean occurs, 
in particular up to alarm level values (Tab. 3).

On the other hand, studies by Sztobryn 
et al. (2012) indicate that on the Polish 
coast (Świnoujście, Ustka, Hel stations)  

Table 2. Trends (mm·yr-1) of long-term, relative changes in mean sea level (RSL), minimum levels  
(5th percentile) and maximum levels (95th percentile) for the Polish coast in the 19th-21st centuries

Tide gauges

Dziadziuszko & 
Jednorał (1988)

Rotnicki &  
Borzyszkowska (1999) Jakusik et al. (2012) 
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Świnoujście 1.1 1.4 2.01 2.27 4.23 1.7 0.7 2.9 1.9 1.5 1.82 1.99

Kołobrzeg 1.3 0.8 1.94 0.80 5.25 1.8 1.3 2.5 2.3 1.2 1.70

Ustka 0.6 2.0 2.58 0.79 3.95 2.0 1.3 2.8 2.5 1.6 1.92

Łeba 1.6 0.9 2.7 2.2 1.3 1.35

Władysław. 2.4 2.4 2.6 3.2 1.8 1.99 2.24

Hel 1.7 1.7 1.1 2.5 2.4 1.2 1.34

Gdynia 2.3 1.9 3.0 3.1 1.8

Gdańsk Port 1.5 2.9 3.76 1.87 6.99 2.8 2.8 2.8 3.6 2.2
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the frequency of occurrence of maximum 
sea levels during storm surges clearly 
increased in the period 1981-2008 com-
pared to the period 1955-1980. Confirma-
tion of the above regularities not only on 
the Polish coast are also other interrelated 
long-term processes – increase in the dura-
tion of high sea levels, increase in the num-
ber of storm surges and change in the return 
period (recurrence interval) of maximum lev-
els. Table 4 summarises the results of trends 
in the duration of high levels (≥ 70 cm) and 
trends in the number of storm surges in the 
period 1960-2010 (Wolski, 2017).

Table 4 shows a  more than twofold 
increase in the number of hours of high sea 
levels (≥ 70 cm) and a nearly twofold increase 

in the average annual number of storm surges 
on the Polish coast between 1960 and 2010. 
Similar trends, although with lower intensity, 
occur on the remaining Baltic coasts. For the 
extended period 1960-2020, the number of 
hours with high levels on all Baltic Sea coasts 
increased on average from 71 to 98  hours, 
and the number of storm surges from 3.1 
to 5.5 (Wolski & Wiśniewski, 2021). Other 
studies concerning the occurrence of storm 
surges in the Polish coastal zone in various 
time ranges confirm the increasing trend in 
the number and intensity of storms from the 
mid-20th century (Rotnicki & Borzyszkowska, 
1999; Sztobryn et al., 2005, 2012; Wiśniew-
ski & Wolski, 2009; Przygrodzki & Letkiewicz, 
2015; Kowalska & Kubicka, 2020). According 
to Sztobryn et al., (2012), the threat of storm 
surges on the southern Baltic increased 
almost twofold at the end of the 20th cen-
tury compared to the mid-20th century. In the 
period 1950-1979, 72 storms occurred, whilst 
in 1980-2008 as many as 129. There was 
also a shift in the highest frequency of storm 
occurrence from November to January. Addi-
tionally, on the western coast in the last quar-
ter of the 20th century, an increase in the 
frequency of occurrence of very high storm 
surges (with a maximum above 140 cm of the 
tide gauge zero) was observed, with a simul-
taneous decrease in storm surges with maxi-
mum sea level values of around 70 cm (Szto-
bryn et al., 2012). On the other hand, other 
studies indicate a more than 3-fold increase 
in the number of storms on the Polish coast, 
from 107 in the decade 1960-1969 to 367 in 
the decade 2000-2009 (Przygrodzki & Letkie-
wicz, 2015). These authors provide the total  

Table 3. Frequencies of water levels below mean level and above alarm level in individual decades at the 
Świnoujście and Władysławowo tide gauges. (Klimat Polski, 2024)

