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Abstract: Based on observations spanning 21 years (2000–2020), the article studies the effects of storm surges on the 
shore of the Świna Gate Sandbar in the southern part of the Pomeranian Bay (southern Baltic Sea). Impacts of selected 
maximum storm surges in each year were assessed with respect to morphological data collected on the beach and the 
foredune. The data included parameters of beach-dune erosion as measured along a beach transect before and after 
each surge. Differences and trends in the shore erosion were related to the sea level (SL), duration of a storm surge 
[highest storm sea level (HSL) > 1 m], wind-wave sector and wave run-up. The relationships were explored using a sim-
ple correlation analysis. The most serious erosion was observed during the heaviest surges [HSL > 1.3 m above the mean 
sea level (AMSL)], with a wave run-up higher than 3.2 m AMSL. Such surges occurred at about 2-year intervals. The 
average SL during a surge was 1.2 m AMSL, with a run-up of 2.6 m AMSL. The beach and the lower part of the shore, 
below that level, were eroded each year. The heaviest surges resulted in an average 5.2 m and 7.0 m dune retreat on 
the high-beach-accumulative shore and on the low-beach-erosive shore, respectively. The dune was not eroded when 
the beach height exceeded the wave run-up. The heaviest surges eroded away 12–14 m3 of the beach sand volume. The 
shore erosion was found to be related to the storm surge duration, the maximum SL, the run-up and the beach height 
prior to the surge.
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Introduction

The southern Baltic Sea coast is a non-tid-
al area; the shores are affected by wind, waves 
and near-shore currents (Zeidler et al.1995, 
Zawadzka-Kahlau 1999). The stormy season and 
the sea level (SL) in the southern Baltic Sea vary 
from year to year due to joint effects of numer-
ous meteorological and hydrological factors. The 
most frequent and important factors include the 
passage of low-pressure systems from the North 

Atlantic over the Baltic Sea from the south-west, 
west or north-west (Samuelsson, Stigebrandt 
1996, Cyberski, Wróblewski 1999, Johansson et al. 
2001, Suursaar et al. 2003, Kont et al. 2008, Gräwe, 
Burchard 2012, Wolski, Wiśniewski 2020). The 
southern Baltic Sea, including the Polish coast, 
is influenced by frequent SW and W winds (Fig. 
1B) occurring during an eastward passage of 
a low-pressure system. Winds of high velocity 
(above 10 m ∙ s−1), termed the storm surge winds 
(Trzeciak 2001, Sztobryn et al. 2005, Stont et al. 
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2012), are observed mostly during colder parts of 
the year and most frequently arrive from NW, N 
and NE. Such winds account for about 10% of all 
winds in the western part of the Polish coast. The 
annual probability of the heaviest winds (above 
15 m ∙ s−1) is about 6% (Zeidler et al. 1995, Trzeciak 
2001). The heaviest (Beaufort scale 10–12) storms 

result from very strong NW and NE winds, 
whose annual probability is low (1%) (Zeidler et 
al. 1995). Winds, particularly the heavy ones, are 
responsible for meteorological forcing resulting 
in short-term sea-level variations. A storm surge 
is understood as a strong wind action producing 
high waves accompanied by an increase in the SL 

Fig. 1. Geographic characteristics of the study area.
A – location in the Baltic Sea coast, B – wind rose at station Świnoujście, 2000-2020, C – storm surge height and level 
in Świnoujście harbour, 2000-2020, D – coast exposure and morphology of the Świna Gate Sandbar (location of shore 
profile studied on kilometres 422 and 416); a) sandbar dune ridges, b) wetlands, c) lowlands and lakes, d) moriane. 

E – sandbar location in the Pomeranian Bay.
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over a short period of time (Sztobryn et al. 2005, 
Dailidienė et al. 2006, Hünicke et al. 2015). The 
most important factor for causing the water level 
to rise is the inflow of water from the North Sea, 
which occurs when the wind changes direction 
from SW to NW. This is why storm surges on the 
southern Baltic coast are more frequent with W to 
NW winds, the surge incidence being lower with 
NE winds. However, a probability of the very 
high SL increases in the latter case, with the water 
being pushed south from the northern part of the 
Baltic Proper (Johansson et al. 2001, Sztobryn et 
al. 2005, Surkova et al. 2015, Weisse, Weidemann 
2017).

The number of storm surges [i.e. SLs higher 
than 0.8 m above the mean sea level (AMSL)] on 
the southern Baltic coast differs from year to year, 
indicating the irregular nature of storm surge 
occurrence there (Zeidler et al. 1995, Sztobryn 
et al. 2005, Wolski, Wiśniewski 2020). Surges at 
the southern Baltic coast are most frequent dur-
ing winter (November–February) (Sztobryn et al. 
2005, Dailidienė et al. 2006, Surkova et al. 2015). 
At present, the highest water levels during storm 
surges on the Baltic Sea coast exceed 1.5 m AMSL 
and have been observed in most Baltic countries, 
with a resultant heavy shore erosion (Suursaar 
et al. 2003, Dailidienė et al. 2006, Eberhards et al. 
2006, Pruszak, Zawadzka 2008, Tõnisson et al. 
2008, Koltsova, Belakova 2009, Furmańczyk et 
al. 2011, Łabuz, Kowalewska-Kalkowska 2011, 
Ryabchuk et al. 2011, Łabuz 2015, MacPherson et 
al. 2019, Wolski, Wisniewski 2020).

The scale of the shore erosion and coastal re-
treat depends on both the surge height and du-
ration (Van de Graaff 1977, Tõnisson et al. 2008, 
Furmańczyk et al. 2011, Kelpšaite, Dailidienė 2011, 
Ryabchuk et al. 2011, Jarmalavicius et al. 2016). 
The average retreat rate along the Polish Baltic 
coast was 0.1 m  ∙ year−1 over the last 100 years, 
and 0.5 m ∙ year−1 from 1960 to 1983 (Zawadzka-
Kahlau 1999, Pruszak, Zawadzka 2008). At pres-
ent, the average retreat in the western part of the 
Polish coast is 0.9 m  ∙ year−1; following a heavy 
storm surge, it can and be as high as 5–8 m (Łabuz 
2009, Łabuz, Kowalewska-Kalkowska 2011). 
With the on-going climate change, the average SL 
in the southern Baltic is showing an increasing 
trend; an increase has been also observed in the 
incidence of smaller surges (Zeidler et al. 1995, 
Samuelsson, Stigebrandt 1996, Johansson et al. 

2001, Suursaar et al. 2003, Sztobryn et al. 2005, 
Gräwe, Burchard 2012, Richter et al. 2012, Jaagus, 
Suursaar 2013, Hünicke et al. 2015, Weisse 
and Weidemann 2017, MacPherson et al. 2019, 
Wolski, Wisniewski 2020). This increases the risk 
of coastal erosion, the potential scale of which 
should be assessed in relation to the magnitude 
of storm surges.

Storm surge-related dune erosion has been 
studied, both in the field and using numerical 
modelling, by several authors (Van de Graaff 
1977, 1986, Vellinga 1982, Basiński 1995, Orviku 
et al. 2007, Tõnisson et al. 2008, 2013, Roelvink 
et al. 2009, Van Thiel de Vries 2009, Furmańczyk 
et al. 2011, Kelpšaite, Dailidienė 2011, Łabuz, 
Kowalewska-Kalkowska 2011, Kortekaas et 
al. 2013, Łabuz 2014, Bobykina, Stront 2015). 
Quantitative analysis of morphological changes 
of a surge-threatened shore plays an essential 
part in the integrated coastal zone management. 
And yet, no data on a single section of the coast 
affected by erosion caused by various storm 
surges have been published.

This study is aimed at describing and com-
paring changes, associated with recorded storm 
surges, in accumulative and erosive sandy dune 
coast sections. The data were collected over 
21 years (between 2000 and 2020) of field obser-
vations. The objectives of this study are: 1) to 
present a hydrodynamic analysis of the heavi-
est storm surges which primarily produce the 
foredune erosion, 2) to describe the rate of beach 
and foredune erosion caused by each surge, 3) 
to estimate the volume of sand removed and/
or displaced by the storm, and 4) to explore the 
relationships between storm parameters and the 
shore erosion rate.

Study area, material and methods

Study area

The study area extends along a 16-km long 
stretch of the shoreline of the Usedom and Wolin 
Islands (southern Baltic Sea, Pomeranian Bay), 
forming a sandbar (Fig. 1A, E). The Pomeranian 
Bay in its southern part is shallow, with depths 
of up to 2–5 m close to the shore, and displays 
a system of 2–3 bars near the shore. The Świna 
Gate Sandbar consists of two sand spits between 
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the moraine plateaus of the two islands (Fig. 1D). 
The sandbar is located between Polish coast kilo-
metres 412 and 424 (shown in Fig. 1D); kilometre 
0 is at the border between Poland and the Russian 
Federation’s Kaliningrad Region on the Vistula 
Spit, while kilometre 424 marks the border be-
tween Poland and Germany on the Świna Gate 
Sandbar; the coast kilometrage is used to locate 
the measurement points as well as for the loca-
tion and management of threats along the coast. 
The two Świna Gate Sandbar spits emerged as a 
result of accumulation of the marine sand erod-
ed from the Wolin and Usedom moraines (Łabuz 
2009). The dunes and beaches are built by medi-
um and fine sand. The annual sea level rise (SL) 
in Świnoujście exceeds 1.1–1.3  mm (Zeidler et 
al. 1995, Richter et al. 2012). The highest surge 
in the Pomeranian Bay recorded in recent years 
exceeded 1.86  m AMSL (Sztobryn et al. 2005). 
The concave shoreline of the Pomeranian Bay 
is exposed to NE or NW storms, for which rea-
son coastal erosion is observed in the eastern or 
western part of the shore, depending on the main 
direction of waves advancing onto the shore and 

into the near-shore zone (Łabuz 2009). Long-term 
observations showed the shore in the eastern part 
of the sandbar, exposed to NW storm surges, is 
more prone to erosion, compared with the west-
ern part, affected by the NE winds. However, 
due to the accumulative nature of the sandbar 
in-between surges, the beach and dunes are usu-
ally rebuilt to their former state or to a new one 
(up to progradation of new dunes).

