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Safety and lo ca tion suit abil ity is a vi tal is sue for off shore wind farms and their trans mis sion in fra struc ture, in clud ing ca ble
land ing sta tions. Geomorphological and geo log i cal fea tures are one of the key de ter mi nants of du ra bil ity and op er a tional re li -
abil ity of en ergy in fra struc ture. We ana lyse the dy nam ics of the coastal zone at the two lo ca tions (Ustka and Lubiatowo)
planned for the land fall of ma rine trans mis sion in fra struc ture on the Pol ish south ern Bal tic coast. Av er age cen ten nial coastal
changes were de ter mined by com par ing the shore line from 1875 (1:25,000 top o graphic map) and 2022 (LIDAR). Sta tis ti cal
rates of change were cal cu lated us ing DSAS soft ware by ana lys ing changes in shore line po si tion (1:10,000 top o graphic
maps and LIDAR) over 7 to 8 time in ter vals be tween 1985 (1986) and 2022. Over a pe riod of one and a half cen tu ries, in the
Lubiatowo land fall area, there was slight lo cal ero sion (max. ~80 m; ~0.5 m/yr) and ac cre tion (max. ~90 m; ~0.6 m/yr). In the
Ustka area, the sit u a tion was sim i lar, but the ex tent of the changes was greater - the shore line re treated lo cally by ~270 m
(~1.8 m/yr) and lo cal ac cre tion amounted to ~270 m. Anal y sis of changes in the po si tion of the shore line on a timescale of
three de cades (1985–2022) showed a slight ex pan sion of the ero sion ar eas and a shift of the ero sion and ac cre tion cen tres
to the east, as well as higher rates, of both ero sion and ac cre tion, com pared to the pe riod 1875–2022. Lo cally, the av er age
ero sion rate in the Lubiatowo area was 1.7 m/yr and the av er age ac cre tion rate lo cally reached 1.5 m/yr. Sim i lar trends and
mag ni tudes of changes oc curred in the Ustka area, where the av er age ero sion rate was 1.6 m/yr and the ac cre tion rate
1.2 m/yr. These ex am ples  of ero sion-ac cre tion sys tems show that data on the po si tion of ero sion and ac cre tion cen tres as
well as on the rate of change of the shore line po si tion are strongly de pend ent on the time in ter vals ana lysed. There fore, it is
nec es sary to ana lyse not only the cur rent litho- and morphodynamic pro cesses on the coast, but also the trends of change at
dif fer ent time scales, when de ter min ing the land fall sites of power ca bles and as the de sign of their pro tec tion.

Key words: coastal sys tem, bar rier coast, Bal tic Sea, ca ble land fall zone.

INTRODUCTION

En ergy se cu rity for na tions and re gions hinges not only on
the eco nomic ca pa bil i ties of in ves tors but also crit i cally on the
geo graphic and en vi ron men tal suit abil ity of in vest ment sites.
Geomorphological and geo log i cal con di tions are key de ter mi -
nants of the long-term du ra bil ity and op er a tional re li abil ity of en -
ergy in fra struc ture. A stark re minder of the risks posed by ne -
glect ing these fac tors is the Fukushima nu clear di sas ter, where
an earth quake and tsu nami com pro mised the fa cil ity’s safety
(Schnei der, 2023; Ayoub et al., 2024; Liu et al., 2024). This se ri -

ous event un der scores the ne ces sity of con duct ing com pre -
hen sive risk as sess ments for en ergy in vest ments, par tic u larly
with re spect to nat u ral haz ards (Raby et al., 2015).

This fo cus on safety and lo ca tion suit abil ity is just as vi tal for
smaller-scale but equally sig nif i cant pro jects, such as off shore
wind farms and their as so ci ated trans mis sion in fra struc ture. In
re cent years, the ma rine en ergy sec tor has seen rapid ex pan -
sion world wide, driven by the grow ing de mand for clean, re new -
able en ergy sources. Off shore wind farms, in par tic u lar, are
emerg ing as a ma jor con trib u tor to re new able en ergy pro duc -
tion (Leung and Yang, 2012; Kara and �ahin, 2023), of fer ing a
sus tain able so lu tion to meet in creas ing en ergy needs while re -
duc ing car bon emis sions.

The Bal tic Sea re gion, in clud ing the Pol ish sec tor, is wit -
ness ing a surge in off shore wind en ergy de vel op ments, re flect -
ing the broader global trend (Proniñska and Ksiê¿opolski,
2021). The Pol ish gov ern ment has am bi tious plans for the sec -
tor, with pro jec tions that off shore wind en ergy will ac count for
13% of the na tional en ergy pro duc tion by 2030, and up to 19%
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by 2040 (Pro gram Rozwoju Morskich Farm Wiatrowych – page
ac cess 03.2025). Crit i cal to this growth is the es tab lish ment of
ro bust trans mis sion in fra struc ture, which will carry en ergy gen -
er ated at sea to the main land. These trans mis sion in stal la tions,
form ing a vi tal part of na tional en ergy in fra struc ture, must be
care fully po si tioned, es pe cially with re spect to geo log i cal and
geomorphological fac tors.

The sta bil ity and per for mance of both trans mis sion sys tems 
and off shore wind farms are heavily in flu enced by the geo log i -
cal and geomorphological prop er ties of the sea bed. Sub strate
sta bil ity, ero sion risks, and the like li hood of ex treme weather
events must all be care fully as sessed to avoid struc tural dam -
age and to en sure the lon gev ity of the in fra struc ture (Carter et
al., 2014; Clare et al., 2023). An in ad e quate as sess ment of
these con di tions could lead to costly re pairs, op er a tional dis rup -
tions, and even cat a strophic fail ures. There fore, a thor ough
geo log i cal anal y sis dur ing the plan ning stage can sig nif i cantly
mit i gate risks and op ti mize both con struc tion and op er a tional
costs, en hanc ing the com pet i tive ness and prof it abil ity of off -
shore en ergy pro jects (Barzehkar et al., 2024).

Given these con sid er ations, col lab o ra tion be tween ge ol o -
gists, en gi neers, and plan ners be comes es sen tial for the de vel -
op ment of safe, re sil ient, and ef fi cient en ergy sys tems that can
with stand fu ture chal lenges. By prioritizing geomorphological
and geo log i cal fac tors in the plan ning pro cess, en ergy de vel op -

ers can en sure that their in fra struc ture is both du ra ble and
adapt able, con trib ut ing to the long-term sta bil ity of the en ergy
sup ply.