Świnoujście 1961-1970 1971-1980 1981-1990 1991-2000 2001-2010 2011-2020

Below mean level [%] 0.000 0.028 0.000 0.027 0.000 0.082

Above alarm level [%] 0.137 0.110 0.084 0.055 0.219 0.250

Władysławowo

Below mean level [%] 0.082 0.547 0.027 0.109 0.055 0.082

Above alarm level [%] 0.110 0.164 0.465 0.328 0.549 0.411

Table 4. Trends in the annual number of hours 
with high sea levels (≥ 70 cm) and in the annual 
number of storm surges at tide gauge stations 
along the Polish coast, derived from regression 
lines for the beginning and end of the 1960–2010 
period (Wolski, 2017)

Tide gauges

Long-term 
increase in the 

number of hours 
with high sea 

levels

Long-term 
increase in the 

number of storm 
surges

Świnoujście 23→69 1.9→3.8

Kołobrzeg 33→68 1.9→3.3

Ustka 27→61 1.3→2.3

Władysławowo 18→63 1.8→2.8

Gdańsk 30→96 1.3→3.0

Polish coast 
(average) 26→71 1.6→3.0

*bold font indicates statistical significance at the 
α = 0.05 level
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number of storms at individual stations in the 
period 1960-2010: 212 in Świnoujście, 228 in 
Kołobrzeg, 210 in Ustka, 156 in Hel, 220 in 
Gdynia and 253 in Gdańsk. The duration of 
surges also lengthened and the heights of surg-
es above alarm levels increased in the period 
1960-2010 (Przygrodzki & Letkiewicz, 2015).

A  process parallel to the rise in extreme 
sea levels and the increasing number of 
storm surges in the long term is the effect of 
shortening of the return period (recurrence) in 

the course of occurrence of the highest annu-
al water levels of the Baltic Sea. In Figure 2, 
the differences in theoretical water height 
between the period 1960-2020 and the peri-
od 1900-1960 are presented for 2 tide gauge 
stations Świnoujście and Gdańsk. Theoreti-
cal water is determined on the basis of the 
series of maximum annual sea levels using 
statistical probability distributions employed 
in hydrology. Thanks to this, it is known with 
what frequency a given water level may occur, 

Świnoujście

theoretical water from the period 1960-2020

theoretical water from the period 1900-1960

Gdańsk

theoretical water from the period 1960-2020

theoretical water from the period 1900-1960
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e.g. once in 10  years – so-called 10-year 
water, or once in 100  years, so-called 100- 
-year water. Such probabilistic estimates are 
needed for coastal zone engineering, siting 
of hydraulic structures, determining the crest 
elevations of port quays and flood protection 
embankments. Comparing the two stations, 
the theoretical water level was read for: 200- 
-year, 100-year, 50-year and 10-year water 
for both time ranges.

It follows from Figure  2 that at both 
tide gauge stations, the theoretical water 
level from the period 1960-2020 always 
exceeded the theoretical water level from 
the period 1900-1960 across the full range 
of quantiles (from 0.1 to 99%). This indicates 
a  constant increase in theoretical and thus 
observed maximum annual sea levels in both 
Świnoujście and Gdańsk in the second half 
of the 20th century and at the beginning of 
the 21st century. At the same time, the return 
period for these tide gauges was significantly 
reduced. For example, for Świnoujście, the 
100-year water after 60 years decreased to 
73-year water, and the theoretical water lev-
el rose during this time from 171 to 177 cm. 
Meanwhile, in Gdańsk, the 100-year water 
shortened to 26-year water, and the theo-
retical water level rose in the same period 
from 152 to 179  cm (Wolski et al., 2025). 
Averaging all ranges of reduction in theoreti-
cal water level for both tide gauge stations, 
it can be established that the return period 
of maximum annual sea levels on the Polish 
coast over the last 60 years has shortened on 
average by 50%, which is a  result identical 
to the averaged reduction of return period 
for tide gauges of all Baltic coasts in the 
same period 1960-2020 (Wolski et al., 2025). 
It can therefore be inferred that hydrological 
hazards in the Baltic Sea region and on the 
Polish coast during the last 60 years, in the 
main period of the Anthropocene, appeared 
twice as frequently as in the first half of the 
20th century.