Hydro-meteorological data

The hourly wind information (velocity, force, 
direction) for each surge was extracted from 
data of the Polish Maritime Bureau and read-
ings at the Institute of Meteorology and Water 
Management (IMGW 2022) weather station at 
Świnoujście, a town located in the southern part 
of the Pomeranian Bay. The wind force associat-
ed with the low-pressure system is responsible 
for waves from a specific direction, which is im-
portant for a shore with an opposite exposure. 
Information on the occurrence of storm surges 
and their characteristics was collected, for the 

Table 1. The parameters of the highest storm surges observed on Świna Gate Sandbar in 2000–2022 (source of 
raw data: Maritime Office and IMGW station in Świnoujście (IMGW 2022) and Wetterzentrale (2022)).

Year Days, 
month

Max. sea level Sea waving Wind-waves direction Wind velocity
Time with sea 
level HSL>1m Storm name

[m AMSL] [Bft] [–] [m · s−1] [h] [–]
2000 17–20 Jan 1.01 5–6 NE–NW 10–12 2 Gilda
2001 21–24 Nov 1.04 7–8 NW–NNE 14–16 3 Janika
2002 19–22 Feb 1.44 7 NNW–NNE 13–15 11 Wisia
2003 21–23Dec 1.04 6 NW–N 16–18 3 Jan
2004 22–24 Nov 1.37 10–12 NW–NNE 17–20 15 Pia
2005 21–26 Jan 1.12 7 NNW 12–15 2 Lutz
2006 1–4 Nov 1.48 8–12 NW–N 16–20 18 Britta
2007 18–21 Jan 1.38 10 WNW–NW 15–19 24 Kyrill
2008 21–23 Mar 1.06 7 NE–N 12–15 6 –
2009 12–16 Oct 1.33 7 NNE–NE 12–15 30 Wimar
2010 14–15 Dec 1.02 6 NNE 14–16 3 Xynthia
2011 16–19 Dec 1.08 6–7 NW–NNE 14–16 3 Joachim
2012 13–16 Jan 1.42 7–9 WNW–N 14–17 32 Andrea
2013 6–9 Dec 1.04 10 W–WNW 16–24 4 Xavier
2014 20–21 Dec 0.85 9 W–NW 13–17 0 Aleksandra
2015 7–8 Feb 1.09 6–8 W–NNW 10–15 2 Ole
2016 4–6 Oct 1.13 6–8 NE–NNE 14–18 6 Angus
2017 4–6 Jan 1.42 7–11 NW–NE 16–20 28 Axel
2018 23–24 Oct 0.80 6 W–NW 14–16 0 Siglinde
2019 1–3 Jan 1.33 8–10 W–NNE 12–17 15 Zeetje
2020 14–15 Oct 1.10 8 NE 17–18 11 Gisela
2021 4–5 Nov 0.93 6–7 NE–NW 13–17 0 Wanda
2022 29–31 Jan 0.99 7–9 WSW–NNW 14–18 0 Nadine
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21-year period of study, from the Polish Maritime 
Bureau and the Harbour Master’s Office in 
Świnoujście. In relation to the Amsterdam level, 
the zero level of the tide gauges in Poland and in 
Świnoujście is PN = NN-500 cm (Sztobryn et al. 
2005). For this study, were selected surges pro-
ducing an SL higher than 0.8 m above NN and 
AMSL. Such surges cause the state of alert for 
the town of Świnoujście. The temporal resolution 
of the data was 1 h. The main descriptors of the 
storm magnitude included the highest storm sea 
level (HSL), the main wave direction (and possi-
bly its change), and the duration (hours; TSL) of 
a surge higher than 1 m (TSL with HSL > 1 m); the 
runup resulting in the SLr was also taken into 
account (see below). The storm surges were 
named after those used in media coverage in the 
Baltic countries, and were cross-checked against 
the lowpressure system names used in the 
Institute of Meteorology of the Free University 
of Berlin (FU 2000–2022, Wetterzentrale 2022). 
However, not every surge could be named as 
not every low-pressure system observed dur-
ing the on-going storm was named. A total of 
62 significant storm surges with SL higher than 
0.8 AMSL (HSL > 0.8 m) were observed. To exam-
ine the storm impact on the shore, the highest 
surges that appeared in each year were selected 
(Table 1).

Field measurements of shore morphology

Changes in the relief of coastal forms were 
determined based on the analysis of cross-shore 
profiles (transects) from the waterline to the sta-
ble dune. More than 80 profiles from two con-
trasting locations, exposed to different surge di-
rections, were analysed (Fig. 1D). One location 
(at kilometre 422) is exposed to NE storm surg-
es, the other one (kilometre 416) being exposed 
to NW surges. The transects extended from the 
fixed and stable parts of the dunes to the wa-
terline. Measurements along the transects were 
before and after each selected storm surge, with-
in 2000–2020. The dynamics of the shore relief 
could be followed this way as well (Fig. 2). The 
field measurements involved the use of geodes-
ic tools, including a cross-shore linear levelling 
(Ni-20) and a 3D levelling using the GPS RTK 
base Hiper II and Hiper SR made by TOPCON. 
Some observations were also made with a TLS 
ground laser scanning device TLS-1500 made by 
TOPCON (Fig. 3). Field observations on the pres-
ence of a storm surge and its impact on the shore 
morphology involved the measurement of the 
highest surge range, called the run-up or swash 
(SLr); it is marked by erosional cuts, as well as the 
presence of debris on the beach or in the runnel 
behind the eroded dune (Figs 6 and 7). 

Fig. 2. Relief dynamics across the shore in 2001-2021 at two selected shore profiles (location on fig. 1D).
Selected phases in colour, changes of foredune position caused by erosion marked below graphs. rn – runnel, fr – 

foredune, ed – embryo dune, be – beach.
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Numerical analyses

The transect measurements were processed, 
using a range of software products (Microsoft 
Office Excel 97, Grapher and Surfer by Golden 
Software, Grab it!, Statistica and Quantum GIS), 
to determine changes in the beach and dune 
height and width, followed by calculation of the 
sediment volume displaced from every square 
metre of the shore. This way, changes in the sed-
iment volume were determined for individual 
coast morphology features, i.e. the lower beach, 
the upper beach and mainly the foredune. The 
range of shore relief change-related variables 
used in subsequent analyses included the move-
ments of the foredune base and ridge or edge, the 
foredune height and the dune base width, and 
the beach width and height, as well as the height 
and dynamics of embryo dunes on the beach. The 
plotted dynamics layer shows short-time changes 

in the shore relief surface (Fig. 4). The changes are 
subsequently used to calculate the sand volume 
per metre in a 1 m2 cell surface. The variables as-
sociated with changes in the beach morphological 
forms (x) reflected the present, seasonal, annual 
and post-storm surge state and included:
	– wind: maximum velocity (Vw), time (Tw) 

Vw > 10 m ∙ s−1 and azimuth (Azw),
	– sea: sea level (HSL), HSL > 1 m AMSL surge du-

ration in hours (TSL) and, water run-up (HSLr),
	– beach (be): width (Wbe), height (Hbe), volume 

(Qbe) and changes in those variables (∆Xbe),
	– foredune (fr): width (Wfr), height (Hfr), foot 

(Pfr) and top (Kfr), volume (Qfr) and changes in 
those variables (∆Xfr),

	– embryo dune on the beach (ed): height (Hed), 
volume change (∆Qed), width (Wed) and chang-
es in those variables (∆Xbe).
Data for these variables were calculated based 

on transect data entered in Excel spreadsheets. 

Fig. 3. Field measurements.
A – dune levelling, B – beach with embryo form levelling, C – relief measurements using GPS-RTK tool, D – observa-

tion of dune retreat during a surge.
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Morphological changes were calculated for 
every square metre of each beach form (x) from 
the state determined before (Bxi) and after (Axi) a 
measurement/storm surge (where i is the length 
of a form/profile in metres). The data were cal-
culated mainly for the foredune (fr) and the 
beach (be). Further comparisons involved the 
following selected indicators: the foredune foot 
retreat (∆Pfr) in metres; the foredune volume 
change (∆Qfr) in cubic metres; and dune width 
and beach sand volume changes (∆Qfr/1m and 
∆Qbe, respectively) for each metre. Additionally, 
the beach height (before and after surge) and its 
change (∆Hbe) were analysed in relation to the SL 
and the run-up (SLr). The sand volume (Qx) for 
the shore morphological form (x) was calculat-
ed using formulas developed earlier, where the 
change in sand volume is calculated per square 
metre surface (d) of each shore form (xi) as a 
sum of values derived from the profile (transect) 
width:

Qx = Σ Hxi ∙ d

and added up to obtain the total volume change 
between the pre- and post-storm surge events (A 
and B, respectively):

∆Σ Qx = ∆Q Axi − ∆Q Bxi.

