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Abstract Coastal erosion is one of the major problems in coastal management. To adapt to 
it, and prevent it where possible and needed, it is important to recognize the temporal and 
spatial scale of the phenomenon as well as its causes. This paper describes the rapid erosion 
rate along an approximately 2.25 km stretch of the southern Baltic coast. The erosion occurs 
within a nature reserve, which is not subject to direct anthropogenic impact. Historical maps 
and modern remote sensing were used to trace changes in the shoreline position from 1875 
to the present, and detailed DTMs derived from airborne LiDAR were used to trace elevation 
changes of the beach and dunes over the past years. The weighted maximum annual erosion 
rate since 1875 averages 2.3 m. An increase in this annual erosion rate has been observed 
since the turn of the millennium. The maximum average erosion rate from 2001 to 2005 was 
15 m/year. The erosion has caused serious changes in elevation within the inland part of the 
coastal zone, manifested by a reduction in the width of the beach and a decrease in the height 
of the beach and dunes. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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dańsk, Poland. 
E-mail address: grzegorz.uscinowicz@pgi.gov.pl (G. Uścinowicz). 
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. Introduction 

oastal erosion is a worldwide phenomenon and one of 
he major problems in coastal management. To adapt to 
t, and sometimes prevent it, it is important to recognise 
he temporal and spatial scale of the phenomenon and its 
auses. Of special interest and importance are the shore- 
ine segments where recession rates are significantly higher 
han for neighbouring shoreline segments. These areas of 
rosion anomalies (sensu Galgano, 2007 ) or so-called “ero- 
ional hot spots — EHSs” (sensu Kraus and Galgano, 2001 ) 
re a serious problem causing significant losses to coastal 
reas of high value, including natural habitats, and ar- 
as of economic importance such as forests, agricultural 
and, tourist resorts and residential areas. In general, EHSs 
re classified according to the duration of existence, lat- 
ral extent, processes responsible for the erosion, and pre- 
ominant erosion mechanism as longshore or cross-shore 
ransport ( Kraus and Galgano, 2001 ). There are a number 
f natural and anthropogenic factors that cause beaches 
o erode at anomalous rates (e.g. Benedet et al., 2007 ; 
ridges, 1995 ; Esteves and Finkl, 1998 ). Possible natural 
easons that cause EHSs are evaluated, i.a. in terms of wave 
ransformation over bathymetric irregularities located both 
ffshore and shoreface, alongshore grain-size distribution, 
nd shoreline orientation. EHSs are also frequently observed 
n response to human interventions such as the construction 
f jetties in river mouths or entrances to harbours, as well 
s to coastal protection structures like groins and seawalls. 
 Dean et al., 1999 ; Kraus and Galgano, 2001 ). The identi- 
cation and assessment of EHS is crucial for coastal zone 
anagement. 
Erosion is also a pervasive problem in the Polish 

oastal zone of the southern Baltic Sea. Studies of 
olish coasts have a long tradition ( Furmańczyk, 1994 ; 
urmańczyk and Musielak, 1999 , 2002 ; Musielak et al., 
017 ; Zawadzka, 1999 , 2012 ; Zawadzka-Kahlau, 1999 ), how- 
ver, they have mostly been limited to tracking changes 
n the position of the coastline. More valuable explana- 
ory research focused on identifying coastal sections par- 
icularly affected by erosion, and attempting to determine 
he causes of erosion, were mainly limited to cliff coasts and 
ere mainly published in Polish journals ( Subotowicz, 1991 ; 
ścinowicz et al., 2004 ). Studies focused on the identifica- 
ion of EHSs in relation to barriers along the Polish coast 
nd cause-effect analyses of temporal changes in the rate 
f erosion are extremely rare. 
This paper describes the spatial and temporal character- 

stics of a recently identified EHS that has modified an un- 
nterrupted sandy coast completely free of human interven- 
ion. We present a case study of one of the most severely 
roded sections of the Polish coast, tracking the range of 
oastal erosion and specifically changes in the erosion rates 
o define and understand EHS. In particular, we seek to an- 
wer the following questions: 

) How fast annually the coastal retreat can be, 
) How and why the rate of coastal erosion has changed, 
) If the location of the EHS is stable or changes over time 
and space, 
) What causes anomalously rapid local coastal erosion. a

251 
. Regional setting 

he Polish coast of the Baltic Sea has a total length of 498
m (without internal lagoonal coasts). The coastal zone, as 
entral and northern Poland, is dominated by Pleistocene 
lacial and glaciofluvial deposits. In terms of morphology 
nd geological structure, three types of coasts are dis- 
inguished: cliffs (ca. 101 km), barriers (ca. 380 km) and 
oasts similar to wetlands (ca. 17 km). The entire south- 
rn Baltic coast has been subject to erosion processes for 
enturies. Most of the cliffs have been affected by signifi- 
ant levels of erosion ( Subotowicz, 1995 ; Terefenko et al., 
019 ; Uścinowicz et al., 2017 ). Behavioural changes taking 
lace along the barrier coast are more complex. Most bar- 
iers are eroded to varying degrees and rates ( Deng et al., 
017 ; Zawadzka, 2012 ), but unlike cliffs, they can recover 
nd build seaward. A minor part of the Polish barrier coast 
s relatively stable or aggrading. While analysing changes 
n the location of the coastline on a decadal time scale, 
rosion-accumulation systems of different spatial scales 
ere identified, with the predominance of erosion pro- 
esses ( Zawadzka, 1999 ). The average rate of shoreline re- 
reat within the erosive sections was about 0.5—2 m/year, 
epending on the location and period of measurements 
 Meier et al., 2022 ; Michałowska and Głowienka, 2022 ; 
awadzka, 1999 ). 
The study area extends from east to west along an ap- 