Analysing sea level trends on the Polish 
Baltic coast from the mid-20th century, an 
increase in mean and maximum sea level, an 
increase in the duration of high water levels, 

an increase in the number of storm surges 
and a  reduction in the return period of the 
highest annual sea levels can be observed. 
These are processes that occur with greater 
or lesser intensity on all coasts of the Baltic 
Sea (BACC II Author Team, 2015; Wolski, 
2017; Wolski et al., 2021; Rutgersson et al., 
2022). As already mentioned, the causes 
of such a  picture are multi-scale and multi-
directional. According to recent IPCC reports, 
the main cause (although not the only one) of 
the rise in mean and maximum water levels 
in the Baltic and peripheral seas is the global 
rise in the world ocean level (GMSL), i.e. eus-
tatic rise generated by climate changes in the 
Anthropocene (IPCC AR6, 2023; IPCC 2023). 
For the Polish coast, this eustatic rise is inten-
sified by neotectonic movements of coastal 
subsidence, which triggers transgression 
processes of the sea and creates precondi-
tions for flooding of the coastal zone during 
storm periods (Harff et al., 2017). It should be 
emphasised that the greatest changes in the 
Polish coastal zone are observed especially 
during most storm surges lasting 1-3  days, 
with wind from north-west to north-east 
and water levels exceeding 60  cm (Musie-
lak et  al., 2017). Superimposed on this are 
mechanisms related to the intensification of 
zonal westerly circulation on a regional and 
local scale, strengthening of NAO especially 
in the winter period, which causes periodic 
fillings of the Baltic basin and systematic sea 
level rise on the Polish coast (Heyen 1996, 
Miętus 2004, BACC II Author Team, 2015; 
Girjatowicz 2007; Jakusik et al., 2010, 2012). 
According to Rotnicki and Borzyszkowska 
(1999), the more frequent occurrence of high 
levels (storm surges) on the Polish Baltic coast 
is indirectly due to global causes (GMSL rise) 
and directly to changes in the frequency of 
occurrence of specific circulation patterns. 
These two processes constitute a  specific 
positive feedback consisting in the fact that 
sea level rise increases the frequency of 
storm surges, whilst on the other hand, the 
increase in storm surges caused by changes 
in atmospheric circulation affects the rise  
in mean sea level.
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Projections of sea-level rise 
along the Polish coast in the 21st 
Century

Most European coasts, including the Polish 
Baltic coast, are experiencing a  rise in both 
absolute sea level ASL and relative sea level 
RSL, with the latter being of greater signifi-
cance for coastal protection (Komunikat PAN, 
2021). Therefore, in Figure 3 and Table 5 pro-
jections of relative sea level change RSL for 
tide gauge stations of the Polish coast for the 
year 2050 and the year 2100 are compiled 
based on greenhouse gas emission scenarios 
from the latest IPCC report (IPCC AR6 Sea 
Level Projection Tool, 2025).

According to data contained in Table  5 
and Figure  3, the projected mean sea level 
rise on the Polish coast in 2050 may range 
from 20-24 cm (very low emissions scenario, 
SSP1–1.9) to 26-30  cm (very high emissions 
scenario SSP5–8.5) relative to the mean 
of 1995-2014. In 2100, sea level rise may 
amount to 39-46  cm (SSP1–1.9 scenario) to 
79-87 cm (SSP5–8.5 scenario). Unfortunately, 
in light of the latest IPCC scenarios, the Polish 
coast appears as one of the most threatened 
on the Baltic Sea alongside the coasts of Lith-
uania, Germany and Denmark (IPCC AR6 Sea 
Level Projection Tool, 2025). This is confirmed 

by the CMIP6 multi-model forecast (Coupled 
Model Intercomparison Project Phase 6), an 
international climate model research project, 
according to which, in the very high emis-
sions scenario (SSP5–8.5), the southern Baltic 
coasts will experience by the end of the 21st 
century the fastest relative sea level rise RSL 
in the basin, amounting to 6-7 mm·yr-1 (Fig. 4; 
European Environment Agency, 2025 a).

The differences in sea level rise between 
individual Polish tide gauge stations are small, 
amounting to a few centimetres, but for the 
Polish coast there is a  noticeable trend in  
the observed RSL values – i.e., an increase  
in sea level forecasts from west to east. 