Changes in the beach and foredune width 
(∆Wx), the foredune foot (∆Pfr) and the position of 

the dune top (∆PKfr) were calculated in a similar 
manner.

The final step involved exploration of rela-
tionships between the field measurements and 
storm surge parameters. This was done using the 
correlation analysis by calculating appropriate 
Pearson’s correlation coefficients (Table 2).

Results

Within 2000–2020, a total of 62 surges with 
HSL  >  0.8  m were observed in Świnoujście (Fig. 
5A). The highest surges, with HSL > 1.3 m AMSL, 
occurred in 2002, 2004, 2006, 2007, 2009, 2012, 
2017 and 2019. During most storms, a surge with 
HSL  >  1  m lasted 3–5  h, the longest surges tak-
ing 15–40 h (as recorded in 2004, 2006, 2007, 2009, 
2012, 2017 and 2019) (Fig. 5B, Table 1). Those surg-
es were the most severe and showed the highest 
run-up (Fig. 5C). Morphological changes on the 
shore studied are described below. Changes in 
erosional and accumulative shore fragments fol-
lowing the same selected surge events are illus-
trated in Figures 6 and 7, respectively.

Characteristics of the storm surge impact at 
the coast stretch examined (2000–2020)

In 2000, there was one surge associated with 
a storm named Gilda, with the SL rising to 
HSL = 1.01 m AMSL in the Świnoujście harbour. 

Fig. 4. Forms measured along the profile and indicators of their dynamics (B – before the surge, A – after the 
surge).

ΔHbe – beach height change, Wbe – beach width, ΔWbe – beach width change, ΔQbe – beach sand volume change, ΔPfr 
– foredune foot change, ΔKfr – foredune top/edge change, ΔQfr – foredune sand volume change, BLw – water line 

before the surge, ALw – water line after the surge, SL – max. sea level, SLr– water run-up.
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The surge produced no significant beach and 
dune erosion on the Świna Gate Sandbar, except 
for the lower part of the beach being flooded be-
cause of a higher upper beach. The water run-up 
on the shore exceeded 1.4 m AMSL.

The autumn-winter season of 2001/2002 wit-
nessed five major surges of HSL  <  1  m AMSL. 
Each surge was produced by NW to NE or NE 
to NW winds and resulted in shore erosion along 
the entire sandbar. The two largest surges (HSL of 
1.44 m AMSL) occurred in January and February 

2002 and washed away the young, 3–4 m high, 
foredunes formed on the upper beach between 
1997 and 2001, following the sandbar erosion 
caused by a heavy storm in November 1995 
(Łabuz 2009). The dune erosion was considerable 
because, in the first place, the beach was lowered 
and the foredune slopes were somewhat under-
cut by the first storm in November 2001 (Janika); 
in early 2002, the dune erosion reached major 
dimensions. In November 2001, the dune reced-
ed by 2–3.5 m (Fig. 7, 2001, Fig. 8). The February 

Fig. 5. Storm surge parameters in 2000-2020.
A – maximum surges and surges with HSL of 0.8 m, B – duration (TSL) of max. surges with HSL > 1 m, C – run-up dur-

ing maximum surges (HSLr).
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2002 storm (Wisia) (Fig. 10D), with HSL = 1.44 m 
AMSL, caused the dune to recede by a further 
6 m due to the presence of a low beach that had 
eroded in 2001. During the February 2002 storm, 
the SLr above 1  m was observed for 11  h. The 
water run-up reached 3.3  m AMSL. Along the 
spit section examined, three-fourths of the dune 
volume was washed away, the dune base reced-
ing by 8–9 m. Approximately 1.2–1.3 m3 ∙ m−2 of 
sediment was removed from the dune surface, 
the removal from both sandbar sections totalling 
7–8 m3. The beach erosion exceeded 13 m3  ∙ m−1 
(per metre of shore width) (Fig. 8). As a result of 
aeolian accumulation, the foredune was rebuilt 
along the entire sandbar in 2002 and 2003, in-
cluding the sections analysed here (Łabuz 2009). 

Two consecutive storms in December 2003 with 
HSL  >  1  m AMSL resulted in another retreat or 
partial washing-out of the foredune ridge (Fig. 6, 
2003, Fig. 7, 2003). The foredune foot retreat did 
not exceed 1 m. In places where the beach was 
lower than 2 m above the SL, the ridges were bro-
ken (Łabuz 2009). The main surge, when the SL 
exceeded 1 m, lasted only 3 h.

The storm in November 2004 (surge Pia), in-
duced by NW–NNE winds, produced a surge 
that resulted in erosion of the dunes in the area 
examined and reduced their volume by up to 
onethird (Łabuz, Kowalewska-Kalkowska 2011). 
The SL reached 1.37  m AMSL and remained 
above 1 m for 15 h. The water run-up was 3.3 m 
AMSL. The dune base in the western part was 

Fig. 6. Photographic documentation of storm surge consequences on the foredune in the eastern part of Świna 
Gate Sandbar (kilometre 416).

2003 – fresh escarpments during the surge, 2004 – inundated beach and eroded foredune during heavy surge asso-
ciated with storm Pia, 2006 – 2/3 of foredune eroded after surge associated with storm Britta, 2007 – remnants of 

foredune between 3 surges associated with storm Kyrill, 2009 – rebuilt foredune eroded by a heavy surge, 2012 – ero-
sion after double heavy surge associated with storm Andrea, 2016 – small cut-off after 3 surges in autumn (including 
storms Angus and Barbara), 2017 – high escarpment of foredune eroded and beach washed by heavy surge associat-

ed with storm Axel, 2019 – foredune erosion during heavy surge associated with storm Zeetje.
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subject to erosion by 6 m, the erosion in the east-
ern part – with NW waves – amounting up to 
12 m (Figs 6 and 7, 2004). The eroded volume of 
dune and beach sediment exceeded 10  m3. The 
following winter (2004/2005) brought no major 
storms (with HSL  >  1  m AMSL). In November 
2006, however, a storm (surge Britta) produced a 
surge with the highest SL thus far, with a 1.48 m 
AMSL (described by Kettle 2015). The main surge 
came from NW, resulting in a larger erosion in the 
eastern part of the spit. In the foredune base, ero-
sion reached 7–8.5 m. The beach erosion was one 
of the highest recorded in the preceding 20 years, 
ranging from 14 to 15.8 m3. The water run-up, up 
to 3.6 m AMSL, washed away the foredune ridge 
almost completely (Figs 6–8). The water flooding 

through the storm gates produced erosion and 
accumulation of material in the interdune runnel 
(a washover fan).

Subsequent major surges (associated with 
storms, the main one among which was named 
Kyrill) occurred in January 2007, causing further 
erosion and retreat of the dune base. Between 
November 2006 and January 2007, there was 
no chance for the beach or dune to rebuild. 
Throughout the whole of January 2007, the SL 
exceeded 0.5  m AMSL. There were three storm 
surges with SLs of 1.19–1.38 m AMSL. As a re-
sult of the highest one, with WNW–NW winds, 
the water run-up reached 3.2 m. The dune base 
retreated by 4 m and 9.5 m in the western (kilo-
metre 422) and eastern (kilometre 416) parts of 

Fig. 7. Photographic documentation of storm surge consequences on the foredune in the western part of Świna 
Gate Sandbar (kilometre 422).

2001 – dune escarpment and flattened beach after 3 surges associated with storm Janika, 2003 – during surge, water 
entering low dune abraded in 2002, 2004 – eroded embryo dunes 3 days after surge associated with storm Pia, 2006 

– washover fans and storm gates in foredune after surge associated with storm Britta, 2009 – dune protected by 
high beach, 10 days after heavy surge, 2010 – only lower beach eroded during storm Xynthia, 2017 – organic debris 
slipped on partly eroded foredune by heavy storm Axel, 2019 – abrasion of foredune during surge associated with 

storm Zeetje, 2020 – small escarpments just after surge associated with October storm Gisela.
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the sandbar, respectively. The beach sediment 
volume was reduced by 8.9–9.4 m3. Along the en-
tire length of the sandbar, the foredune was com-
pletely eroded in both sections examined, where-
as a somewhat less severe erosion was observed 
in the middle section (kilometre 420). The water 
flooded the eroded foredune ridge into the inter-
dune space to create new washover fans.

The dune was rebuilt again in mid-2008, but 
retreated several metres into the interdune run-
nel. The process of dune ridge retreat and rebuild-
ing higher up on the shore is typical of abrasive 
shores (e.g. Carter et al. 1990). In the meantime, 

small storm surges were recorded in March and 
October 2008; these, however, lowered the beach 
surface only. By autumn 2009, the sediment vol-
ume and dune height had increased. In October 
2009, a prolonged and strong surge, elicited by 
a low-pressure system Wimar, eroded the dunes 
again. As a result of NNE–NE winds, the SL 
rose to 1.33 m AMSL and the run-up amounted 
to 3.2 m AMSL. The SL exceeding 1 m prevailed 
for 30 h. This was one of the longer storms, and 
produced a double surge (one surge after an-
other in a short period of time). A shore section 
with a low beach profile in the eastern part of 

Fig. 8. Examples of shore erosion on accumulative and erosive shore section of Świna Gate Sandbar due to 
storm surges (substantial sea level and water run-up).