roximately 5.5 km stretch of barrier coastline between 
7 °49′ 16′′ and 18°23′ 12′′ E, between the villages of Dębki and 
arwia. According to the state coastline division system for 
he Polish coast, it stretches between km 142.5 and km 148 
 Figure 1 ). The area has been affected by rapid coastal ero-
ion during the past decades. The marine part of the site is 
ntirely within a Natura 2000 Special Area of Conservation 
PLB990002 — Przybrzeżne Wody Bałtyku). The land part of 
he area is partly within the Coastal Landscape Park and, at 
he same time, within the Widowo Nature Reserve (Habitat 
ite PLH220054). The study area can be considered as an 
rea where coastal processes are not directly disturbed by 
nthropogenic factors. Beach nourishment and the nearest 
reakwaters disturbing the longshore sand transport are lo- 
ated in Łeba, ca. 40 km west of the study area. To the east
f the study area, an embankment has been constructed 
long a stretch of approximately 2 km to protect the fore- 
une and coastal lowland against storm surge flooding. 
The Baltic Sea is an intracontinental, semi-enclosed, 

rackish and non-tidal sea. The climate of the Baltic Sea 
egion is influenced by the large-scale atmospheric circula- 
ion and shows a strong seasonal cycle, but also large inter- 
nnual to multidecadal variability. There are no significant 
ong-term trends in wind speed and direction, but there is 
onsiderable decadal variability. Correspondingly, there are 
o clear indications of long-term trends in the frequency of 
torm surges and wave height ( Bärring and Fortuniak, 2009 ; 
limate Change in the Baltic Sea, 2021 ; HELCOM, 2007 , 
013 ; Rutgersson et al., 2014 ). 
In general, westerly winds dominate over the southern 

altic Sea region. Typically, the highest wind speeds are as- 
ociated with the passage of strong extratropical cyclones. 
hese systems, and thus wind extremes, are most frequent 

nd intense in the winter season. The wave climate in the 
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Figure 1 Location of the study area. Source of bathymetry — Polish Geological Institute — National Research Institute; source of 
DTMs — Maritime Office in Gdynia and Military Centre of Geodesy and Remote Sensing, and IT system for the Country’s Protection 
Against Extreme Hazards (ISOK). 
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altic Sea strongly depends on the wind field, and conse- 
uently, waves from the western sector (SW, W, NW) dom- 
nate. Representative wave data for the study area are de- 
ived from the Coastal Research Station of the Institute of 
ydro-Engineering of the Polish Academy of Sciences in Lu- 
iatowo, located ca. 18 km to the west ( Ostrowski et al., 
016 ). Waves from the western sector occur for ca. 50% of 
he year, more than from the eastern sector (NE, E, SE —
2%) and the northern sector (13.5% of the year). Storm 

inds ( > 15 m/s) and waves also mostly come from SW, 
 and NW. During heavy storms, the parameters of deep- 
ater waves may exceed: Hmax > 7 m, Hs > 4 m, Hmean > 3 
, Ts > 9 s, Tmean > 8 s. Owing to the existence of sand- 
ars, most of the wave energy is dissipated when approach- 
ng the shore ( Pruszak et al., 2011 ). In storm conditions, 
owever, return currents in the surf zone reach velocities 
f up to 0.5 m/s, while the greatest velocities of longshore 
urrents reach 1.2—1.5 m/s. Driven by longshore currents, 
he annual resultant (net) longshore sediment transport on 
he shoreface (in the zone up to 650 m from the shore) is 
a. 111,000—145,000 m3 /year, directed from west to east 
 Szmytkiewicz et al., 2021 ). 
In general, the sea level is rising along the entire south- 

rn Baltic coast. According to the nearest mareographic sta- 
ion located in Władysławowo, ca. 20 km east of the study 
rea, the average rate of water-level rise in the period 
951—2015 was 2.04 mm/year ( Kowalczyk, 2019 ). In addi- 
ion to long-term water-level rise, there are also sudden 
vents when extremely high water level reaches of about 
.5 m above m.s.l. (mean sea level) within a few hours, dur- 
ng the migration of low-pressure storm systems. The max- 
252 
mum recorded water level in Władysławowo was 1.38 m 

bove m.s.l. ( Wísniewski et al., 2009 ). 
Morphologically, the coast in the area of interest is dis- 

ipative, with multiple nearshore bars and a lowland in the 
interland. The surface of this lowland is at 0.7—1.5 m a.s.l. 
nd is cut by a network of drainage ditches. The barrier sep- 
rating the lowland from the sea is relatively narrow and 
ow. The width of the beach is 40—50 m in summer and is
educed to 10—20 m during autumn and winter storms. A 
trip of morphologically variable dunes extends landward 
eyond the beach. A 3—5 m high foredune occurs only in 
he western and eastern parts of the study area. The mid- 
le section, ca. 2 km long, is heavily eroded, so there is no
oredune. Directly adjacent to the beach are dunes up to 
bout 20 m high, which are erosional remnant of parabolic 
unes ( Figure 2 ). 
The shoreface (underwater coastal slope) reaches a 

idth of 1.0—1.3 km and an has average inclination of ca. 
:100. In the upper part of the shoreface, up to a depth of
—6 m b.s.l. (below sea level), there are two to three low 

andbars with a crest-to-trough amplitude of 0.5—2.5 m. 
he first sandbar, closest to shore, is usually a highly eroded 
orm, i.e. faintly defined and merging with the beach. The 
econd sandbar is more clearly defined along the length of 
he shore. Located at a distance of ca. 150—200 m from 

hore, it is semi-permanent and mostly continuous. The 
hird sandbar, approximately 400—500 m from shore, is frag- 
ented in places and transitions into a slightly inclined to 
he north sandy flat. This plain forms the lower shoreface 
nd extends to an approximate depth of 10—12 m b.s.l. The 
horeface at a depth of ca. 10—12 m b.s.l. is marked by 
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Figure 2 Geological map of the study area (Polish Geological Institute — National Research Institute materials). 