In the light of this, the ob jec tive of this study is to ana lyse the
dy nam ics of the coastal zone at the lo ca tion planned for the
land fall of ma rine trans mis sion in fra struc ture. Par tic u larly, the
study aims to as sess the po ten tial fu ture risks posed by coastal
ero sion and other geomorphological pro cesses for cur rent pro -
jects while pro vid ing a meth od olog i cal in sight that will in form the 
de sign and place ment of planned crit i cal en ergy in fra struc ture.

STUDY AREA: HYDRODYNAMIC 
AND GEOLOGICAL SETTING

The study ar eas are lo cated in the cen tral part of the Pol ish
south ern Bal tic coast com pris ing two dis tinct sites: Ustka (a
town lo cated ~16 km north-west of S³upsk) and Lubiatowo (a vil -
lage sit u ated ~20 km east of £eba; Fig. 1).

The cli mate of the Bal tic Sea re gion is strongly in flu enced by 
large-scale at mo spheric vari abil ity. In par tic u lar, the North At -
lan tic Os cil la tion and, on lon ger timescales, cir cu la tion pat terns
re lated to the At lan tic Multidecadal Os cil la tion play im por tant
roles for the cli mate of the Bal tic Sea re gion (e.g., Meier et al.,
2022). The Bal tic Sea is a microtidal, storm-dom i nated brack -
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Fig. 1. Lo ca tion of the study area
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ish, in ter con ti nen tal sea (Leppäranta and Myrberg, 2009;
Uœcinowicz, 2014); there fore, the most im por tant el e ment of the 
cli mate that in flu ences the dy nam ics of the wa ter masses is
wind. Vari a tions in the wind cli mate and storm i ness over the
Bal tic Sea re gion are on av er age closely linked to at mo spheric
cir cu la tion and cy clonic ac tiv ity over the North At lan tic (e.g.,
Meier et al., 2022). In gen eral, winds from the west ern sec tor
(SW–W–NW) dom i nate over the south ern Bal tic Sea re gion.
Storm winds (>15 m/s) and waves also tend to come from the
same di rec tions. The mea sure ment data that best char ac ter ize
the wave cli mate of the cen tral part of the Pol ish coast come
from the Coastal Re search Sta tion in Lubiatowo op er ated by
the In sti tute of Hy dro-En gi neer ing of the Pol ish Acad emy of Sci -
ences. Waves from the west ern sec tors oc cur in the study ar -
eas for ~50% of the year. Waves from NE, E, and SE oc cur for
32% of the year, and those from the N for 13.5% of the year.
The mean wave height is usu ally 0.5–1.5 m (47% of the year).
Ac cord ing to multi-year data, the mean wave pe ri ods (Tmean)
vary from 3 to 7.5 s, and the pe ri ods of the sig nif i cant wave (Ts)
dur ing heavy storms ex ceed 9 s. The fol low ing wave pa ram e -
ters were re corded dur ing a hur ri cane on 6 De cem ber 2013:
max i mum sin gle wave height Hmax = 7.8 m, sig nif i cant wave
height Hs = 4.42 m, mean wave height Hmean = 2.8 m, Ts = 9.3 s,
Tmean = 8.1 s. The long shore cur rent ve loc ity can at tain 1.6 m/s
(Ostrowski et al., 2016, 2018).

Dur ing heavy storm surges, the wa ter level can reach
~1.5–2.0 m above mean sea level. The his tor i cally re corded
max ima above mean sea level were 2.22 m in Ko³obrzeg,
1.59 m in Dar³owo, 1.68 m in Ustka and £eba, and 1.38 in
W³adys³awowo (Wolski et al., 2014). In gen eral, sea level is ris -
ing along the en tire south ern Bal tic coast. Ac cord ing to the
mareographic sta tions lo cated in Ko³obrzeg, Ustka and
W³adys³awowo the av er age rates of sea level rise in the pe riod
1952–2015 were 1.66, 1.83 and 2.04 mm/yr, re spec tively.

The cen tral part of the Pol ish coast is lo cated on the East
Eu ro pean Pre cam brian Plat form and, since the early Ho lo cene
when glacio-iso static re bound ceased in the south ern Bal tic
coast, the area has been tec toni cally rel a tively sta ble. Re cent
ver ti cal move ments of the Earth’s crust in the cen tral part of the
Pol ish coastal area (i.e. be tween Ustka and W³adys³awowo) are 
around 0 with a ten dency to slight up lift up to 0.5 mm/yr
(Wyrzykowski, 1985; Kotny and Bogusz, 2012).

The pre-Qua ter nary bed rock in the cen tral part of the Pol ish
coast, both in its in land and ma rine parts, con sists of Oligocene
and Mio cene sand and silt, lo cally clay and lig nite. Its ceil ing lies 
at depths rang ing from ~260 to 10 m b.s.l. The thick ness of
Qua ter nary de pos its in the on shore part of the coastal re gion is
around 10–12 metres in gen eral, and only lo cally it is greater,
with a max i mum thick ness of up to 260 m. Pleis to cene de pos its
are rep re sented by gla cial till, glaciofluvial sand and gravel and
ice-mar ginal lake sand, silt and clay. The Ho lo cene is rep re -
sented by peat and lac us trine sand and silt, as well as by ma rine 
and ae olian sands (Rotnicki and Borówka, 1995; Skompski,
1982; Morawski, 1987; Petelski, 2007; Uœcinowicz et al.,
2020a, b). The thick ness of the Qua ter nary de pos its in the ma -
rine part of the coastal zone is in gen eral <30–40 m. The Pleis -
to cene de pos its in the ma rine area are sim i lar to those in the in -
land part; how ever, their thick ness is smaller be cause they were 
eroded to a large de gree dur ing the Ho lo cene ma rine trans -
gres sion. The thick ness of ma rine sands and grav els rarely ex -
ceeds 3 m, and it is <2 m over large ar eas. Es pe cially, a small
thick ness of ma rine sand and gravel is found in front of the
cliffed coast and in lower shoreface and off shore ar eas, where
Pleis to cene de pos its lo cally out crop (Micha³owska and Pikies,
1990; Uœcinowicz and Zachowicz, 1991).

The coast of the study ar eas is char ac ter ized by dom i nance 
of bar ri ers in ter rupted by short, ~10 km-long, cliff sec tions. The
bar rier hin ter land con tains coastal low lands, and three la goons
which are called coastal lakes. The dune sys tem sep a rat ing the 
low land and la goons from the sea has a vary ing num ber of
dune gen er a tions, of di verse shape and size. The £ebsko Bar -
rier is the larg est dune sys tem in these ar eas. Sev eral lo cally
ero sional embayments have no foredunes. They are di rectly
ad ja cent to the beach and are ero sional rem nants of older
dunes.