2001 – low sea level and low beach, 2002 – high sea level and low beach, 2006 – high sea level and low beach, 2010 – 
low sea level and high beach, 2012 – high sea level and high beach, 2017 – high sea level and high beach but heavy 

surge.
a) relief before surge (B), b) relief after surge (A), c) sea level on profile, d) max. sea level and storm name, e) run-up 

during surge, f) erosion layer, g) accumulation layer.
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the area (kilometre 416) suffered major erosion. 
The dune in the section with the beach rising to 
2.1 m AMSL retreated by 5.3 m, while that in the 
section where the beach was up to 2.8 m high re-
treated by as little as 1.5 m (Figs 6, 7). Beach ero-
sion was less severe in the accumulated section 
(up to 2.3 m3) and heavier on the eroded section 
with a lower beach (9.2 m3). The marine and ae-
olian accumulation resulted in rebuilding of the 
beach and the foredune in spring 2010.

The surge in December 2010 (associated with 
an NNE storm named Xynthia) slightly undercut 
the lower part of the foredune slope and low-
ered the beach. The surge heightened the SL to 
HSL = 1.02 m AMSL (Fig. 10B). The dunes were re-
built in 2011 and were not eroded during the mi-
nor storm Joachim that took place in December 
2011. Only the beaches at an SL of 1  m AMSL 
were lowered.

Two very strong surges in January 2012 (as-
sociated with the storms Andrea I and Andrea 
II) resulted in beach and dune erosion along 
the whole Polish coast (Łabuz 2014). The storm 
Andrea I occurred in early January and was fol-
lowed 6 days later by Andrea II (or Elfriede, ac-
cording to the Institute of Meteorology of the Free 
University of Berlin). The maximum SL exceed-
ed 1.4 m AMSL (Fig. 10E). The SL of HSL > 1 m 
persisted for as long as 39 h. These were the 21st 
century’s two longest storm surge events at the 
southern coast of the Baltic Sea. The maximum 
water run-up reached 3.4  m AMSL. The water 
eroded the dunes where the beaches were low-
er than 2.5 m AMSL. This explains the large dif-
ference between the profiles analysed: there was 
virtually no dune erosion (as little as 0.3  m) in 
the accumulative section (kilometre 422), with a 
beach 3.2 m high, whereas there was a dune ero-
sion of up to 6 m in the section (kilometre 416) 
with a beach height of 2.8 m AMSL, in the eastern 
part of the spit (Fig. 6, 2012). The Andrea storm 
surge was advancing from WSW to N, and thus 
erosion was more severe in the section exposed 
to waves from that direction (kilometre 416). 
The differences were also reflected in the magni-
tude of beach erosion, whereby up to 3.5 m3 and 
12.6 m3 of sediment were lost in the western and 
eastern parts of the spit, respectively. The extent 
of erosion depended on wave direction and pre-
surge beach height. The dunes were gradually 
rebuilt throughout 2012 and 2013, and embryo 

dunes 2.5–3.2 m AMSL high were formed in the 
upper beach.

In December 2013, a strong hurricane named 
Xavier, with very strong westerly winds, pro-
duced a fairly small surge with HSL  =  1.04  m 
AMSL, which flooded the beaches along the en-
tire sandbar. The ensuing erosion was slight in 
the foredunes, but the embryo dunes in the upper 
beach were completely destroyed and the beach 
itself was considerably eroded. As the waves 
were advancing from W–WNW, the dune with 
a NW exposure in the eastern part of the sand-
bar (kilometre 416) was eroded, its base retreat-
ing by 4.2 m. Due to very strong (up to 21 m ∙ s−1) 
winds, the surge affected mainly the beaches that 
had been subject to deflation and then abrasion 
(erosion of approximately 15–18 m3 ∙ m−1). Large 
amounts of the sediment from the beach in the 
western part of the sandbar were blown onto the 
foredune ridge and into the interdune runnel in 
the eastern part, enlarging them by the sediment 
load equivalent to the total annual accumulation.

The dunes were rebuilt in 2014. New em-
bryo forms emerged and the upper beach began 
to rise again. A minor surge in December 2014 
(associated with a storm named Alexandra) of 
HSL = 0.85 m AMSL caused no dune erosion. The 
water run-up was 1.8 m AMSL, i.e. 1–1.4 m lower 
than the foredune base.

Surges associated with two storms in early 
2015, Felix in January and Ole in February, erod-
ed the dunes again. The maximum SL was 1.09 m 
AMSL. The NW waves eroded the eastern stretch 
of the shore (kilometre 416) and the dune retreat-
ed by 2 m.

By October 2016, the dunes and embryon-
ic forms on the beach were rebuilt. The storm 
Angus in October 2016 and recurrent storms 
in November and December resulted in surges 
from different directions, with the SL rising to a 
maximum of 1.13 m AMSL (Fig. 6, 2016). As a re-
sult, the beaches were lowered and the embryo 
dunes eroded down to 3 m AMSL. As the beach-
es were lowered, further dune erosion ensued the 
January 2017 storm event (Axel).

The January 2017 storm surge associated with 
the Axel turned out to be one of the heaviest surg-
es at the southern Baltic coast since November 
1995. With NW to NE waves, it lasted 3 days. The 
maximum SL at Świnoujście was 1.42 m AMSL 
and the water run-up amounted to 3.6 m AMSL. 
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The beaches, even those as high as 3.2–3.4  m, 
failed to protect the dunes from erosion (Figs 6 
and 7, 2017). The prolonged surge (over 36 h with 
HSL > 0.8 m and 28 h with HSL > 1 m AMSL) re-
sulted in a significant erosion of the dunes in the 
shore sections analysed. It was the largest erosion 
in the 21st century, comparable to that caused by 
the high storm surges of 1983 and 1995 (Sztobryn 
et al. 2005). The erosion resulted in the dune base 
retreat by 6–8 m. The high ridge shrank by 12 m3 
and 7 m3 in the eastern and western parts of the 
sandbar, respectively. The beach profile was low-
ered to 1  m AMSL. The beach erosion amount-
ed to 12–16 m3 ∙ m−1 of the shore width. The au-
tumn storms in 2017, with an SL of 1 m AMSL, 
caused no dune erosion despite the low profile of 
the beach. From spring 2018 onwards, the beach 
grew in height, and sand was accumulated at 
the foredune base along the shore. Similarly, no 
dune erosion followed the storm surge of October 
2018; it was only the beach that was eroded to the 
height of 1.7 m AMSL.

In January 2019, a storm (named Zeetje) pro-
duced a surge with an SL of 1.33 m AMSL. The 
Zeetje developed in a manner similar to that ob-
served in the previous storm (Axel), from W to 
NNE. The SL above 1 m was persisting for 15 h. 
The Zeetje-associated surge resulted in another 
erosion of the dune slopes that were in the pro-
cess of rebuilding after the January 2017 storm. 
The dune base was eroded down to 1–4 m (Figs 6 
and 7, 2019). The beaches were significantly erod-
ed as well, with 8.5–15 m3 sand being removed 
per metre of the shore width. The foredune slope 
in both sections (and along the entire sandbar) 
was being rebuilt throughout 2019 and 2020, the 
dune rebuilding process continuing without dis-
turbance by numerous minor storm surges from 
January to late March 2020, with SLs usually up 
to 0.8 m AMSL (four with HSL ≥ 0.8 m). As larger 
surges were absent, embryo dunes could form on 
the beaches from May to September 2020. These 
were, however, eroded by the storm surge in 
October 2020 (Fig. 7, 2020). With NE wind and 
waves, the SL reached 1.1 m AMSL (HSL > 1 m 
persisted for 11 h). In February 2021, the beaches 
in the shore section analysed were devoid of em-
bryo dunes. In numerous places, the foredunes 
were still undercut by the October 2020 surge. 
They began rebuilding in April 2021.

Worth mentioning are 23 minor storm surg-
es that occurred in autumn-winter 2021/2022 
along the southern Baltic coast, including 9 with 
HSL  ≥  0.8  m at Świnoujście. It was the highest 
number of surges recorded so far, comparable 
to the 18 that took place in 2019/2020. The two 
most severe storms in late January 2022, Marie 
and Nadine, produced surges with an SLr as low 
as 0.99 m AMSL (including short surge Ida with 
HSL  >  1  m for 3  h in mid-January). The surges 
mentioned resulted in beach lowering only, but 
this effect is not covered in the present study.

Sea level, wind and water run-up

A storm surge in the part of the Baltic Sea 
coast examined here is regarded as major when 
the water level is higher than 0.8 m AMSL (after 
Zeidler et al. 1995, Sztobryn et al. 2005, Wolski 
et al. 2014). In the period covered by this study 
(2000–2020), there were 62 such surges, including 
11 surges with HSL > 1.2 m AMSL and 5 surges 
with HSL > 1.4 m AMSL. The detailed analysis in 
this study concerned only the maximum surges 
in each year (Table 1, Fig. 5). The wind velocity 
(Vw, m  ∙ s−1) and direction (Azw, 00–3500) as well 
as the sea level (HSL) during the storm surges an-
alysed and the resulting water run-up (HSLr) were 
subjected to a correlation analysis. The maximum 
wind velocity was fairly weakly correlated with 
the highest SL (r = 0.29) and the duration of a lev-
el higher than 1 m (r = 0.31). However, a higher 
wind velocity produced stronger waves that re-
sulted in a higher water run-up (r = 0.49). During 
larger storm surges and at wind velocity above 
15 m ∙ s−1, the waves can reach 3–4 m.