Figure 3 Geological cross-sections through the study area. The cross-section lines are shown in Figure 2 (Polish Geological Insti- 
tute — National Research Institute materials). 
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 gradient change. In the northern part of the study area, 
eaward of the sandy plain at a depth of 12—20 m, there 
re shoreface-connected ridges with a depression between 
hem. The axis of this swale is NW-SE oriented, i.e. obliquely 
owards the shore. 
The onshore subsurface of the study area is composed 

f Quaternary formations with a thickness of ca. 40—50 m 

nd consists mainly of a Pleistocene sequence of sand of 
laciofluvial and glaciolimnic origin and till. Holocene peat 
ith a thickness of up to 1.5 m forms the surface of the 
owland ( Figures 2 and 3 ). Thin layers of storm surge de- 
osits ( Moskalewicz D., 2016 ) and/or aeolian sands interfin- 
er with the peat at the barrier-lowland transition zone 
 Uścinowicz et al., 2021 ). 
As for the marine subsurface of the study area, the top- 

ost part of the Pleistocene deposits was partly eroded dur- 
ng the Holocene marine transgression. Despite this trunca- 
ion, the geological structure of the Pleistocene deposits is 
imilar to its terrestrial equivalent. The overlying Holocene 
eposits are dominated by marine sand and, locally, gravel. 
253 
he thickness of marine sediments ranges from a few cm to 
—4 m ( Uścinowicz et al., 2018 ). The largest thickness oc- 
urs within the sandbars and sand ridges. These landforms 
re composed of medium and fine sand with Macoma sp. 
hells and fragments of shells. In the depressions of the 
eabed between the sandbars and between the sand ridges, 
oarse-grained sand, locally with gravel admixture, occurs. 
ere, the thickness of marine sediments is locally reduced 
o a few centimetres. 

. Material and methods 

n extensive remote sensing analysis was carried out for 
he study area, comparing multi-temporal digital elevation 
odels and tracking changes in the position of the shore- 

ine in relation to the oldest available and processed car- 
ographic materials. The unquestionable advantage of this 
ethod is the possibility of quantifying changes over dif- 
erent periods. The following materials were used for this 
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nalysis: (1) LiDAR data acquired by airborne laser scanning 
erformed as part of coastal monitoring by the Maritime Of- 
ce in Gdynia; (2) geoprocessed maps, aerial photos, DEMs 
nd shorelines established/generated from these products 
hat each represent the situation for a specific time. 
According to the Maritime Office report, the airborne Li- 

AR mapping was designed to have at least one flight profile 
ver water, so that the LiDAR beam could scan the northern 
ide of dune slopes. The survey was carried out with the 
ater level not exceeding 10 cm above m.s.l. The average 
canning density was 8 points/m2 and the overlap between 
reas covered with LiDAR beam was at least 20%. The total 
idth of the mapped coastal zone was about 0.5 km. 
Multi-temporal digital elevation model was developed to 

how changes in the topography of the coastal zone between 
016 and 2020. Individual digital elevation models have an 
verage z (vertical) value inaccuracy of about 0.15 m. A se- 
ies of control points were selected to check height differ- 
nces between the individual DEMs to minimize the error in 
-values on the final multi-temporal model. The maximum 

naccuracy of two DEMs varied and ranged from 0.05 to 0.35 
. 
The uniformity of the DEMs output allowed the compari- 

on of models created based on different measurement se- 
ies at different times. This methodological approach al- 
owed vertical changes to be quantified. For the purpose 
f the analysis, the vertical changes between —0.5 and 0.5 
 were classified as the “stable” state (gray), with positive 
alues (two classes 0.5—2 m and 2—5 m) corresponding to 
n increase in the height of the measured areas (green) and 
egative values (two classes —0.5— —2 m and —2— —5 m) 
orresponding to a decrease in height (red). The obtained 
ulti-temporal model provides information about the ver- 
ical changes that occur in individual coastal sections and 
acilitates the general parameterisation of these changes. 
A second indicator of coastal change, shoreline mi- 

ration, can be analysed for a longer time horizon. The 
875 shoreline generated from a geoprocessed, German 
rchival topographic map (Topographische Karte, Messtis- 
hblatt 1:25,000, 136-Dembek) was compared with those 
rom 1958, 1980, 2001, 2005, 2010, 2016 and 2020 ( Table 1 ). 
he Messtischblatt maps are characterised by a high level 
f accuracy, reaching up to 4—6 m compared to modern 
artographic materials ( Deng et al., 2017 ). The shoreline 
n modern topographic maps (1980, 2001 — a year of the 
artographic survey) is a linear feature with a width of ap- 
roximately 0.5 mm. The position of the shoreline was GIS- 
igitized directly from the official cartographic materials. 
his methodological approach permits an accuracy of a few 

etres and ultimately up to 10 m, which depends on the ac- 
uracy of the original map. A similar procedure was applied 
o orthophotomaps (1958, 2005) and ultimately the fitting 
ccuracy can be estimated at a level of 5 m, which in this 
ase depended on the resolution and pixel size of the orig- 
nal photo. With regard to the DEMs, the shoreline was 0 m 

bove sea level. The validity of this procedure was verified 
y comparing the shoreline derived from an orthophotomap 
aken at the same time. The shoreline position derived from 

he DEMs has an accuracy of 5 m, resulting from the orig- 
nal DEMs resolution. For technical reasons (the shoreline 
erges to the map frame), it was not possible to determine 
T T D D T A T T A D D D

254 
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Figure 4 Shoreline position changes. 
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he position of the shoreline in 2001 in the vicinity of km 

42—144 (the eastern part of the study area). 
Additionally, to compare peak values of shoreline 

hanges over time, the areas of erosion and accretion were 
alculated. For this purpose, the study area was divided 
nto three sections bordered by “nodal points” correspond- 
ng to the EHS and adjacent areas. In these sections, the 
rea bounded by the two respective shorelines was mea- 
ured. Each created polygon was classified as either an area 
f erosion or accumulation depending on the layout of the 
oundary lines. The total area of erosion and accumulation 
n each section was then counted. In cases where the full 
ourse of shoreline was not available (due to lack of data) 
n a given section, polygons were created only based on the 
art covered by the common range. In this case, the results 
btained should be regarded as minimum values. The data 
repared in this way were used to calculate the average 
ongshore erosion/accretion. This was achieved by dividing 
he respective area of erosion/accretion by the correspond- 
ng length of the shoreline. 