Due to the shore line ori en ta tion and pre dom i nant wind and
wave prop a ga tion di rec tions, the east ern sec tion of the Pol ish
coast is dom i nated by west-to-east sed i ment trans port. In tense
eastwards sed i ment trans port amounts to ~100,000 m3/yr be -
tween Ustka and W³adys³awowo (Kaczmarek et al., 1997;
Szmytkiewicz et al., 2000). More re cent and de tailed cal cu la -
tions (Szmytkiewicz et al., 2021) re veal that the re sul tant an -
nual trans port of sed i ment from west to east, of  111,000 m3/y to 
145,000 m3/y, de pends on the par tic u lar cal cu la tion model.
There are no mea sure ment or mod el ling data about
cross-shore sed i ment trans port in terms of amounts and re sul -
tant bal ance, both in short-term (sea sonal to de cad al) or
long-term (cen ten nial) timescales. Ac cord ing to rough es ti -
mates (Uœcinowicz et al., 2024a, b) up to ~40–60% of the sand
can be drained away from the shoreface to depths greater than
the outer clo sure depth (sensu Hallermeier, 1981), to the off -
shore zone where we con sider coastal pro cesses in the
long-term scale.

Thanks to ex ten sive, sys tem atic geo log i cal map ping con -
ducted in the coastal zone, de tailed data on the re lief and geo -
log i cal struc ture of the sea bed and ad ja cent land in the sites of
planned ca ble land ing are avail able
 (https://www.pgi.gov.pl/en/kartografia-4d.html;
https://www.pgi.gov.pl/en/kartografia-4d/etapy-realizacji.html)
(Fig. 2).

USTKA SITE

The Ustka site lies to the west of the town of Ustka, stretch -
ing ~7 km along the coast be tween kilo metres 234 and 241
(based on the Pol ish coast line di vi sion sys tem where 0 km = the 
Pol ish–Rus sian bor der; Fig. 2). The coast line within that site is
aligned WSW–ENE in gen eral. This site fea tures a coastal bar -
rier con sist ing of a beach strip of vari able width, backed by
dunes and,  top o graph i cally, it can be di vided into two main sec -
tions.

The west ern part (238–241 km) is marked by an ero sional
con cav ity, nar row beach and low dunes. Dunes and their relicts
are pro tected by a seawall in the sec tion be tween 239 and
240 km of the coast (Fig. 3). Be hind low dunes in this area lie
coastal low lands, with el e va tions rarely ex ceed ing 3 m a.s.l.
The east ern and cen tral parts (234–238 km) con sist of higher
ter rain, with dune heights reach ing ~35 m and widths ~1 km. In
the east ern por tion (~235 km ), there is an old, partly de stroyed
~100 m-long pier, and ~1.1 km far ther east, there are jet ties of
the Port of Ustka ex tend ing ~400 m into the sea. Both these
hydrotechnical struc tures en hance beach and dune ac cre tion in 
the east ern por tion of the Ustka site.

The coastal bar rier con sists of ma rine and ae olian sands.
An ex ten sive coastal de pres sion filled with peat and cov ered by
an ae olian sand sheet oc curs be yond the nar row dune belt in
the west ern part of the Ustka site, whereas out crops of
glaciolimnic clays, silts and gla cial till, as well as Ho lo cene peat, 
oc cur be hind the wide dune belt in the east ern part.
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Fig. 2. Map of avail able geo log i cal data in the study area (Ustka – up per panel, Lubiatowo  – lower panel)
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Fig. 3. El e va tion map of the study area (Ustka – up per panel, Lubiatowo – lower panel)

Source of bathymetric data – Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute; source of DTM – Mar i time Of fice in Gdynia



The width of the shoreface at the Ustka site ranges from 1.5
to 1.6 km in the west ern sec tion and from 0.9 to 1.1 km in the
east ern sec tion. The base of the shoreface is marked by a gen -
tle change in the gra di ent of the sea bed at a depth of ~10–12 m
b.s.l. In the up per shoreface, up to a depth of ~5 m, there are
two or three sand bars with a rel a tive height of ~1.0–3.5 m. The
lower shoreface and the area be hind the shoreface is rel a tively
flat (Fig. 3). The gen er ally flat sea bed also con tains a shal low
elon gated de pres sion (sub ma rine val ley) in the wes tern most
part of the Ustka site. The val ley starts from a depth of ~7 m and 
runs from SE to NW. The width of the slightly rough val ley bot -
tom is ~0.5 km. Slightly rough sea bed sur faces lo cated in shal -
low de pres sions, ori ented in the same di rec tion, are also no tice -
able at depths from ~5 to ~15 m in the cen tral part of the Ustka
site (Fig. 3).

The sea bed in the Ustka area is cov ered with fine ma rine
sand. Its thick ness ranges from sev eral centi metres to ~8 m,
usu ally be ing ~1–3 m. Only in the east ern part of the area, on
the up per shoreface (in the sand bar zone), it ex ceeds 3 m. The
max i mum thick ness oc curs east of km 135 be tween the old pier 
and the break wa ters of the Port of Ustka. Thick nesses of <1 m
oc cur only lo cally, in de pres sions with a rougher sea bed. Out -
crops of glaciolimnic clay and till also oc cur in those ar eas, in di -
cat ing their ero sional or i gin (Figs. 3–5).

LUBIATOWO SITE

The Lubiatowo site is lo cated east of the town of £eba, ex -
tend ing for ~6.5 km along the coast be tween kilo metres 157
and 163.5 (Figs. 1 and 2). The coast line here is also ori ented
WSW–ENE. Only its east ern part is more E–W aligned. Sim i -
larly to the Ustka site, this site fea tures a coastal bar rier with a
beach of vary ing width and dunes be hind it. Be hind a foredune
zone, a se ries of par a bolic dunes cov ers much of the area,
some reach ing heights of >30 m. Only in the wes tern most part
are the dunes less pro nounced, and sand forms mainly an ae -
olian sheet. Ae olian sands cover al most the en tire site, over ly -
ing older de pos its, in clud ing flu vio gla cial sands, grav els, and
gla cial till. There are some de fla tion bas ins, filled with or ganic
soils (peat), be tween the dunes.