Fig. 9. Relationship between water run-up and the 
max. sea level on Świna Gate Sandbar.
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A significant correlation (r  =  0.92) was ob-
served between the maximum SL during a storm 
and the water run-up (Fig. 9). During surges with 
HSL = 0.8 m AMSL, the ascent of water onto the 
beach reached 1.6–1.8 m AMSL. With the SL up to 
1 m, the usual wind speed of 15 m ∙ s−1 generates, 
according to the Beaufort scale, waves up to 3 m 
high. The run-up of a subsiding wave at an SL of 
1 m AMSL reaches 2–2.5 m AMSL. In the period 
analysed, such storm surges occurred at the Świna 
Gate sandbar at least once a year. The water run-
up at HSL = 1.2 m AMSL was up to 2.8 m AMSL. 
The largest surges observed, with HSL>1.3  m 
AMSL, resulted in a run-up (SLr) of up to 3.8 m 
AMSL. These effects were recorded eight times, 
on average every 2 years (2002, 2004, 2006, 2007, 
2009, 2012, 2017 and 2019). The shore-eroding 
surges analysed showed an average HSL of 1.2 m 
AMSL, the maximum HSL reaching 1.48 m AMSL 
(during the storm Britta in 2006). However, the SL 
at the gauging site (the Świnoujście harbour) is not 
necessarily identical with that at the sandbar sec-
tion examined. Therefore, generally, the run-up is 
more important than the SL for assessing the ex-
tent of storm-surge-caused dune erosion. During 
each maximum surge, the run-up was up to 3.2–
3.8 m AMSL, as could be inferred from the loca-
tion of organic matter layer in the sediment as well 
as from a direct observation of the surge itself.

Storm surge duration and recurrence

The maximum SL during a storm and duration 
of HSL > 1 m AMSL were strongly and significant-
ly correlated (r = 0.87). During smaller and short-
er surges, the duration was in the range of 2–5 h. 

With HSL = 1.2 m, the duration of HSL > 1 m AMSL 
averaged 10 h. During the period analysed, there 
were six storm surges with HSL > 1 m AMSL last-
ing more than 15 h (with a maximum of 27–32 h). 
Typically, such surges were produced by storms 
lasting 2–3 days and resulted in the heaviest beach 
and dune erosion (2004, 2006, 2007, 2009, 2012 
and 2017). Some surges were long-lasting (2004, 
2006 and 2017), some were double (e.g. 2009 and 
2012) and others were alternating (2007 and 2016). 
The period analysed also witnessed surges with 
lower SLs, which eroded the beach only (2001, 
2011, 2015 and 2020). The longer the duration of 
a high-level surge (or the higher the number of 
their occurrences in a given period), the more 
extensive was the beach (∆Qbe) and dune (∆Qfr) 
erosion (2006/2007, 2009, 2011/2012, 2016/2017). 
In November 2006 and January 2007, there were 
four surges with HSL > 1 m AMSL. The high SLs 
persisted from November 2006 through the end 
of January 2007. These surges, owing to their oc-
curring in a sequence, resulted in a more exten-
sive erosion than that produced by a single large 
storm. As a result, the dunes retreated further in-
land and were rebuilt at a higher altitude (Fig. 2).

A single larger surge was capable of removing 
more than 10–12 m3 of sediment from the beach. 
The erosion was weaker, 6–10 m3, during shorter 
surges, even at a high SL (e.g. in January 2002, 
October 2020). One or several surges with a lower 
SL, HSL < 1 m AMSL, could erode away 5–8 m3 of 
the beach sediment. The recurrence of lower surg-
es (January–February 2020 or November 2001) 
posed a weaker threat for the shore. There was no 
strong relationship (r = 0.24) between the number 
of surges and the beach erosion observed. The 

Table 3. Average dune-beach parameters after surges with different water height on Świna Gate Sandbar.

Sea level

Time 
length 
with 

H > 1 m

Run-up

Accumulative coast, the western part Erosive coast, the eastern part
Beach 

erosion 
volume

Dune 
foot 

retreat

Dune 
erosion 
volume

Dune 
erosion 
volume

Beach 
erosion 
volume

Dune 
foot 

retreat

Dune 
erosion 
volume

Dune 
erosion 
volume

HSL TSL HSLr ∆Qbe ∆Pe ∆Qfr ∆Qbe ∆Qbe ∆Pfe ∆Qfr ∆Qbe
[m AMSL] [h] [m AMSL] [m3] [m] [m3] [m3/m2] [m3] [m] [m3] [m3/m2]
Average

surge
H = 1.2

10 2.8 17.0 2.0 2.0 0.3 18.5 3.1 13.8 0.7

H > 0.8 10 1.6 12.6 0.0 0.0 0.0 12.2 0.3 10.1 0.2
H > 1.0 13 2.2 14.3 0.6 0.4 0.2 14.5 0.7 10.5 0.5
H > 1.3 20 3.3 17.5 4.9 4.0 0.7 11.2 6.6 15.4 1.3
H > 1.4 24 3.6 12.1 5.2 5.5 0.8 14.6 7.0 10.0 1.6
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extent of erosion depends on a combination of 
factors: the SL and run-up, storm duration, wind 
effect and wave propagation angle with respect 
to the shore. The duration of storm surges with 
HSL > 1 m AMSL was found to be strongly asso-
ciated with the extent of shore erosion (r = 0.66 
for the decrease in the beach volume, r = 0.71 for 
the decrease in the dune volume, ∆Qbe; the corre-
lation coefficients are averages for the two shore 
sections examined). The longer the duration of a 
surge with HSL > 1 m AMSL, the more extensive 
was the beach and dune erosion. Moreover, the 
higher the SL, the more extensive was the erosion 
of the beach and dune (Table 3).

The rate of erosion could be also related to the 
time during which the SL was rising to its max-
imum. A more rapid rise in the SL results in a 
more extensive erosion, as observed during the 
storm Axel in January 2017. The SLr to 1.4  m 
AMSL observed then was the fastest in the 21st 
century. The analysis of surge duration and the 
SL as well as their recurrences allowed the dis-
tinguishing of several types with respect to the 
shore erosion (Fig. 10):
	– a very low surge (HSL > 0.5 m AMSL) eroding 

the lower beach only,

	– a low surge (HSL  >  0.8  m AMSL) or several 
surges of varying durations resulting in ero-
sion of the beach (or its part) only,

	– a medium-sized surge (HSL  >  1.0  m AMSL) 
eroding the beach but not the foredune (Fig. 
10A),

	– a medium-sized, but long-duration (some-
times double) surge (0.8 < HSL < 1.0 m AMSL) 
eroding the beach and dune on a low beach 
shore (Fig. 10B),

	– a high (HSL > 1.0 m AMSL) but short-duration 
surge eroding the beach only (Fig. 10C),

	– a high (HSL  >  1.0  m AMSL) and long-lasting 
surge eroding the foredune,

	– a very high (HSL > 1.2 m AMSL) but short-du-
ration surge eroding the entire shore in a short 
time (Fig. 10D),

	– a sequence of surges of various SLs (HSL > 1.2–
1.4 m AMSL), with at least one high-level one, 
heavily eroding the foredunes (Fig. 10E).

Directions of main wind and wave advance 
onto the shore

As already mentioned, the study involved 
surveying two opposite types of beach, one with 

Fig. 10. Different storm surges with HSL > 1m and sea-level changes (author’s own graphs based on data from 
Świnoujście Maritime Office).

A – medium, single and long, no dune erosion, December 2011, storm Joachim, B – medium, double and long, no 
dune erosion, December 2010, storm Xynthia, C – high, single and short, no dune erosion, October 2008, D – very 
high, single and long, with large dune erosion, February 2002, storm Wisia, E – sequence of surges, with two high 

ones producing large dune erosion, January 2012, storm Andrea.
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a NW and the other with a NE exposure. Based 
on previous measurements, it was assumed that 
a shoreline perpendicular to the incoming wind 
and wave would be more eroded. This was usu-
ally the case. However, due to the changing wave 
direction resulting from the change in wind direc-
tion, the correlation was not very strong. No sig-
nificant correlation (r = −0.22 to 0.37) was found 
between the wind-wave direction and the extent 
of erosion. A greater correlation (r  =  0.23–0.59) 
was observed with respect to the erosion extent, 
as against the wind and waves varying between 
NW and NE. The dune was eroded by waves 
hitting the shore at an angle, after the beach had 
been lowered. Erosion on the two opposite shore 
sections was mostly observed when the wave di-
rection was perpendicular to the shore.