. Results 

he general trend in changes of the coastal zone was anal- 
sed by comparing the changes in the erosion/accretion ar- 
as and position of the shoreline in 1875, 1958,1980, 2001, 
005, 2010, 2016 and 2020 ( Figure 4 ). The oldest analysed 
horeline in the study area, i.e. the shoreline from 1875, 
s located mainly in the present sea area and encroaches 
n land at km 142.6 and 146.0 of the Polish coast. Only 
n a small, 0.5-km-long section (between km 144.45 and 
255 
44.95), is the 1958 shoreline located slightly (at most about 
6 m) seaward of the 1875 shoreline. Even younger shore- 
ines are located landward, but still in the sea area. They 
ross the present-day shoreline between km 143.4—143.7 
o the east and km 145.3—145.6 to the west of the EHS. 
he strongest erosion occurred within a 2.2-km-long sec- 
ion between km 143.4 and 145.6 ( Figure 4 ). The maximum 

horeline retreat within this section was about 150 m be- 
ween 1875 and 2020 and about 170 m between 1958 and 
020. As a result, a concave erosional section of ca. 3.4 km 

as been forming since at least 1875 ( Figure 4 ). Owing to
ts large scale and high rate of erosion, it can be classified 
s an EHS ( sensu Kraus and Galgano, 2001 ). When analysing 
n more detail the changes in the location of the shorelines 
ithin the hot spot over different periods, a large variability 
n the areas of erosion/accretion, range and rate of shore- 
ine displacement was found, with erosion by far the dom- 
nant factor ( Tables 2—4 and Figure 4 ). Between 1875 and 
958, the shoreline mostly shifted landward by an average 
f 25 m at an average rate of up to 0.3 m/year; only lo-
ally, in a 0.5-km section, it shifted seaward by a maximum 

f 36 m. The peak values and average peak rate were re- 
pectively 64 m and 0.8 m/yr. Next, in the period 1958—
980, the shoreline retreated by an average of 14 m (peak 
alue of 64 m) with a corresponding average rate of 0.6 
/yr (peak rate increasing to 2.9 m/yr), but there were 
lso short sections where the shoreline shifted seaward by 
p to 25 m. 
Since 1980, no local accumulation has been recorded 

ithin the hot spot, while erosion clearly accelerated at 
he turn of the millennium. Between 1980 and 2001, the 
horeline shifted at an average 14 m (peak value up to 33 
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Table 2 Shoreline position changes within the erosional hot spot and boundary areas. 

Period 

Shoreline position changes 
within the western boundary 
area (west of km 145.600) 

Shoreline position changes 
within the “erosional hot spot”
(km 143.4—145.6 km) 

Shoreline position changes 
within the eastern boundary 
area (east of km 143.4) 

1875—1958 local state of equilibrium local state of equilibrium erosion up to ca. 95 m 

erosion up to ca. 70 m mostly erosion up to ca. 64 m 

accretion up to ca. 30 m local accretion up to ca. 36 m 

1958—1980 erosion up to ca. 22 m local state of equilibrium accretion up to ca. 21 m 

mostly erosion up to ca. 64 m 

local accretion up to ca. 25 m 

1980—2001 accretion up to ca. 50 m erosion up to ca. 33 m lack of data 
local state of equilibrium 

2001—2005 local state of equilibrium erosion up to ca. 61 m lack of data 
local erosion up to ca. 20 m 

local accretion up to ca. 25 m 

2005—2010 local state of equilibrium local state of equilibrium local state of equilibrium 

local erosion up to ca. 29 m mostly erosion up to ca. 33 m local erosion up to ca. 20 m 

local accretion up to ca. 43 m local accretion up to ca. 26 m local accretion up to ca. 40 m 

2010—2016 local state of equilibrium erosion up to ca. 42 local state of equilibrium 

local erosion up to ca. 28 m local state of equilibrium local erosion up to ca. 15 m 

local accretion up to ca. 37 m local accretion up to ca. 37 m 

2016—2020 local state of equilibrium erosion up to ca. 31 m local state of equilibrium 

local erosion up to ca. 33 m local state of equilibrium local erosion up to ca. 13 m 

local accretion up to ca. 26 m local accretion up to ca. 10 m 
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 landward), but the average rate was still relatively slow 

t about 0.7 m/yr (peak rate 1.6 m/yr), whereas between 
001 and 2005 the average retreat reached 31 m (up to 61 
), at a rate of 7.7 m/yr (peak average of 15.3 m/yr!). In 
he period 2005—2010, the position of the shoreline gener- 
lly retreated by an average of 6 m (peak value up to 33 
), corresponding to an average rate of 1.1 m/yr and maxi- 
um rate of 6.6 m/yr, and locally shifted seaward by a max- 

mum of 26 m. After this period of a relatively slower rate of 
horeline retreat, the process of erosion accelerated again. 
his manifested itself in average shoreline retreat across 
he erosional hot spot by approximately 21 m (peak value 
p to 42 m) in the period 2010—2016 and a further average 
f 13 m (maximum 31 m) in the period 2016—2020 at aver- 
ge rates 3.5 and 3.2 m/yr, respectively (maximum rates of 
.0 and 7.8 m/yr) ( Tables 2 and 3 , Figure 4 ). 
Transformation within the EHS can also be reflected by 

hanges in the area undergoing erosion or accumulation 
 Tables 3 and 4 ). These changes correlate very well with 
he phenomena described above and are based on the anal- 
sis of the position of the shorelines. Based on an analysis 
f the area subject to net erosion, it can be assumed that 
4 591 m2 were lost between 1875 and 1958. This results in 
n average loss of 658 m2 /year. Between 1958 and 1980, a 
urther 30 942 m2 (1 406 m2 /year) was eroded within the 
HS. In the next analysed period (1980—2001), these values 
ecreased and amounted to 24 574 m2 (1 170 m2 /year), only 
256 
o increase again at the turn of the century, i.e. between 
001 and 2005, amounting to 55 744 m2 (13 936 m2 /year). 
he period from 2005 to 2010 saw a repeated decrease in 
rosion (12 441 m2 ; 2 488 m2 /year). Conversely, the follow- 
ng years 2010— 2016 and 2016— 2020 show a renewed in- 
rease in land loss, 45 818 m2 and 28 467 m2 (7 636 m2 /year 
nd 7 117 m2 /year, respectively). 
The range of changes on both sides of the erosional hot 

pot was much smaller, but more variable in terms of be- 
aviour. East of the erosional hot spot, i.e. east of km 143.4, 
he shoreline moved landward by an average of 29 m and a 
aximum of about 95 m between 1875 and 1958. During 
he next measurement period 1958—1980, erosion slowed 
own and even reversed to accretion in some places, with 
he shoreline shifting seaward by an average of 4 m (up to 
1 m). Unfortunately, it was not possible to describe the 
hanges between 1980 and 2001 for this coastline section. 
etween 2005 and 2010, the position of the shoreline moved 
enerally landward by an average value of 5 m and a maxi- 
um of approximately 20 m and locally shifted seaward by 
n average of 13 m (up to 40 m). Between 2010 and 2016,
he changes were similar, varying between a local retreat 
average of 7 m and up to approximately 15 m) and a local
eaward shift (average of 10 m and maximum measured 37 
). Between 2016 and 2020, the position of the shoreline 
hanged only slightly and oscillated between a local sea- 
ard or landward shift. Therefore, the period from 2005 
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Table 3 Area of erosion/accretion changes within the erosional hot spot and boundary areas. 