The shoreface ex tends ~1100–1500 m from the wa ter line
and reaches a depth of ~10–12 m where the bot tom gra di ent
gently changes. There are 2–4 sand bars within the up per
shoreface. The isobaths gen er ally run par al lel to the shore line,
al though in the west ern part in the lower shoreface and off -
shore, slight de flec tions of the isobaths from the align ment of
the shore line can be ob served. This fea ture prob a bly in di cates
the pres ence of two or three low ridges and de pres sions
obliquely con nect ing to the shoreface. The isobaths in the east -
ern part are more reg u lar and mostly par al lel to the shore line,
even be yond the sand bar zone within the up per shoreface. The 
prom i nent fea ture in the cen tral and east ern part of this back -
ground is an ~4 km-long and 0.5–0.6 km-wide ridge de lim ited
by the 7 m isobath and aligned par al lel to the coast line. The rel -
a tive height of the ridge is ~3.0–2.5 m, the sea depth be ing ~4.5 
m at its shal low est point (Figs. 2 and 3).

The sea bed in the Lubiatowo site is cov ered mainly by fine
sands; how ever, it is dif fer ent from the Ustka site in that
coarse-grained sand oc cu pies larger ar eas, mainly on the large
ridge in the cen tral and east ern part of the area. There are also
elon gated patches of me dium-grained sand re lated to an outer
(sec ond, third or fourth) sand bar in the west ern seg ment
(Fig. 4). The ma rine sand cover across the Lubiatowo site is
thicker com pared to Ustka. The max i mum thick ness ex ceeds 8
m, with val ues over 5 m be ing com mon over much of the area.

Thin ner sand de pos its (<2 m) are mainly found in the up per
shoreface of the west ern part of the Lubiatowo site as well as in
its east ern most part (Fig. 5). Sim i larly to the on shore part, these 
ma rine sands over lie older Pleis to cene gla cial and flu vio gla cial
de pos its.

MATERIALS AND METHODS

To ana lyse the coastal dy nam ics at the sites of planned en -
ergy in fra struc ture, var i ous ma te ri als and meth ods were em -
ployed.

HISTORICAL SHORELINE POSITION RECONSTRUCTION

The his tor i cal shore line from <150 years ago was re con -
structed and over lain onto the cur rent shaded ter rain model
(2022) us ing georeferenced Ger man top o graphic maps
(Messtischblätter – sheet Wittenberg, Saleske and
Stolpmünde) at a scale of 1:25,000 pro duced around the year
1875. The Messtischblatt maps are known for their high ac cu -
racy, with a po si tional pre ci sion of up to 4–6 m when com pared
to mod ern car to graphic sources (Deng et al., 2017a).The re -
con structed shore line is shown in green where it now falls on
land, in di cat ing ac cu mu la tion trends, and in red where it falls in
the sea, mark ing ar eas of ero sion.

To vi su al ize ero sion and ac cu mu la tion over the past 150
years, an equi dis tant rep re sen ta tion of the cur rent shore line
was gen er ated at 25-metre-in ter vals us ing ArcGIS Desk top
soft ware.

MULTI-TEMPORAL DIGITAL ELEVATION MODELS

To il lus trate changes in ter rain el e va tion across the coastal
zone over time, multi-tem po ral dig i tal ter rain mod els (mtDTMs)
were gen er ated us ing the Spa tial An a lyst ex ten sion for ArcGIS
Desk top soft ware. These mod els show the dif fer ence in ter rain
el e va tion be tween youn ger and older DTMs. Data for the
mtDTMs were sourced from the Mar i time Of fices in Gdynia and
S³upsk, as part of the Mar i time Shore line Mon i tor ing Pro gram
(MSMP) in the form of a GeoTiff with a res o lu tion of 0.5 m (Ta -
ble 1).

For the Ustka area, DTMs from 2013, 2018, and 2022 were
com pared, while for the Lubiatowo area, DTMs from 2012,
2018, and 2022 were used. The PL-KRON86 el e va tion sys tem
was in use un til 2014, so a cor rec tion of ~0.17 m was ap plied to
ac count for the change in the el e va tion sys tem to
PL-EVRF2007-NH, which is cur rently in use.

The re sults are pre sented us ing shaded ter rain mod els, with 
red in di cat ing ero sion ar eas and green rep re sent ing ac cu mu la -
tion ar eas. The in ten sity of the colours re flects the ex tent of sed -
i ment loss or ac cu mu la tion, with ar eas ex pe ri enc ing a sig nif i -
cant change of over 2 m show ing higher in ten sity. To en hance
clar ity, ar eas that ex press rel a tive equi lib rium (±0.5 m) have
been ex cluded from the pre sen ta tion.

DIGITAL SHORELINE ANALYSIS SYSTEM (DSAS)

Shore line changes were ana lysed in de tail us ing the DSAS
v 5.1 tool (Himmelstoss et al., 2021), com pat i ble with ArcGIS
Desk top. DSAS cal cu lates shore line change rates based on ar -
chived shore lines and as so ci ated metadata, en abling pro jec -
tions over 10- and 20-year ho ri zons. For this anal y sis, trans -
verse pro files were gen er ated at 20-metre in ter vals, with DSAS
cal cu lat ing changes based on pro file in ter sec tions with in di vid -
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Fig. 4. Geo log i cal map of the study area (Ustka – up per panel, Lubiatowo – lower panel), Pol ish Geo log i cal In sti tute – Na tional
Re search In sti tute ma te ri als
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Fig. 5. Map of ma rine sand thick ness (Ustka – up per panel, Lubiatowo – lower panel)



ual shore lines. The 20-metre spac ing was cho sen to en sure ad -
e quate data den sity rel a tive to the size of the study area and to
ob tain a semi-con tin u ous rep re sen ta tion of shore line changes
ap pro pri ate to the scale of the ma te ri als pre sented.

In the Ustka and Lubiatowo ar eas, eight and seven shore -
lines, re spec tively, from 1985 to 2022, were in cor po rated into
the anal y sis (Ta ble  2). These shore lines were de rived from top -
o graphic maps at a scale of 1:10,000, and orthophotomaps and 
DTMs pro vided by the Mar i time Of fices in Gdynia and S³upsk
(as part of the MSMP) and the Head Of fice of Ge od esy and
Car tog ra phy.

To ex tract the shore line from the dig i tal ter rain mod els
(DTMs), the isoline rep re sent ing 0 m above sea level was de lin -
eated and sub se quently smoothed us ing ArcGIS soft ware. By
com par ing the ex tracted shore line from the DTM with an
orthophotomap cap tured at the same time, the av er age po si -
tional un cer tainty of the shore line was es ti mated to be ~2 m.