According to European Environment 
Agency (2025b), a 10 cm sea level rise usu-
ally causes approximately a tenfold increase 
in the frequency of occurrence of floods of 
a certain height. IPCC projections indicating 
over 20 cm sea level rise on the Polish coast 
even by 2050 show a large scale of flood haz-
ard. According to CMIP6, in the low emissions 
SSP scenario, coastal floods which historically 
occurred once in 100  years will occur ten 
times more frequently on all European coasts 
by the end of the century. In the high emis-
sions SSP scenario, it is projected that coastal 
floods occurring once in 100 years will occur 
at least once a  year along most European 
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coasts before 2050 (European Environment 
Agency (2025 b).

Such projections have significant conse-
quences for the shape of the Polish coast: 
intensification of cliff and sandy shore ero-
sion is possible, migration of the coastline 
towards land, and increased storm flood 
hazard. A considerable sea level rise causes 
the wave energy dissipation zone to shift 
towards land, so that wave breaking may 
reach the foot of the dune or cliff, causing 
significant erosion there (Musielak et al., 
2017). Weisse et al. (2021) emphasises that 
changes in wind and wave climate may 
additionally increase erosion risk and affect 
sedimentation. Therefore, work is being 
carried out in Poland aimed at identifying 
areas threatened from the sea side due to 
predicted climate changes. One such pro-
ject is flood risk maps and flood hazard 
maps made available by the state institution  

– Polish Waters on the Hydroportal within the 
IT System for Country Protection (ISOK 2025). 
According to these maps, the most flood-
threatened regions are: the coasts of the Vis-
tula Lagoon, the Vistula estuary, the Oder 
estuary area together with the coasts of the 
Szczecin Lagoon and Kamieński Lagoon, as 
well as areas around coastal lakes: Łebsko, 
Gardno, Wicko, Bukowo, Jamno, Resko. River 
mouths of Pomerania to the Baltic are also 
places threatened by storm floods.

Conclusions

•	 Sea level changes on the Polish coast reg-
istered in the main period of the Anthropo-
cene, i.e. from the mid-20th century to the 
beginning of the 21st century, are distinct. 
During this time, relative sea level rose on 
average by 15 cm (at a rate of ~2 mm·yr-1). 
This is a result of the rise in global mean 

Table 5. Projections of relative, mean sea level change RSL (median) for tide gauge stations of the Polish 
coast for the year 2050 and the year 2100 based on scenarios from the latest IPCC AR6 report relative 
to the mean of 1995-2014 (IPCC AR6 Sea Level Projection Tool, 2025), Creative Commons Attribution 
4.0 International License

Tide gauges
SSP1–1.9* SSP1–2.6 SSP2–4.5 SSP3–7.0 SSP5–8.5

in 2050 in 2100 in 2050 in 2100 in 2050 in 2100 in 2050 in 2100 in 2050 in 2100 

Świnoujście 21 cm 40 cm 23 cm 44 cm 25 cm 58 cm 24 cm 67 cm 26 cm 79 cm

Kołobrzeg 20 cm 39 cm 23 cm 43 cm 24 cm 57cm 24 cm 67 cm 26 cm 79 cm

Ustka 21 cm 41 cm 23 cm 45 cm 25 cm 59 cm 25 cm 69 cm 27 cm 81 cm

Władysławowo 23 cm 44 cm 25 cm 49 cm 27 cm 63 cm 27 cm 72 cm 29 cm 85 cm

Hel 23 cm 44 cm 25 cm 49 cm 27 cm 63 cm 27 cm 73 cm 29 cm 85 cm

Gdańsk 24 cm 46 cm 26 cm 51 cm 28 cm 65 cm 28 cm 75 cm 30 cm 87 cm

*SSP (Shared Socio-economic Pathway) scenarios used in IPCC AR6 reports describe socio-economic trends and are 
associated with levels of greenhouse gas emissions (Nauka o Klimacie, 2021):

SSP1–1.9 – very low emissions scenario with emissions rapidly falling to zero in the middle of the century, followed by 
large-scale CO2 removal from the atmosphere; (temperature rise 1.4–1.6°C by 2100)