Period Area of erosion/accretion changes within the 
western boundary area (west of km 145.6) 

Area of erosion/accretion changes within the 
“erosional hot spot” (143.4—145.6 km) 

Area of erosion/accretion changes within the 
eastern boundary area (east of km 143.4) 

Dominant 
process 

Total area 
[m2 ] 

Longshore average 
erosion (total 
area/length of 
shoreline) [m] 

Dominant 
process 

Total area 
[m2 ] 

Longshore average 
erosion (total 
area/length of 
shoreline) [m] 

Dominant 
process 

Total area 
[m2 ] 

Longshore average 
erosion (total 
area/length of 
shoreline) [m] 

1875—1958 erosion∗ 30163 20 erosion 63643 29 erosion∗ 43823 29 

accretion∗ 8768 6 accretion 9052 4 accretion∗ 0 0 
1958—1980 erosion∗ 19642 13 erosion 44729 20 erosion∗ 118 0 

accretion∗ 6706 4 accretion 13787 6 accretion∗ 5370 4 

1980—2001 erosion∗ 0 0 erosion∗∗ 24867 14 lack of data lack of data lack of data 
accretion∗ 48547 32 accretion∗∗ 293 0 

2001—2005 erosion∗ 1585 1 erosion∗∗ 57043 32 lack of data lack of data lack of data 
accretion∗ 10638 7 accretion∗∗ 1299 1 

2005—2010 erosion 21444 9 erosion 22964 10 erosion 4606 5 
accretion 17180 7 accretion 10523 5 accretion 11920 13 

2010—2016 erosion 10782 4 erosion 46637 21 erosion 6723 7 
accretion 25627 11 accretion 819 0 accretion 9183 10 

2016—2020 erosion 23234 10 erosion 30867 14 erosion 6264 7 
accretion 7161 3 accretion 2400 1 accretion 1784 2 

257
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Figure 5 Multi-temporal DTM presenting the vertical change in beach and dune profiles between 2016 and 2020. 
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an be referred to as a “state of equilibrium” ( Figure 4 , 
ables 2 and 3 ). 
West of the erosional hot spot, i.e. west of km 145.6, the 

oast is characterised by the presence of a few local transi- 
ion zones, i.e. points along the coast where local changes 
n erosion/accretion trends are observed. This is manifested 
y the oscillatory nature of changes. For instance, in the 
eriod 1875—1958, the average shoreline retreat was 20 m 

hile the maximum shoreline retreat was up to 70 m, but in 
he same period, nearby areas experienced seaward shore- 
ine migration (average value of 6 m and up to 30 m). While 
verage and peak values of coastal erosion were lower be- 
ween 1958 and 1980, with a shoreline retreat of 13 m (up 
o 22 m), average values of seaward accretion were 4 m 

ith peak values up to 50 m. The period between 1980 
nd 2001 was characterised by seaward migration of the 
horeline with an average of 32 m and maximum value of 
0 m. The subsequent periods can be described as a state 
f equilibrium with a minor dominance of seaward shifts of 
he shoreline: 2001—2005 average 7 m, up to 25 m, 2005—
010 average 7 m, up to 43 m, 2010—2016 average 11 m, 
p to 37 m, 2016—2020 average 3 m, up to 26 m, while 
he erosion rate was as follows: 2001—2005 average 1 m, 
p to 20 m, 2005—2010 average 9 m, up to 29 m, 2010—
016 average 4 m, up to 28 m, 2016—2020 average 10 m, 
p to 33 m. 
Although changes in the shoreline position within the 

astern and western boundary zones of the erosional hot 
pot were relatively small and varied in time and space, it 
an be observed that accretion prevailed in the west and 
rosion prevailed in the east, with the erosional centre mov- 
ng eastwards ( Tables 2 and 3 , Figure 4 ). 
258 
The above identification of the EHS and the two adjacent 
reas is clearly reflected in mapped vertical changes in the 
elief, i.e. changes in the volume of sediments in the inland 
art of the coastal zone. However, the western part of the 
HS shows the opposite, vertical accretion. The central and 
astern parts of the EHS are marked by decreased dune and 
each height as well as reduced beach width ( Figure 5 ). The
each was lowered by 0.5 to 1.5 m, but the most signifi- 
ant changes are observed within the remnant of parabolic 
unes, up to 19 m above sea level ( Figure 6 ). The reduction
n height of the seaward slope of these dunes as well as on
djacent foredunes amounts to more than 2 m ( Figure 5 ). In
eneral, the beach and dunes in the western part of the EHS 
re in a state of equilibrium, with a local small increase in 
each height ( Figure 5 ). Importantly, these vertical changes 
ndicate an eastward shift of the EHS. 

The elevation changes outside the erosional hot spot, i.e. 
ast of km 143.4 km and west of km 145.6, show that they
re much more stable. In between small, sparse, isolated 
atches of fields with a negative trend of change from —0.5 
o —2 m, positive trends in elevation between 0.5 to 2 m 

ere also recorded and can be considered dominant. They 
re mainly located at the base of and within the dunes, but 
lso on some parts of the beach. 

. Discussion 

he average rate of coastal retreat during 145 years be- 
ween 1875 and 2020 was not steady over time. During 
he first 83 years (1875—1958), the average shoreline re- 
reat was only 0.3 m/yr (average rate measured from peak 
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Table 4 Shoreline retreat rates (pick and average) and area loss calculated for the “erosional hot spot”. 