The DSAS tool al lows for the cal cu la tion of shore line
change sta tis tics us ing sev eral meth ods. Given that the shore -
lines were de rived from var i ous sources with dif fer ing lev els of
po si tional un cer tainty, the weighted lin ear re gres sion (WLR)
method was se lected for pre sent ing the re sults. In WLR-based
shore line change anal y sis, greater weight is as signed to data

points with lower po si tional un cer tainty, en sur ing more re li able
trend es ti ma tion (Himmelstoss et al., 2021).The rate of change, 
ex pressed in metres per year (m/yr), is de picted us ing red for
ero sion and green for ac cre tion, with the in ten sity of the colours
cor re spond ing to the mag ni tude of the change.

RESULTS AND INTERPRETATION

HISTORICAL SHORELINE POSITION

The anal y sis of his tor i cal shore line po si tions over the past
147 years has re vealed sig nif i cant pat terns of coastal change at 
both the Ustka and Lubiatowo sites, driven by ero sion and ac -
cre tion pro cesses (Fig. 6).

At the Ustka site, no ta ble coastal changes have oc curred.
The most pro nounced trans for ma tion is the ero sion of the west -
ern part of the area, spe cif i cally be tween 237.5 km and
240.5 km, where the shore line has re treated by up to 270 m.
This re sults in a max i mum av er age ero sion rate of ~1.8 m/yr,
form ing an ex ten sive ero sional embayment that poses a crit i cal
con cern for fu ture in fra struc ture place ment due to its rapid de -
vel op ment. In con trast, the cen tral and east ern parts of the
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Area Date of DTM
ac qui si tion

Av er age LiDAR
point den sity Height sys tem DTM pixel size Data source

Ustka

2013.04 no data PL-KRON86-NH 0.5 m Mar i time Of fice in S³upsk

2018.04 6 p/m2 PL-EVRF2007-NH 0.5 m Mar i time Of fice in S³upsk

2022.04 13 p/m2 PL-EVRF2007-NH 0.5 m Mar i time Of fice in Gdynia

Lubiatowo

2012.09 9.8 p/m2 PL-KRON86-NH 0.5 m Mar i time Of fice in Gdynia

2018.10 8 p/m2 PL-EVRF2007-NH 0.5 m Mar i time Of fice in Gdynia

2022.04 13 p/m2 PL-EVRF2007-NH 0.5 m Mar i time Of fice in Gdynia

T a  b l e  1

Com pi la tion of dig i tal ter rain mod els used to cre ate multi-tem po ral DTMs

T a  b l e  2

Sum mary of ma te ri als used in the DSAS anal y sis
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Fig. 6. Com par a tive anal y sis of shore line changes be tween 1875–2022 (Ustka – up per panel, Lubiatowo – lower panel)



Ustka site have ex pe ri enced ac cre tion, lead ing to sig nif i cant
land growth. The most sub stan tial ac cu mu la tion has oc curred
around the 235 km marker, where the coast line has ad vanced
by up to 270 m since the late 19th cen tury. This ex ten sive ac cu -
mu la tion has been pri mar ily in flu enced by the break wa ters of
the Port of Ustka, which were al ready in place be fore 1875 (i.e.,
be fore the cre ation of the top o graphic map used for this anal y -
sis). This pro cess was fur ther in ten si fied by the con struc tion of
~100 m long pier at 234.9 km dur ing World War II. These
changes align with the along shore sed i ment trans port in the
area, which moves sed i ment eastwards at an es ti mated rate of
~1.3 × 105 m3/yr, play ing a sig nif i cant role in shap ing the coast -
line’s evo lu tion.

At the Lubiatowo site, coastal changes over the last 147
years have also been char ac ter ized by both ero sion and ac cre -
tion, though gen er ally at a lower mag ni tude com pared to the
Ustka site. Coastal re treat has oc curred in the west ern part
(west of km 161.9) and in the east ern most sec tion (be tween
157 km and 157.7 km). How ever, sig nif i cant ero sion has been
re corded only in a stretch be tween 162.5 km and 163.5 km,
where the coast line has re treated by up to 80 m, trans lat ing to
an av er age ero sion rate of 0.5 m/yr. In other sec tions, the re -
treat has been much smaller, not ex ceed ing 25 m. Be tween
these erod ing sec tions, the coast line has ad vanced by up to 90
m at a rate of 0.6 m/yr in an ac cre tion area.

DIGITAL SHORELINE ANALYSIS SYSTEM (DSAS)

The anal y sis of shore line changes along the Ustka site us -
ing DSAS was con ducted based on eight shore line po si tions
span ning the pe riod from 1986 to 2022. A to tal of 290 transects
were an a lyzed (Ta ble 3). The av er age rate of shore line change
at this site is slightly pos i tive, at +0.05 m/yr. Ero sion was ob -
served along 47% of the transects, with 27% show ing sta tis ti -
cally sig nif i cant ero sion. The max i mum ero sion rate is
–3.08 m/yr, and the av er age ero sion rate among ero sional
transects is –1.61 m/yr. About 53% of the transects show ac cre -
tion that is sta tis ti cally sig nif i cant in 20% of this site. The max i -
mum ac cre tion rate is +5.08 m/yr, and the av er age ac cre tion
rate among accretional transects is +1.19 m/yr. These re sults
in di cate that while ero sion is prev a lent in cer tain ar eas, there is
also con sid er able sed i ment ac cu mu la tion at Ustka. Im por tantly, 
the over all net change at the Ustka site is slightly pos i tive, with
an av er age rate of +0.05 m/yr. This sug gests a mod est net gain
in coast line, de spite the on go ing pro cesses of ero sion and ac -
cre tion.

For the Lubiatowo site, shore line po si tions were eval u ated
along 279 transects (Ta ble 3). The av er age rate of shore line
change is neg a tive, at –0.62 m/yr, in di cat ing over all coastal re -
treat. Ero sional transects ac count for 66% of the to tal, with
31.5% of these show ing sta tis ti cally sig nif i cant ero sion. The

max i mum re corded ero sion rate is –3.46 m/yr, while the av er -
age ero sion rate among ero sional transects is –1.73 m/yr. Ac -
cre tion was ob served in 34% of the transects, al though only
8.6% show sta tis ti cally sig nif i cant ac cre tion. The max i mum ac -
cre tion rate is +4.19 m/yr, and the av er age ac cre tion rate
among accretional transects is +1.51 m/yr.