Impact of storm surges on beaches

Comparison of the beach morphology before 
and after a storm surge showed the beach to have 
been levelled off after the storm (Fig. 11A). The 
beach on both the accumulative and erosive sec-
tions was levelled by an average of 0.6–1.8 m. All 
the concave (beach lagoons) and convex (coastal 
banks, embryo dunes in the upper beach) forms 
were destroyed. Figure 12 illustrates the rela-
tionship between the change in beach parame-
ters versus the SL and run-up. The correlations 
proved to be strong and significant (r = 0.66 for 

HSL vs. ∆Qbe; r = 0.70 for HSLr vs. ∆Qbe; the cor-
relation coefficients shown are averages) (Tables 
2 and 3). During storm surges with a lower SL, 
only the lower part of the beach was eroded, 
the erosion not exceeding 4 m3 (Tables 3 and 4). 
The erosion affected the entire beach as well as 
the dune base where the beach was lower due 
to, for example, previous storm surges. During 
surges with HSL < 1 m AMSL, the beach was low-
ered down to 1–1.3 m AMSL. The amount of the 
beach sediment removed then (∆Qbe) reached 
5–10  m3 (Fig. 11C). During the heaviest storms 
with HSL > 1.3 m AMSL, the water run-up was 
3.6 m, the entire beach up to the foredune base 
being eroded. Such single surges resulted in a 
considerable removal of the beach sediment, 
10–15 m3 (∆Qbe). The beach sand removal (∆Qbe) 
was strongly and significantly correlated with 
the maximum SL (HSL) and the run-up (HSLr) (an 
average r = 0.66 for HSL vs. ∆Qbe; r = 0.70 for HSLr 
vs. ∆Qbe 0.70) (Fig. 12). A weaker erosion is ob-
served on the accumulative part with a wider 
beach (r = 0.55 for HSL vs. ∆Qbe), the erosive part 
showing a stronger sediment removal (r = 0.79 
for HSL vs. ∆Qbe). Although the beach width was 
observed to generally increase after surges, the 
beach width changes (∆Wbe) has a weak rela-
tionship (r = 0.01 to 0.10) with storm and surge 
parameters. The beach width was almost iden-
tical (r = 0.85) before (Wbe B) and after (Wbe A) 
the surge (Fig. 11B, C). After a few storms, the 

Table 4. Dune-beach relief parameters change on accumulative and erosive shore after storm surges on Świna 
Gate Sandbar.

Shore 
profile 
type

Beach 
width

Beach 
height

Beach 
width 
change

Beach 
height 
change

Beach 
erosion

Beach 
erosion

Dune foot 
retreat

Dune 
erosion 
volume

Dune 
erosion 
volume

Wbe B Hbe B ∆Wbe ∆Hbe ∆Qbe ∆Qbe ∆Pfe ∆Qfr ∆Qbe
[m] [m3] [m3 m−2] [m] [m3] [m3 m−2]

Average: 
erosive, 
416km

35.6 2.6 −1 −1.2 18.9 0.3 13.3 14.0 0.8

Average: 
accumu-
lative, 
422km

54.8 2.9 0 −1.3 17.4 0.1 12.2 12.1 0.3

Max.: 
erosive, 
416km

23–45 1.7–3.0 −11 to 10 −1.8 16.6 0.6 19.5 12.3 2.0

Max.: 
accumu-
lative, 
422km

33–74 2.0–3.5 −15 to 14 −2.3 18.7 0.3 12.0 12.5 1.4
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beach width was narrower by up to 9 m, where-
as other storms resulted in the beach being wid-
er by up to 8 m. Such small changes are typical 
of the Świna Gate Sandbar where the beach is 
usually wider and higher than in other sections 
of the Polish coast. When the SL decreases grad-
ually, the water removes more sediment from 
the dune to form a new beach after the storm. 
The beach formed that way is wider, often with a 
deep lagoon and an extensive coastal bank, pre-
viously an underwater bar formed by near-shore 
currents.

The beach slope profile and the beach width 
after a storm are shaped by the rate at which the 
waves subside (the run-up). In addition, the post-
storm beach width depends on the SL at which 
the beach width and slope were measured. It was 
0.3 m to −0.2 m either above or below the mean, 
which influenced the measurement. For this rea-
son, the post-storm beach width, especially in 
typical accumulative sections, is not a reliable 
indicator of shore erosion. It is usually related to 
the post-storm SL, and the height of the beach in 
its upper part is more important.

Fig. 11. Changes in beach characteristics after the heaviest surges (km 416 and 422).
A – pre-surge beach height (Hbe) vs its post-surge change (∆Hbe), B – pre-surge beach width (Wbe) vs its post-surge 

change (∆Wbe), C – the total volume of post-surge beach erosion (∆Qbe).
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When a storm was subsiding rapidly, i.e. 
there was a rapid decline in the wave height and 
SL, the beach was usually low, flat and slight-
ly inclined. At a strong wave action, the water 
would wash away larger amounts of sediment 
from under the dune. The rapid sediment re-
moval from the beach resulted in a significant 
decline of the beach height in its upper part. 
Then, after the storm, the beach height would 
not exceed 1 m AMSL, and the beach would be 
narrow and steeply inclined towards the sea. 
Also, the foredunes showed the formation of the 
highest abrasive slopes.

After the heaviest storms, the beach was wid-
ened seaward because of a large amount of sedi-
ment from the eroded dunes that was deposited 
to form a flat surface covered with ripplemarks, 
resembling a tidal plain. At a low SL, this post-
storm plain was 10–30 m wide. Its formation on 
the shore was a result of long-term beach submer-
gence during heavy storm surges and the post-
storm recovery (as observed in 2002, 2007, 2012 
and 2017). During a storm with a very high SL, 
the beach became shallow near the shore where 

ripplemarks and an underwater shoal were 
formed. After the storm, the shoal turned into a 
coastal bank. The sediment eroded from the dunes 
was accumulated at their foot and filled in any 
irregularity of the beach surface. Convex forms 
(embryo dunes) were eroded and depressions 
were filled with the sediment to form an even 
beach surface, inclined seaward. The beach width 
and height depended on the rate of the sea-level 
decline. A poststorm plain was formed where a 
large amount of sediment from the eroded dunes 
was deposited in the breaking wave zone during 
the rapid wave retreat and SL drop. This resulted 
in sediment accumulation, which translated into 
an increase of the beach width and the formation 
of a post-storm plain covered by wave ripple-
marks. When the SL was rising again, the plain 
would be flooded, with a part of the beach being 
eroded and rebuilt. Table 3 shows the average 
and maximum values of beach erosion during 
surges with selected SLs in the accumulative and 
erosive shore section, while changes in beach pa-
rameters due to the storm surge-related erosion 
are detailed in Table 4.

Fig. 12. Relationships between beach characteristics and surge level.
A – lowering of beach height (∆Hbe) vs sea level (HSL), B – abrasion of beach in cubic meters (∆Qbe) vs sea level (HSL), 

C – width change (∆Wbe) vs sea level (HSL), D – abrasion of beach in cubic meters (∆Qbe) vs water run-up (HSLr).
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Storm surge impact on dunes

Figure 13 illustrates changes in dune param-
eters: dune retreat (Fig. 13A), sand volume re-
moved (Fig. 13B) and erosion per square metre 
(Fig. 13C), over 21 years in a selected accumula-
tive (kilometre 422) and erosive (kilometre 416) 
shore profile. Correlations between the mag-
nitude of dune erosion, the retreat of dune foot 
(∆Pfr) or crest (∆Kfr) and the change in the volume 
of dune-building sediment (∆Qfr) on the one hand, 
and the SL (HSL), storm surge duration, including 
duration of surges with HSL > 1 m (TSL), and the 
run-up (HSLr) on the other, were explored (Tables 
2 and 3; Fig. 14). The foredune retreat increased 
with the SLr (Fig. 14A). The largest removal of 

dune sediment occurred in both shore sections 
after the strongest surges in 2002, 2004, 2006 and 
2007. In 2002 and 2004, a heavier erosion was re-
lated to the still insignificant beach height. The 
higher the beach prior to the surge (Hbe B), the 
less likely dune erosion (∆Qfr, ∆Pfr) was to occur. 
This the reason why dune erosion in recent years, 
even during strong surges (2012, 2017, 2019), was 
weaker on accumulative shores. November 2006 
and January 2007 saw some of the strongest storm 
surges with a maximum sea-level rise of almost 
1.5  m AMSL. They resulted in a complete ero-
sion of the foredune along the sandbar. For sev-
eral days in January 2007, the sea water flowed 
through the foredune ridge that had been eroded 
and lowered earlier, in November 2006. Through 

Fig. 13. Changes in foredune characteristics after the heaviest surges.
A – foredune retreat (∆Pfr), B – foredune erosion in cubic meters (∆Qfr), C – foredune erosion per 1 squre meter 

(∆Qfr/1m
2).
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the wide storm gates, the water approached the 
older dune ridge, eroding the stabilised base 
of the interdune runnel. Washover fans were 
formed where the sediment was deposited in the 
runnel. Dune erosion was observed again on the 
accumulative shore during a long surge with a 
high water level (associated with the storm Axel 
in January 2017).