Measured 
period 

Maximum 

shorline 
erosion [m] 

Average peak 
shoreline 
erosion rate 
[m/yr] 

Net longshore 
average 
erosion [m] 

Average shoreline erosion 
rate (calculated from 

longshore average 
erosion) [m/yr] 

Area of net 
erosion [m2 ] 

Average rate 
of area loss 
[m2 /yr] 

1875—1958 64 0.8 25 0.3 54591 658 
1958—1980 64 2.9 14 0.6 30942 1406 
1980 —2001 33 1.6 14 0.7 24574 1170 
2001—2005 61 15.3 31 7.7 55744 13936 
2005—2010 33 6.6 6 1.1 12441 2488 
2010 —2016 42 7.0 21 3.5 45818 7636 
2016—2020 31 7.8 13 3.2 28467 7117 

Figure 6 Aerial view (towards the ESE) of the study area (photo by: M. Olkowicz, 2018). No foredune within the “hot spot”; 
visible: very narrow beach in front of the erosional undercut in the remains of the parabolic dune. 
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alues was 0.8 m/yr) and was close to or even slightly 
ower than the average erosion rate of the Polish coast 
e.g. Zawadzka, 1999 ). The shoreline retreat significantly 
ccelerated in the second half of the 20th century, espe- 
ially at the beginning of the 21st century. The rate of 
he shoreline retreat in the analysed six periods between 
958 and 2020 varied greatly from 0.6 to 7.7 m/yr (1.6 to 
5.3 m/yr according to peak values) ( Table 4 ). The most 
apid coastal retreat, 7.7 m/yr (peak value up to 15.3 
/yr), occurred in a relatively short period between 2001 
nd 2005, which then slowed down to 3.5—3.2 m/yr (peak 
ates 6.6—7.8 m/yr), i.e. for the next 15 years remained 
learly higher than before 2000. The sandy barrier coastal 
ong-term retreat rate exceeding 5—10 m/yr is rarely 
eported worldwide (e.g. Eberhards and Saltupe, 1995 ; 
berhards et al., 2006 ; List et al., 1997 ; Nanson et al., 2022 ;
tachurska, 2012 ), thus the average value of 7.7 m/yr and 
verage peak erosion rate 15.3 m/yr is unique. 
259 
The average erosion parameters are in very good corre- 
ation with the average rate of area loss ( Figure 7 ). This
emonstrates the validity of the described shoreline be- 
aviour trends. 
To answer the question about the cause of changes in 

he coastal retreat rate, we analysed trends in the vari- 
bility of the rate of relative water level changes, changes 
n storminess as well as changes of sea-ice extent. Cli- 
atic oscillations on the scale of decades and centuries are 
otentially of high geomorphological importance. A range 
f geomorphological effects of such climatic oscillations 
ave been recognised, i.e. coastal erosion (e.g. Viles and 
oudie, 2003 ). The climate variability over the North At- 
antic is known to be dominated by decadal-to-multidecadal 
uctuations that have profound global and regional cli- 
ate impacts (e.g. Börgel et al., 2020 ; Chafik et al., 2019 ;
night et al., 2006 ; Peings and Magnusdottir, 2014 ), in- 
luding the Baltic Sea and the surrounding areas (e.g. 
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Figure 7 Correlations between average shoreline erosion rate (calculated from longshore average erosion) and average rate of 
area loss. The dashed blue line represents linear trend, the blue “diamonds” represents measured series. 
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utgersson et al., 2022 ; Slonosky et al., 2000 ). The North 
tlantic Oscillation (NAO) and the Atlantic Multidecadal Os- 
illation (AMO), in particular, are two of the most prominent 
odes impacting the climate variability. The NAO index 
aries from days to decades. The long-term behaviour of the 
AO is essentially irregular, and there is a large inter-annual 
o inter-decadal variability. The Atlantic Multidecadal Oscil- 
ation (AMO) has been identified as a coherent mode of nat- 
ral variability occurring in the North Atlantic Ocean with an 
stimated period of 60—80 years ( Rutgersson et al., 2022 ). 
OA and AMO have a major impact on, among other fea- 
ures, sea level variability (e.g. Calafat et al., 2012 , 2013 ; 
hafik et al., 2019 ; Dangendorf et al., 2014 ) and changes 
n the frequency of storminess (e.g. Feser et al., 2015 ; 
rueger et al., 2019 ). A positive high correlation coeffi- 
ient of ≥ 0.5 for the NAO index, the maximum significant 
ave height Hs and the number of storms for Baltic Proper 
ere identified for the period 1980—2015. A variability pe- 
iod of about 10—12 years was identified ( Myslenkov et al., 
018 ). In summary, there has been considerable decadal 
nd multidecadal variability in wind speed and direction 
or the last 200 years and correspondingly no clear indica- 
ion of long-term trends in the frequency of storm surges 
nd wave height ( Bärring and Fortuniak, 2009 ; Feser et al., 
015 ; Rutgersson et al., 2014 ). Published trends in storm ac- 
ivity depend critically on the time analysed, data or the 
odel used. Despite large decadal variations, a positive 
rend in the number of deep cyclones has been observed 
ver the last six decades ( Rutgersson et al., 2022 ). This is 
lso recognised on the Polish coast, where an increasing 
rend in storm surge indicator values was observed in 1997—
008 ( Stanisławczyk, 2012 ). 
Storm surges have always been of interest to chroni- 

lers and scientists (e.g. Dziadziuszko and Jednorał, 1996 ; 
ajewski, 1986 , 1998 ; Rojecki, 1965 ; Sztobryn et al., 
005 ; Wísniewski and Wolski, 2009 ; Wolski et al., 2014 ; 
260 
xtreme Wind Storms Catalogue, 2022 ; List of European 
indstorms, 2022 ). A review of literature and internet 
atabases also indicates an increased number of storm 

urges on the Polish coast since 1980. The literature also 
ontains information about frequent and severe storms oc- 
urring in the southern Baltic at the end of the 19th cen- 
ury and in the first decade of the 20th century (e.g. 
ajewski, 1998 ), although quantitative data from that pe- 
iod are scarce and not very accurate. The same is true for 
lmost the entire 20th century, which was probably due to 
ittle interest in climate change at that time and only ex- 
eptionally catastrophic storms were recorded. 
The average rate of water level rise according to the 