These find ings in di cate that while sed i ment ac cu mu la tion
oc curs in some ar eas, the Lubiatowo site is pre dom i nantly ero -
sional. The re gion’s net shore line change has a neg a tive trend,
with an av er age rate of –0.62 m/yr. This sig ni fies a net re treat of
the coast line, de spite the pres ence of some sta ble or ac cu mu -
lat ing ar eas.

The spa tial pat tern of ero sion and ac cu mu la tion zones re -
vealed at the Ustka site by the anal y sis of shore line po si tion
changes con ducted on a three-de cade scale (1986–2022;
Fig. 7) is sig nif i cantly more com plex than the long-term trends
ob served over the one-and-a-half-cen tury scale (1875–2022)
(Fig. 6). In gen eral, the DSAS anal y sis for 1986–2022 iden ti fied
three dis tinct ero sion zones in the sec tions marked by
235.4–236.0 km, 237.0–239.0 km, and 240.5–241.0 km. This
con trasts with the sin gle, large ero sion zone iden ti fied in the
long-term anal y sis com par ing shore line po si tions from 1875
and 2022. Fur ther more, the anal y sis high lighted a re place ment
of ero sion zones with ac cre tion in cer tain ar eas, along with a
no tice able eastwards shift of these zones (Figs. 6 and 7).

A sim i lar ob ser va tion ap plies to the Lubiatowo site, where
the DSAS anal y sis for 1985–2022 (Fig. 7) re veals a much
larger ex tent of ero sion than in the past. No ta bly, an ex ten sive
ero sion zone emerged be tween the 158.4 km and 160.8 km
mark ers in an area pre vi ously in di cated as an ac cu mu la tion
zone in the his tor i cal shore line anal y sis cov er ing the pe riod
from 1875 to 2022 (Fig. 6).

MULTI-TEMPORAL DIGITAL TERRAIN MODELS

The pat terns of ero sion and ac cre tion re vealed by the anal -
y sis of multi-tem po ral ter rain mod els for the Ustka and
Lubiatowo sites (Figs. 8 and 9) are sig nif i cantly more com plex
than those in di cated by the anal y sis of shore line po si tion
changes and on a cen ten nial scale (Fig. 6). This com plex ity
arises be cause the ter rain mod els also cap ture changes within
the beach, foredune, and ar eas be yond the foredune. Con se -
quently, in the anal y sis of coastal changes, only the ero sion or
ac cre tion of the beach and foredune was con sid ered, while
changes within dune sys tems lo cated far ther in land, be yond the 
foredune, were ex cluded.

The ter rain el e va tion changes ob served at the Ustka site
be tween 2013 and 2022 (Fig. 8) are gen er ally con sis tent with
the DSAS re sults, though they show a cer tain con trast with the
shore line po si tion changes re corded over the past 147 years
(Figs. 6, 7 and 10).

Grzegorz Uœcinowicz et al.  / Geo log i cal Quar terly, 2025, 69, 34 11

T a  b l e  3

Pa ram e ters of the rate of change of the shore line po si tion on a de cad al scale
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Fig. 7. Rate of shoreline changes based on the Weighted Linear Regression method (DSAS) calculated from shoreline position
in years: Ustka site: 1986–2022 (up per panel), Lubiatowo site: 1985–2022 (lower panel)
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Fig. 8. Multi-temporal DTMs showing the vertical changes in beach and dune profile between 2013–2018, 2018–2022 and
2013–2022 (Ustka site)
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Fig. 9. Multi-temporal DTMs showing the vertical changes in beach and dune profile between 2012–2018, 2018–2022 and
2012–2022 (Lubiatowo site)



Neg a tive changes in ter rain el e va tion (i.e., ero sion) dur ing
the pe riod 2013–2018 dom i nated the west ern part of the area,
par tic u larly be tween the 237.5 km and 241 km mark ers. A
shorter eroded sec tion was also ob served be tween the 235.1
km and 235.8 km mark ers. By con trast, ac cu mu la tion pre vailed
in other sec tions, es pe cially in the east ern part of the site, no ta -
bly be tween the 234.0–235.1 km and 235.8–237.5 km mark ers.

Ter rain el e va tion changes in 2018–2022 show a greater
pres ence of ero sional zones, spe cif i cally be tween the
235.7–236.0 km, 237.1–237.8 km, 238.1–239.0 km, and
239.8–241.0 km mark ers. De spite this, ac cre tion con tin ued in
some ar eas in the beach zone (Fig. 8). How ever, the
2018–2022 pe riod marked a more sig nif i cant shift in the ex tent
of the ero sional zone. Dur ing this time, the west ern ero sion
zone not only per sisted but also ex panded eastwards, reach ing
as far as the 237 km marker. This ex pan sion sug gests an in -
creas ing vul ner a bil ity of the coast line in this sec tion.

A no tice able dif fer ence be tween the long-term trend (Fig. 6)
and short-term changes, ob served for the pe ri ods 2013–2018
and 2018–2022 (Fig. 8), is the for ma tion of an ero sional zone in
the east ern part of the Ustka site, spe cif i cally in the sec tion be -

tween the 235 km and 236 km mark ers. This con trasts with the
long-term trend, which in di cates the great est coastal ac cre tion
in this area. Ad di tion ally, there is a slight ac cel er a tion of neg a -
tive ver ti cal changes within this sec tion in 2018–2022, in di cat -
ing in ten si fied ero sion of the foredune.

The anal y sis of ter rain el e va tion changes at the Lubiatowo
site (Fig. 9) also re veals a com plex pat tern of coastal dy nam ics
over re cent pe ri ods. Pos i tive ter rain el e va tion changes, up to
2.5 m (i.e., ac cre tion), were ob served in 2012–2018 be tween
the 157.3–158.3 km and 161.3–163.0 km mark ers. Slightly
lesser ac cre tion oc curred be tween the 159.6–160.3 km mark -
ers. Along other coastal sec tions, ero sion, rep re sented by neg -
a tive ter rain el e va tion changes, was re corded. This pat tern of
changes gen er ally con tin ued in 2018–2022 but showed some
vari a tion in its spa tial ex tent. No ta bly, the ero sional sec tions ex -
tended slightly by ~0.4 km, and both ero sional and accretional
sec tions shifted eastwards by ~0.2–0.5 km com pared to their
po si tions in 2012–2018. The spa tially com plex but rel a tively mi -
nor changes in ter rain el e va tion at the Lubiatowo site in
2012–2022 un der score a rel a tively sta ble sit u a tion, with sig nif i -
cant changes oc cur ring only in very lo cal ized ar eas.
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Fig. 10. Com par i son of coastal ero sion (red)/ac cre tion (green) in the Ustka and Lubiatowo
sites re vealed by dif fer ent meth ods and for dif fer ent pe ri ods (for anal y sis of multi-tem po -
ral dig i tal ter rain mod els only ero sion/ac cre tion of beach and foredune ar eas were taken
into ac count. Ac cre tion of dunes sys tems be yond foredune is not shown)



In gen eral, the range of ter rain el e va tion changes at both
the Ustka and Lubiatowo sites in 2012–2022 ranges be tween -2 
m and +2 m. Only in a few lo cal ized ar eas do these changes ex -
ceed ±2 m. The most sig nif i cant changes are re lated to the ero -
sion or ac cre tion of the foredune area.