When an autumn–winter season witnessed 
only one surge event, the dunes were quick-
ly reconstructed. This was also the case after a 
storm with a higher SL. When there were several 

surges during the storm season, dune erosion 
was larger (2001/2002, 2006/2007, 2016/2017). It 
took approximately 2  years for the dunes to be 
rebuilt. After a succession of strong surges oc-
curring during a short period of time, the fore-
dune was destroyed almost completely and was 
rebuilt deeper in the runnel, at a higher elevation 
(2002/2003 and 2007/2008). This exemplifies a 
foredune ridge retreat as a result of intense ero-
sion, which was described by Carter et al. (1990). 
The intensely eroded or completely destroyed 
dune was rebuilt in the interdune runnel, which 

Fig. 14. Relationships between foredune characteristics and surge level.
A – foredune retreat (∆Pfe) vs sea level (HSL), B – foredune volume change (∆Qfe) vs sea level (HSL), C – foredune vol-

ume change per each meter (∆Qfe/1m) vs sea level (HSL), D – foredune retreat (∆Pfe) vs water run-up (HSLr), E – foredune 
volume change (∆Qfe) vs sea level (HSLr), F – foredune volume change per each meter (∆Qfe/1m) vs sea level (HSLr).
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may happen only on the accumulative section of 
the shore.

The dune sediment removal (∆Qfr) was pri-
marily correlated with the dune heights (Hfr). The 
higher the eroded dune, the greater its negative 
sediment budget. The retreat of the dune base 
(∆Pfr) and a change in dune volume per square 
metre (∆Qfr  ∙  m−2) proved to be more important 
indicators of dune erosion; they were correlated 
with the beach height before the storm (r = 0.53 for 
HbeB vs. ∆Qfr ∙ m−2). It may be assumed that dunes 
on the southern Baltic shores featuring beaches 
higher than 3 m AMSL would be protected from 
erosion during typical storm surges. Such a cor-
relation was evident when changes in the dune 
volume along the sandbar, caused by the same 
event, were compared. The beach height is a more 
important obstacle to erosion on the accumulative 
shore (r = 0.48 for HbeB vs. ∆Pfr,) than in the erosive 
part (r = 0.62 for HbeB vs. ∆Pfr), where, during an 
average surge, the beach is mostly flooded. Where 
the beaches are still at least 3 m high as a result 
of aeolian accumulation (kilometre 420–421), 
the dunes are not eroded during a surge (except 
the heaviest events with a run-up HSLr  >  3.8  m 
AMSL). Embryo dunes are formed most often in 
such places. Their growth in height is accelerated 
by vegetation (growing out from root remnants 
left by the previous surge). Hills 3–3.5 m AMSL 
high are formed and protect the foredune from 
abrasion. During a major storm surge in January 
2012 (associated with the storm Andrea), the 
dune in the accumulative shore section was pro-
tected from erosion by the beach with a height 
equal to the maximum water run-up (HSLr = 3.5 m 
AMSL). Where the upper beach was lower than 
2.5 m AMSL, the foredune ridge was eroded by 
most surges with HSL  >  1.2  m AMSL. On lower 
beaches, the surge water reached the dune slope 
faster, and thus it took longer for erosion to occur.

The dune retreat rate was also influenced by 
vegetation which stabilises the ground (this was 
observed during a surge, but not measured). At 
densely vegetated sites, plant roots inhibited ero-
sion and thus the ridge retreat, whereas at other 
places, the ridge was washed away faster and to 
a greater extent. Sparsely vegetated dunes were 
prone to the formation of storm gates facilitating 
water advance into the interdune runnel. This ef-
fect was also observed, but not measured.

After the surge, loose sediment continues to 
be gravitationally removed from the disturbed 
dune slope. The so-called tension cracks are then 
formed, leading to the detachment of whole sed-
iment lumps from the slope. Landslides on the 
slope decrease the sediment volume of the dune 
and increase the sediment volume of the beach. 
Table 3 presents average and maximum values 
of dune erosion during surges with various SLs 
in the accumulative and erosive sections of the 
shore. Table 4 shows changes in dune parameters 
after storm-surge-caused erosion.

Each storm surge in the area of study is trig-
gered by strong (about 15–20  m  ∙  s−1) winds. 
Before the water starts flooding the beach, the 
sediment is blown away from it. Storms with 
winds advancing at an angle or perpendicular-
ly to the shore blow the sediment off the beach 
onto the dune ridge and behind it. After each 
such surge, aeolian sediment accumulation can 
raise the dune and the runnel by up to 10  cm 
and 5–6 cm, respectively. This is important from 
the standpoint of dune formation dynamics. As 
a result, although the dune base is undercut by 
the incoming waves, the sediment budget on 
the dune crest can be positive. Accumulation 
on the foredune ridge was observed after the 
storms of 2003, 2004, 2009 and 2012 (mainly 
on the accumulative shore represented by the 
profile on kilometre 422). The largest accumu-
lation occurring in a short period of time was 
observed during the storm Xavier of December 
2013, with a wind velocity of up to 18–24 m ∙ s−1. 
Such a westerly wind blowing along the shore 
produced sediment aeolian accumulation of 
20–25  cm on the foredune in the eastern part 
of the area (kilometre 416). Usually, the accu-
mulation is not higher than 10 cm on the dune 
top. Aeolian accumulation during (or just be-
fore) surges in the western part was larger be-
cause the source beach, from which the sand 
was blown away just before flooding, was wid-
er. The accumulated fresh sand layer was more 
than 0.1–0.15 cm thick on the dune and behind 
it, which amounts to an average 0.4 m3 of sand 
(maximum of 1.2 m3). Accumulation occurs only 
before the surge and during low surges. In the 
latter case, aeolian deposition is observed on 
the windward slope. The stronger the wind, the 
higher the likelihood of accumulation on the lee 
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slope. The correlation between the wind veloc-
ity (or direction) and the aeolian accumulation 
during surges proved to be weak (r = 0.14–0.36). 
Accumulation between grass shoots was acci-
dental only and hardly visible on the profiles. 
In addition, some of the accumulated sediment 
was eroded by storms, and therefore such data 
are neither presented nor illustrated.

Discussion

The strongest storms along the Baltic coast are 
caused by spatially varying atmospheric pressure 
at the sea surface and by strong onshore wind 
(Zeidler et al. 1995, Sztobryn et al. 2005, Dailidienė 
et al. 2006, Eberhards et al. 2006, Fink et al. 2009, 
Hünicke 2010, Łabuz, Kowalewska-Kalkowska 
2011, Stont et al. 2012, Jaagus, Suursaar 2013, 
Tõnisson et al. 2013, Kettle 2015, Jarmalavicius et 
al. 2016, Wolski, Wiśniewski 2020). The surge level 
is one of the most important variables in dune ero-
sion (Van de Graaff 1986). At the southern Baltic 
coast, the SL during a storm may rise up to 1.5 m 
AMSL (Zeidler et al. 1995, Cyberski, Wróblewski 
1999, Sztobryn et al. 2005, Wolski et al. 2014). In 
the last 21 years, the highest surges on the Świna 
Gate Sandbar exceeded 1.4  m AMSL four times 
(2002, 2006, 2012, 2017), surges with HSL > 1.3 m 
AMSL occurring four times as well (2004, 2007, 
2009, 2019). Wolski et al. (2014) determined that 
surges with such a water level would be recorded 
in Świnoujście every 6–10 years. However, during 
the period covered by this study (2000–2021), such 
surges were observed almost every other year or 
even each year (Table 1; Fig. 5A), i.e. a frequency 
higher than that found for the period 1960–2010 
(Wolski, Wiśniewski 2020).

In recent years, similar extreme SLs have been 
reported from other Baltic countries (Dailidienė 
et al. 2006, Eberhards et al. 2006, Gräwe, Burchard 
2012, Jaagus, Suursaar 2013, Jarmalavicius et 
al. 2016, Wolski, Wiśniewski 2020). On the 
Lithuanian coast, the maximum SL during surg-
es is in the range of 1.4–1.5 m AMSL (Dailidienė 
et al. 2006), the ranges reported from the German 
Baltic coast and Latvia being 1.3–1.6 m (Sztobryn 
et al. 2005, Gräwe, Burchard 2012, Richter et al. 
2012) and 1.4–1.6  m (Eberhards et al. 2009), re-
spectively. However, the present study allows 

the conclusion that dune erosion was better cor-
related with the water run-up than with the SL 
(Table 2).

The observed frequency and intensity of shore 
erosion in the area of study was strongly associ-
ated with the autumn-winter storminess as well 
as with the high water level duration and the SL 
during the strongest surges. Lower surges, with 
the SL of 0.8 m AMSL, penetrated the shore up 
to an average height of 1.6  m, whereas a surge 
with the SL of 1 m AMSL produced a run-up of 
2.2 m AMSL. Dune erosion was mainly observed 
during surges with HSL > 1.2 m when the run-up 
exceeded the usual beach height (2.5 m AMSL). 
The wave height cannot play a direct role in 
erosion rate, the run-up being more important. 
During surges with HSL > 1.4 m AMSL, the run-
up exceeded, on the average, 3.6  m AMSL. All 
the relief forms below that level were abraded 
and the dune ridges in the beach hinterland were 
regressing. For this reason, the dune foot retreat 
was related also to the beach height: the lower 
the beach, the larger the dune erosion.