areograph in Władysławowo, the nearest to the study 
rea, in the period 1951—2015 was 2.04 mm/year. For the 
ame period, the average rate in Gdańsk was 2.43 mm/yr 
 Kowalczyk, 2019 ). This slight discrepancy may be caused 
y differences in vertical ground movements. A much longer 
ecord of water level changes, starting from 1886, comes 
rom Gdańsk ( Figure 8 ). Trends in mean annual water level 
hanges for corresponding periods are the same along the 
olish coast, therefore we use the record from Gdańsk 
o analyse potential relationships between changes in the 
horeline position, water level and storminess. The aver- 
ge rate of water level rise in Gdańsk in the period 1886—
021 according to a linear trend was 1.54 mm/yr, however, 
t varied strongly on multidecadal and decadal time scales 
 Figure 8 ). 
These facts clearly indicate the underlying cause of the 

ncreased rate of coastal retreat starting in the second half 
f the 20th century. The changes in the coastal retreat rate 
 Table 3 ) correlate well with an increasing multidecadal 
rend in storm activity starting in the mid-1960s and contin- 
ing into the 1990s ( Krueger et al., 2019 ), as well as the in-
reasing storminess occurring over the decades 2000—2020 
 Rutgersson et al., 2022 ; Stanisławczyk, 2012 ). During the 
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Figure 8 Erosion rate in relation to number of storms and sea level rise; 
A — Number of storm surges > 1 m above NN and/or cathastrofic damages (according to Majewski (1986 , 1998) , Dziadziuszko and 
Jednorał (1996) , Sztobryn et al. (2005) , Extreme Wind Storms Catalogue (2022) , List of European Windstorms (2022) ); 
B — Number of storm surges > 0.6 m above NN in Ustka and Władysławowo 
(according to Wísniewski and Wolski (2009) ); 
C — Rate of average shoreline retreat (pink bars) and average peak shoreline retreat (blue bars); 
D — Annual average sea level changes according to the Gdańsk mareograph; 
The black line represents the linear trend, the red line is the 10-year running average and the green line is the trend approximated 
by a 5-degree polynomial. 

261 
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Figure 9 Ice-cover in Ustka and Hel, ports located west and east from discussed erosional hot spot (according to 
Sztobryn et al. (2012) — with changes). 
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ame time, there were changes in decadal trends in wa- 
er level changes ( Figure 8 ). The highest rate of coastal re- 
reat occurred between 2000 and 2005, when the NOA in- 
ex was low (e.g. Krueger et al., 2019 ; Rutgersson et al., 
022 ) and the decadal trend of average sea level decreased 
 Figure 8 ), but there were several extremely severe storm 

urges, including in particular on 23 November 2004 (Elis- 
beth), 22 December 2004 (Rafael), and 9 January 2005 
Erwin-Gudrun), which caused catastrophic damage to the 
outhern Baltic coast. For example, on December 22, 2004, 
uring Storm Rafael, the height of the significant wave at 
he time was about 8.2 m, and the highest wave was esti- 
ated at a record 14 meters ( https://obserwator.imgw.pl/ 
ielkie- fale- na- baltyku/ ). 
This means that NAO and AMO increased trends are of 

rucial importance for the rate of coastal retreat on the 
ecadal and multidecadal time scales, while random ex- 
reme phenomena play an important role on a shorter time 
cale. 
The increased rate of coastal retreat can also be ex- 

lained by changes in sea ice cover, which is also one of the 
mportant factors suppressing surface waves and protecting 
hores against erosion by storm surges ( Climate Change in 
he Baltic Sea, 2021 ). Maximum sea-ice extent of the Baltic 
ea, duration of ice season and maximum thickness of level 
ce have been monitored regularly in the Baltic Sea since 
he late 19th century. All sea-ice observations demonstrated 
arge inter-annual variations, but with a long-term, statisti- 
ally significant trend to milder. Over the past 100 years, 
inters have become milder, the ice season shorter and the 
aximum ice extent has decreased and the period 1991—
020 was by far the mildest since ice conditions of 1720 
 Meier et al., 2022 ). (e.g. Haapala et al., 2015 , Meier et al.,
022 ). The interannual variability of the maximum ice ex- 
ent of the Baltic Sea is owing to large-scale atmospheric 
irculation associated with the NAO. Greater ice extent oc- 
urs during negative phases of the NAO, while less ice extent 
ccurs when the NAO is in a positive phase. 
There has been a statistically significant decrease in the 

umber of days with ice on the Polish coast in the period 
950-2010. Slightly less significant changes occur only in 
262 
stka, while the smallest changes occur in Hel ( Figure 9 ), 
.e. in ports located west and east from discussed erosional 
ot spot. In the case of the southern Baltic, the correlation 
etween the NAO index (averaged over 4 winter months) 
nd sea-ice is relatively weak (—0.23). ( Sztobryn et al., 
012 ). The number of days with sea ice in Ustka in the pe-
iod 1950—2010 ranged from 0 to 90. Despite the aforemen- 
ioned relatively weak correlation ( Figure 9 ), the highest 
umber of days ( > 20) with sea ice in Ustka occurred in 1956,
963—1964, 1979 and 1985—1987, i.e. during the negative 
inter NAO index ( https://commons.wikimedia.org/wiki/ 
ile:Winter- NAO- Index.svg ). However, there was no sea-ice 
n Ustka (and on the beaches between Ustka and Hel) af- 
er 1996 despite occurrence of negative winter NAO index 
n 2000, 2003—2005, 2008—2010 and 2020, so declining and 
ack of ice cover increases the risk and severity of coastal 
rosion. 
At the end of the 19th century and during the first 

ecade of the 20th century, the level of storminess was 
igh, compared to the multidecadal upward trend in storm 

ctivity starting in the mid-1960s and continuing into the 
990s ( Krueger et al., 2019 ). At the same time, the rate
f annual average sea level rise increased up to about 10 
m/year ( Figure 8 ). Due to the high storminess and high 
ate of sea level rise, the range and rate of coastal re- 
reat must have been high at that time. However, there 
re no data on the range of coastal retreats for that pe- 
iod. The calculated rate of shoreline retreat for the pe- 
iod 1875—1958 is only 0.8 m/year, which is even lower 
han the average rate for the entire analysed period 
 Table 3 ). This is most likely because storm activity has de-
reased since 1914. Although severe storms occurred af- 
er 1914, the storm surges did not exceed 1.5 m. Un- 
il 1995, only one storm (1941) was recorded, when the 
ater level exceeded the average sea level by 1.5 m 