SSP2–2.6 – low emissions scenario similar to SSP1–1.9, but with slower emission decline, later achievement of net zero 
emissions and lower level of CO2 removal from the atmosphere (temperature rise 1.7–1.8°C by 2100)

SSP2–4.5 – intermediate emissions scenario with greenhouse gas emissions remaining until the second half of the 
century at a level close to the present, then gradually falling, but not below zero until the end of the 21st century 
(temperature rise ~2.7°C by 2100)

SSP3–7.0 – high emissions scenario in which emissions rise, doubling relative to the current level by the end of the 
century; (temperature rise ~3.6°C by 2100)

SSP5–8.5 – very high emissions scenario in which emissions rise rapidly, doubling relative to the current level by the 
middle of the century (temperature rise ~4.4°C by 2100)
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sea level (GMSL), i.e. eustatic rise gener-
ated by climate changes and increasing 
anthropopression, as well as coastal sub-
sidence processes. Both these factors, 
although multi-scale, have the same direc-
tion and complement each other, trigger-
ing transgression processes of the sea and 
creating preconditions for flooding of the 
coastal zone during storm periods. Super-
imposed on this are mechanisms related 
to the intensification of zonal westerly 
circulation on a  regional and local scale, 
which causes additional sea level rise and 
steadily increasing flood hazard of areas 
situated along the Polish coast.

•	 The relative increase in average sea level 
on the Polish coast is accompanied by 
more dynamic increases in maximum sea 
levels, longer duration of these events, and 
intensifying processes of storm surge fre-
quency and intensity since the mid-20th 
century. This, in turn, results in increased 
coastal erosion and sediment transport, 
as well as an increase in the frequency of 
storm surges. At the same time, over the 
last 60 years, the return period of the high-
est annual sea levels has been reduced  
by about 50%, which indicates that hydro-
logical hazards in the Baltic Sea region and 
on the Polish coast occurred twice as often 

Figure 4. Current trends and projected changes in relative sea level in Europe (European Environment 
Agency, 2025a).

Source: European Commission, European Environment Agency (EEA) (https://www.eea.europa.eu/legal/
copyright)
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during this period than in the first half of 
the 20th century, which is also a  result  
of human-induced climate change.

•	 Projections from a  credible international 
institution such as the Intergovernmen-
tal Panel on Climate Change (IPCC) are 
deeply alarming for the Polish coast and 
Polish administration. The Projections in 
the latest IPCC report for 2050 indicates 
a  rise of 20-24  cm (low greenhouse gas 
emission scenario) and 26-30  cm (very 
high emission scenario) relative to the 
average from 1995-2014. Meanwhile, by 
2100, sea level rise may reach 39-46 cm 
(low emission scenario) to 79-87 cm (high 
emission scenario) compared to the 1995-
2014 average. Such increases indicate an 
unprecedented acceleration in mean sea 
level in the current century, potentially 
reaching 6-7  mm·yr-1 – more than three 
times higher than from the mid-20th cen-
tury to present – which further increases 
the risk of erosion and storm floods. This is 
particularly possible when large ice sheets 
in Antarctica and the Arctic melt faster. In 
light of the above data, the Polish coast 
appears to be one of the most hydrologi-
cally threatened areas in the entire Baltic 
Sea region.

•	 Any long-term change in mean or extreme 
sea level, as well as coastal erosion, will 
have an immediate impact on society, 
affecting sectors such as: coastal protec-
tion, coastal navigation, and the develop-
ment of marine renewable energy sources.

•	 The latest alarming sea level rise projec-
tions for the Polish coast indicate the 
necessity of deep adaptation to climate 
change – particularly in depression areas 
and large agglomerations. Key actions 
must be undertaken: monitoring, incorpo-
rating dynamic forecasts and IPCC projec-
tions into spatial planning and investment 
in coastal zones, as well as effective and 
dynamic infrastructural coastal protection.

•	 Further research is needed integrating 
models of isostasy, extreme hydrodynamic 
events, sedimentation, and coastal erosion 
to better understand and predict future 
coastal topography under climate change 
conditions.
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