The extent of the shore erosion and coastal re-
treat depends on both the sea surge height and 
duration (Van de Graaff 1977, 1986, Suursaar et 
al. 2003, Tõnisson et al. 2006). This study showed 
a strong correlation (r = 0.74) between the storm 
surge height (HSL) and the dune retreat rate (∆Pfr). 
A similar strong relationship (overall r = 0.66) was 
found between the storm surge height (HSL) and 
the beach volume eroded (∆Qbe), but the correla-
tion was stronger for the erosive that for the accu-
mulative shore (r = 0.79 and r = 0.55, respective-
ly). During the highest surges with HSL > 1.2 m 
AMSL, the average dune retreat was 3–8 m. The 
changes observed were very similar to those re-
ported from other parts of the Baltic Sea coast 
(Basiński 1995, Suursaar et al. 2003, Eberhards et 
al. 2006, Tõnisson et al. 2008, Koltsova, Belakova 
2009, Ryabchuk et al. 2011, Kelpšaite-Rimkiene et 
al. 2021 and others).

The duration of surges with HSL > 1 m AMSL 
correlated observably with the extent of dune 
erosion (dune base retreat, volume change) and 
with the beach erosion (volume change). The du-
ration of high water exerted a stronger impact on 
the erosive shore, as well as on its beach and dune 
(r = 0.57–0.77), than on the accumulative stretch 
(r  =  0.13–0.34). The differences were associated 
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with the pre-surge beach height playing a protec-
tive role against erosion. During average storms 
with HSL > 1.2 m AMSL and HSL > 1.0 m AMSL, 
the dune on the sandbar retreated by 5–10 m and 
1–5  m, respectively. No erosion was observed 
during storms with the SL 0.8  <  HSL  >  1.0  m 
AMSL (or in areas with the beach height larger 
than maximum HSLr). The longer the duration 
of surges with HSL  >  1  m, the stronger was the 
erosion of the beaches and dunes. Longer-lasting 
surges with a high SL produced an even heav-
ier erosion, up to 10–12 m (e.g. surges associat-
ed with the storms Pia in 2004, Andrea in 2012, 
Kyrill in 2007 and Axel in 2017). In addition, the 
dune erosion was heavier on the accumulative 
shore during storm surges with waves arriving 
from opposite sectors at different times (r = 0.59). 
The erosion was stronger when the shore section 
was directly exposed to wave action. Storms ad-
vancing from NW to NE produced the largest 
dune erosion. The heaviest erosion was observed 
during the strongest surges with wind and 
waves changing their direction (2002, 2004, 2006, 
2007, 2017 and 2019). In contrast, the erosion was 
lessened during heavy storms from one direction 
(e.g. the surge associated with the storm Wimar 
in 2009 advancing from NE, Andrea in 2012 ap-
proaching from WNW). A large number of small 
storms with the SL lower than the beach height 
(as in January–March 2020) did not result in dune 
erosion, but only lowered the beach (∆Qbe).

Overall, the seasonal shore erosion is heavier 
when two or more high storm surges occur in 
succession during a single season (e.g. the surg-
es associated with the storms Janika and Wisia in 
2001/2002, Britta and Kyrill in 2006/2007, Angus 
and Axel in 2016/2017). Calculations of the sand 
volume changes showed that the greatest reduc-
tion in the dune and beach sediment occurred in 
the shore sections exposed to a storm surge ad-
vancing perpendicularly to the shore.

The beach height (the dune base) was found 
to play an important role in dune erosion. The 
lower the beach (erosive, reflective), the more 
prone it (and the adjacent dune) is to erosion. 
The height of the beach and the surge maximum 
are inter-correlated. At the southern Baltic coast 
(and probably also along the whole Baltic coast), 
if the beach is higher than 3.5 m AMSL, it may be 
able to withstand erosion and protect the inland 

forms from damage caused by high and average 
recurrent surges. It is only the strongest, hitherto 
rare storm surges with HSL  >  1.4  m AMSL that 
produce a run-up of up to 3.5–3.8 m AMSL. This 
was also observed in other sections of the Polish 
coast (Łabuz 2014). Nevertheless, the rise in the 
average annual SL of the Baltic Sea (and of the 
ocean) as well as the growing number of the heav-
iest surges pose an increasingly serious threat for 
coast safety (Kont et al. 2008, Pruszak, Zawadzka 
2008, Fink et al. 2009, Koltsova, Belakova, 2009, 
Roelvink et al. 2009, Kelpšaite, Dailidienė 2011, 
Ryabchuk et al. 2011, Richter et al. 2012, Kettle 
2015 and others).

The change in the dune or beach volume, ex-
pressed either as a total volume in cubic metre or 
referred to as the volume corresponding to one 
squared metre of the surface (m3 ∙ m−2), is corre-
lated with the dune and beach height. The higher 
the eroded dune, the larger the sediment loss (a 
negative sand budget). This obvious correlation 
should be taken into account when comparing 
different locations with respect to changes in 
dune sediment volume after erosion. The sedi-
ment budget of the beach and the dune is also 
affected by the wind speed during the storm. 
The wind was also responsible for small accu-
mulation on dunes during the surges observed. 
In periods between the highest surges, the beach 
and the foredune evolve and develop again in the 
accumulative shore sections (Jarmalavicius et al. 
2016, Castelle et al. 2017, Kelpšaite-Rimkiene et 
al. 2021), as was observed during the 21 years of 
observations on the Świna Gate Sandbar shore.

Conclusions

The analyses revealed a number of correla-
tions between the erosion extent in shore sections 
with various exposures on the one hand, and the 
direction of the maximum surge and waves dur-
ing storms on the other.

The highest storm surges in 2002, 2004, 2006, 
2007, 2009, 2012, 2017 and 2019 (with HSL > 1.3 m 
AMSL) produced a heavy erosion of the dune 
shore at the Świna Gate Sandbar. Such storms 
occurred almost every other year. On the other 
hand, a succession of smaller surges in one au-
tumn-winter storm period resulted in erosion of 
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low beaches and dunes adjacent to them (2001, 
2015, 2020).

The more rapid rise in the SL during surge 
causes a more extensive shore and coast erosion, 
as observed during the storm Axel in January 
2017 in the studied area and along the Baltic Sea 
coast.

The duration of a high SL during a surge is the 
main factor responsible for beach and dune ero-
sion. The heavier erosion was observed during 
longer surges, particularly those with HSL > 1.3 m 
AMSL (2007, 2009, 2012 and 2017). A surge with 
HSL > 1.3 m AMSL persisted over an average of 
15 h. The longer the surge, the stronger was the 
beach and dune erosion in the erosive shore sec-
tion with a low beach.

The SL and the run-up were significantly cor-
related, which should be taken into account dur-
ing erosion parameterisation. Individual surges 
resulted in beach erosion, up to the maximum 
water run-up. A low SL (up to 1  m), induced 
by a shorter or weaker wind action, reached the 
beach height of up to 2.2 m. During such surges, 
dunes were eroded only in the erosive shore sec-
tion with a low beach. The highest surges (with 
HSL > 1.4 m AMSL) reached a height of 3.8 m and 
strongly eroded the dunes in the accumulative 
shore section with a high beach.

The pre-surge beach height is a key factor in 
dune protection against abrasion. The 3 m height 
is an effective protection against dune abrasion by 
storms with an SL averaging HSL = 1.2 m AMSL. 
When the beach height was between 1.5 m and 
2.0 m, the dunes were eroded during each surge 
with HSL > 0.8 m AMSL.

The heaviest dune and beach erosion was ob-
served when the strongest waves were advanc-
ing perpendicular to the shore during periods 
of the highest SL. Nevertheless, the most severe 
erosion of both the beach and the dune during a 
single storm event occurred when the wind and 
waves changed direction. Such storms were usu-
ally the longest lasting and showed the highest 
water level (2004, 2017, 2019).

The pre-storm beach width had no effect 
on the size of dune erosion. Erosion of a wider 
stretch of the beach resulted in a larger loss (nega-
tive budget) of beach volume. The volume of sed-
iment removed due to beach erosion was similar 
in the accumulative and erosive shore sections 

(averaging 7.4–8.9  m3), but was 2–3  times  ∙  m−2 
higher on a narrower erosive shore. The volume 
of the removed beach sand declined sharply with 
the SLr. More important in this respect was the 
beach height, which was higher than the run-up. 
That was the reason why dunes on the accumu-
lative shore were eroded less frequently and to a 
lower extent than those on the erosive shore with 
a lower beach.

Erosion of the dune can be assessed from the 
extent of its foot retreat, which is larger at higher 
surges. The average and maximum retreat were 
2–3 m and 9–12 m, respectively, and were sim-
ilar in erosive and accumulative shore sections 
during the heaviest surges. Nevertheless, a lower 
surge produced less or no damage to dunes on 
the accumulative shore.

The higher the SL (and run-up), the larger 
the dune erosion. A surge with HSL < 1 m AMSL 
eroded 0.2–0.3 m3 of the dune, with 2.0–3.8 m3 be-
ing eroded at HSL = 1.2 m AMSL. The higher the 
eroded dune, the greater the sediment loss (nega-
tive sediment budget). The sand volume loss per 
square metre proved to be a better indicator of 
dune erosion, and ranged from 0 m3 ∙ m−2 on the 
accumulative shore to 1.6 m3 ∙ m−2 in the erosive 
section. The exponential change of this indicator 
was related to the SL during the surge.

After the storm surge abated, a further land-
slide from the disturbed and undercut dune slope 
would be initiated. A small dune accumulation 
observed during the surges was due also to the 
wind action. The sediment budget of the beach 
and the dune was also affected by the wind speed 
during the storm. In addition, the dune retreat 
was influenced by the vegetation that stabilises 
the ground, with plant roots inhibiting erosion at 
densely vegetated sites.
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