A de tailed com par i son of ter rain el e va tion changes be -
tween the pe ri ods 2013–2018 and 2018–2022 re veals a shift in
the cen tres of ero sion and ac cre tion do mains at both the Ustka
and Lubiatowo sites. No ta bly, these cen tres have mi grated
eastwards over time, in di cat ing a grad ual re dis tri bu tion of sed i -
ment along the coast line.

In sum mary, the pat tern of ero sion and ac cu mu la tion zones
re vealed by the anal y sis con ducted on half-de cad al and de cad -
al scales (Figs. 8 and 9) is much more com plex than that shown
by the long-term trend over one and a half cen tu ries (Fig. 6).
How ever, the short-term pat terns align more closely with the
pat terns re vealed by the anal y sis on a three-de cade timescale
(Fig. 7).

DISCUSSION

Se lect ing an ap pro pri ate method for as sess ing coastal
changes in space and time is es sen tial for ef fec tive spa tial plan -
ning in the coastal zone. How ever, dif fer ent types of planned
ac tiv i ties or in vest ments may re quire as sess ments that vary not 
only in terms of the ac cu racy in iden ti fy ing past changes but
also in the abil ity to pre dict fu ture de vel op ments.

As the ob jec tive of this study was to ana lyse coastal dy nam -
ics in the area of a newly planned land fall site for ma rine trans -
mis sion in fra struc ture and to as sess po ten tial fu ture risks
posed by coastal ero sion, sev eral meth od olog i cal is sues must
be ad dressed to pro vide in sights that may sup port better plan -
ning of crit i cal en ergy in fra struc ture along the Pol ish coast.

Ac cord ingly, a num ber of im por tant ques tions arise when
coastal changes are ana lysed us ing dif fer ent meth ods and
across vary ing time scales. First, to what ex tent do the cho sen
an a lyt i cal meth ods in flu ence the iden ti fi ca tion of ero sion and
ac cu mu la tion zones, in clud ing their spa tial ex tent and rates of
change? Sec ond, what can be said about the tem po ral sta bil ity
of these zones and why do anal y ses con ducted over dif fer ent
time pe ri ods re veal such dif fer ent pat terns of change?

Fi nally, a crit i cal and of ten pre vi ously over looked ques tion
con cerns the un der ly ing causes of the for ma tion and per sis -
tence of ero sion and ac cu mu la tion zones in spe cific lo ca tions.

Re fer ring to the first is sue, it is ev i dent that the iden ti fi ca tion
of ero sion and ac cre tion zones var ies de pend ing on the an a lyt i -
cal meth ods used (Fig. 10). For ex am ple, tra di tional and rel a -
tively sim ple his tor i cal shore line anal y sis (e.g., 1875–2022)
cap tures only large-scale, long-term trends that re flect grad ual
coastal pro cesses (Zawadzka, 1999; Deng et al., 2017b.
Uœcinowicz and Szarafin, 2018) and al lows for in di rect es ti ma -
tion of the max i mum rate of ero sion or ac cre tion.

In con trast, the Dig i tal Shore line Anal y sis Sys tem (DSAS)
with the Weighted Lin ear Re gres sion (WLR) method – ap plied
in this study us ing seven or eight shore line datasets from 1985
to 2022 – of fers more pre cise and nuanced in sights. It not only
iden ti fies the spa tial dis tri bu tion of ero sion and ac cre tion zones
but also di rectly quan ti fies their dy nam ics, in clud ing the rate of
shore line change (Himmelstoss et al., 2021). The dis crep an -
cies in lo ca tion and ex tent of shore line move ment re vealed by
these two ap proaches stem not only from the dif fer ing lengths
of the time pe ri ods ana lysed (1875–2022 vs. 1985–2022) but,
more im por tantly, from the fact that DSAS ac counts for mul ti ple
shorter-term changes, av er ag ing them to pro duce more ro bust
pro jec tions.

In con trast to both ap proaches above, the use of multi-tem -
po ral dig i tal ter rain mod els (DTMs; 2012–2022) re veals not only 
shore line dis place ment but also mor pho log i cal changes across
dis tinct coastal zones such as the beach, foredune, and hin ter -
land dune sys tems – fea tures that shore line po si tion anal y sis
alone may not ad e quately cap ture. DTMs there fore pro vide a
more com pre hen sive view of coastal dy nam ics, en abling anal y -
sis of changes in key mor pho log i cal struc tures that are crit i cal
for un der stand ing over all coastal sta bil ity (Mitasova et al., 2009; 
Mahmoud et al., 2021; Terefenko et al. 2024; Saye et al., 2025).

The di ver gence in out comes be tween these an a lyt i cal ap -
proaches un der scores the ne ces sity of em ploy ing com ple men -
tary meth ods – es pe cially when the re sults are in tended to in -
form the plan ning of crit i cal in fra struc ture, not only along the im -
me di ate coast line but also far ther in land. This is par tic u larly rel -
e vant in the con text of plan ning land fall sites for en ergy and
tele com mu ni ca tions ca bles or pipe lines.

The sec ond is sue re lates to the tem po ral sta bil ity of ero sion
and ac cre tion zones, which re mains rel a tively underexplored
along the Pol ish coast. There is grow ing ev i dence that the lo ca -
tion of such zones – at least in some ar eas – is not sta ble over
time but in stead shows sig nif i cant tem po ral vari abil ity
(Uœcinowicz et al., 2024b). A long-term anal y sis of shore line
changes be tween 1875 and 2022 re veals broad pat terns of ero -
sion and ac cre tion. How ever, when com par ing shorter pe ri ods,
such as 1988–2022 and 2013–2022, no tice able shifts in the lo -
ca tion of these zones be come ap par ent (Fig. 10).