 Majewski, 1998 ). There was also the increase of extent 
f sea-ice around 1916—1929 and 1940—1943 ( Meier et al., 
022 ; https://www.eea.europa.eu/data- and- maps/daviz/ 
aximum- extent- of- ice- cover- 3#tab- 4186 ). During the 30 
ears between 1910 and 1940, the annual average sea level 
ecreased and then increased very slowly until ca. 1980 

https://obserwator.imgw.pl/wielkie-fale-na-baltyku/
https://commons.wikimedia.org/wiki/File:Winter-NAO-Index.svg
https://www.eea.europa.eu/data-and-maps/daviz/maximum-extent-of-ice-cover-3#tab-4186
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Figure 10 System of ridges and seabed depressions (energy windows) in the forefield of the erosional hot spot. 
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 Figure 8 ). As a result, the low coastal retreat rate calcu- 
ated for the period 1875—1958 is most likely due to an av- 
raging of changes from the periods of rapid coastal erosion 
1875—1910) and the period of relative stabilisation (1910—
960). The discussed case of the erosion hot spot shows that 
he published data on the extent and rate of coastal retreat 
ritically depend on the analysed period, and it is not al- 
ays possible to clearly correlate the identified coastal ero- 
ion trends with the natural variability of the sea level and 
he frequency of storms. 
According to the classification of erosional hot spots 

 Kraus and Galgano, 2001 ), the discussed hot spot can be 
lassified as a type of translatory longshore sand wave (most 
robably) or a standing longshore sand wave with longshore 
ominant transport direction. The Translatory Longshore 
and Wave is indicated by the dominant (net) sediment 
ransport direction from west to east ( Szmytkiewicz et al., 
021 ), as well as greater accretion at the western bound- 
ries and greater erosion at the eastern boundaries of the 
iscussed hot spot ( Table 2 , Figures 4 and 5 ). If this is a
ranslatory Longshore Sand Wave, it cannot be classified as 
hort/medium based on its duration (acc. to Kraus and Gal- 
ano, 2001 ; short = about a year; medium = about several 
ears), as it has existed since the end of 19th century or at 
east since middle of 20th century. This discrepancy can be 
xplained by the low offshore seabed dynamics of the tide- 
ess Baltic Sea, which is much lower than that known from 

idal shelf seas and oceanic coasts. In such a case, the du- 
ation of the discussed hot spot is long-lasting, i.e. longer 
han the duration of a typical (e.g. investment) project, 
roperty ownership, or even longer, i.e. geologic time scale 
 Kraus and Galgano, 2001 ). The duration of the discussed 
HS is longer than a century. Its lateral extent indicates that 
t is a local but most likely migratory phenomenon. 

Consistent with the cause of erosion, the hot spot is as- 
ociated with seasonal changes in wave climate over irregu- 
ar offshore/nearshore topography and local wave focusing 
263 
 Figure 10 ) ( Bender and Dean, 2003 ). Seaward, behind the
horeface, in the vicinity of the discussed erosional hot spot 
here are seabed depressions between shoreface-connected 
and ridges oriented obliquely to the shore which are a kind 
f “energy windows”, through which more wave energy can 
each the coast. 
With regard to the issue as to whether the discussed hot 

pot could have been predicted, we can state that the exist- 
ng bathymetric and topographic data allow this, but these 
ata were not available a few years ago, whereas the dis- 
ussed erosional hot spot has existed for more than a cen- 
ury. 
Since most of the published data on erosive hot spots 

omes from the coasts of high-energy tidal seas or ocean 
oasts, it can be assumed, based on the data presented 
bove, that the idea of erosional hot spots can also be 
uccessfully applied to the coasts of nontidal and semi- 
nclosed intercontinental seas. However, the guidelines and 
ome rules for classifying hot spots, especially in terms of its 
uration of existence should be modified due to lower en- 
rgy levels. 

. Conclusions 

he shoreline follows a sinusoidal course, with a positive 
mplitude corresponding to accretion and a negative ampli- 
ude to erosion. An extremely erosive trend (hot spot) is dis- 
inguished between 143 and 146 km of the coastline, with an 
ncreased rate of erosion observed from 2001. Since then, it 
as increased several times and has led to the erosion of 
unes, the maximum height of which reaches 19 m above 
ea level. This is attributed to geological, geomorphologi- 
al and hydrodynamical factors. The depressions between 
horeface-connected sand ridges are “energy windows”, 
hrough which more wave energy can reach the coast. As 
 result, erosional embayments are formed onshore. 
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The main reason for accelerated coastal erosion during 
he recent decades are increased number of storms and 
ecease extent of sea ice and decrease number of days 
ith sea-ice. In addition to multidecadal and decadal cli- 
atic forcing, extraordinary events like storms in 2004—
005 played an important role in contributing to catas- 
rophic changes on the coast in shorter periods. 
According to the classification of erosional hot spots 

 Kraus and Galgano, 2001 ), the discussed hot spot can be 
lassified as a type of translatory longshore sand waves, 
ost likely with the dominant longshore direction of trans- 
ort, and as indicated by the lateral extent, it is local but 
ost likely advancing. Further research is required to fully 
ddress this question. 
As for the cause of the erosional hot spot, it is related 

o seasonal changes in wave climate over irregular off- 
hore/nearshore topography and local wave focusing. 
In terms of duration, the hot spot in question is long 

asting, i.e. lasted longer than the duration of i.a. a typi- 
al investment project, property ownership, or even longer 
geologic time scale). The lifespan of the EHS is over one 
undred years. 
As for the question of whether the hot spot in question 

ould have been predicted, we can argue that the existing 
athymetric and topographic data allow this, but these data 
ere not available a few years ago, whereas the hot spot has 
xisted for more than a century. 
Thus, multidecadal to decadal climate variability can 

rigger a pulse of hydrodynamic activity resulting in a com- 
lex coastal response. However, we have to remember that 
limate is not the only factor controlling the coastal pro- 
esses, coastal geomorphology and geology is in many cases 
he determining factor. 
The presented research allows us to conclude that the 

resented approach (EHS analyses) is also applicable to any 
arrier coast, including non-tidal basins. 
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