For in stance, at the Ustka site, ero sion zones have mi grated 
eastwards be tween 2013 and 2022, par tic u larly be tween the
237 km and 241 km coastal mark ers. Sim i larly, at the Lubiatowo 
site, both ero sion and ac cre tion zones have shifted eastwards,
es pe cially in the 2018–2022 pe riod. These shifts in di cate that
coastal dy nam ics are more com plex than what long-term trend
anal y ses alone may sug gest.

The rate at which ero sion and ac cre tion zones re lo cate de -
pends both on site-spe cific dy nam ics and on the pe riod un der
anal y sis. At Ustka, for ex am ple, ero sion has ad vanced by
~0.5 km eastwards be tween 2013 and 2022. At Lubiatowo,
changes are gen er ally smaller, but the move ment of ero sion
and ac cre tion zones by 0.2–0.5 km be tween 2012–2018 and
2018–2022 il lus trates a sub tle but steady eastwards pro gres -
sion. These find ings sug gest that while changes may ap pear
grad ual, they are sig nif i cant when viewed over de cad al
timescales, and they vary de pend ing on coastal seg ment.

Un der stand ing why ero sion and ac cre tion zones ap pear or
per sist in spe cific lo ca tions is es sen tial for plan ning any in ter -
ven tion to pre vent or mit i gate coastal ero sion. While this was
not the pri mary fo cus of the cur rent study, the is sue war rants
pre lim i nary dis cus sion.

A range of fac tors likely in flu ence the de vel op ment and per -
sis tence of these zones, in clud ing geo log i cal and mor pho log i -
cal con di tions, along shore sed i ment trans port, me te o ro log i cal
events (es pe cially wind and storms), and anthropogenic in flu -
ences.

The geo log i cal and mor pho log i cal char ac ter is tics of both
the land ward coast and the nearshore sea bed play a cen tral
role in shap ing coastal dy nam ics. One well-doc u mented fac tor
is the in flu ence of shoreface sand bars on wave trans for ma tion
and en ergy dis si pa tion (Ró¿yñski and Szmytkiewicz, 2018;
Harenda et al., 2024; Uœcinowicz et al., 2024a, b). The ar chi tec -
ture of these sand bar sys tems is closely tied to sed i ment avail -
abil ity, it self de ter mined by sea bed com po si tion.

Less stud ied along the Pol ish coast is the in flu ence of
deeper sea bed fea tures be yond the shoreface, in clud ing sub -
merged Pleis to cene and Ho lo cene land forms – val leys, ridges,
hills, and hard sub strate out crops (e.g., gla cial tills and boul -

16 Grzegorz Uœcinowicz et al.  / Geo log i cal Quar terly, 2025, 69, 34

https://doi.org/10.1007/978-3-319-49894-2_13
https://doi.org/10.3390/w16071055
https://doi.org/10.3390/rs13224665
https://doi.org/10.2112/07-0976.1
https://doi.org/10.1016/j.oceano.2018.04.001
https://doi.org/10.1016/j.geomorph.2005.05.007
https://doi.org/10.1016/j.scitotenv.2024.174743
https://doi.org/10.1016/j.ocecoaman.2018.08.033
https://doi.org/10.1016/j.oceano.2023.12.002\
https://doi.org/10.7306/gq.1737
https://doi.org/10.7306/gq.1737


ders). For in stance, the west ern part of the Ustka site (north of
km 240–241) fea tures an elon gated sea bed de pres sion be yond 
the sand bar zone (Fig. 3) and lac us trine sed i ment out crops
(Fig. 4). These fea tures may func tion as an “en ergy win dow”
(sensu Uœcinowicz et al., 2024a, b), con cen trat ing wave en ergy
and cre at ing an ero sion hotspot (sensu Kraus and Galgano,
2001). All an a lyt i cal meth ods con firm this as a zone of per sis -
tent and sig nif i cant ero sion. Slight spa tial vari a tions in its ex tent
are likely linked to along shore sed i ment trans port and dif fer -
ences in storm pa ram e ters be tween the pe ri ods ana lysed.

Thus, the dif fer ing sea bed morphologies be tween the Ustka 
and Lubiatowo sites may help ex plain the spa tial vari abil ity in
ero sion and ac cre tion pat terns across both short- and long-term 
timescales. How ever, these re la tion ships merit fur ther in ves ti -
ga tion.

Sed i ment trans port along the shore can re dis trib ute ma te -
rial and mod er ate the ef fects of geo log i cal and mor pho log i cal
con trols, al though this pro cess is not yet fully un der stood.
Coastal en gi neer ing struc tures also in flu ence these dy nam ics.
At Ustka, break wa ters and piers have sig nif i cantly al tered sed i -
ment trans port, block ing east ward flow and re sult ing in ac cre -
tion to the west and ero sion to the east (Sitkiewicz et al., 2015).

Wind and storm events cause short-term changes in ero -
sion and ac cre tion pat terns, es pe cially on beaches and
foredunes (Moskalewicz et al. 2024; Tanwari et al., 2025). The
fre quency and in ten sity of such events likely con trib ute to the
ob served vari abil ity in ero sion zone lo ca tions. How ever, be -
cause this study fo cuses on de cad al to cen ten nial timescales,
iden ti fy ing the ef fects of in di vid ual storms was be yond its scope. 
Sim i larly, long-term sea level rise, though a crit i cal fac tor on a
cen ten nial scale, was not ana lysed here.

Hu man in ter ven tions such as break wa ters and sea walls
can pro foundly al ter sed i ment dy nam ics (Szmytkiewicz, et al.
2018; Saengsupavanich et al. 2022). At Ustka, sub stan tial sand 
ac cu mu la tion in the east ern part is likely linked to break wa ters
con structed be fore 1875 and a pier built dur ing World War II. By
con trast, a seawall at the foredune toe in the west ern part of
Ustka may have shifted the ero sion zone eastwards. These
struc tures have been key in shap ing sed i ment dis tri bu tion.
Mean while, the Lubiatowo site re mains free of hu man in fra -
struc ture, al low ing coastal pro cesses to pro ceed nat u rally,
driven by ge ol ogy, mor phol ogy, and vari able hy dro dy namic
con di tions.

The im por tance of un der stand ing coastal dy nam ics can not
be over stated, es pe cially for in fra struc ture plan ning and man -
age ment, such as for en ergy trans mis sion sys tems. Coastal
zones are dy namic en vi ron ments shaped by sed i ment trans -
port, which di rectly im pacts shore line po si tion and sta bil ity. This
re search il lus trates the value of us ing a multi-tem po ral,
multi-method ap proach to as sess coastal change, as these pro -
cesses crit i cally af fect the lon gev ity and se cu rity of coastal and
off shore in fra struc ture.

While the find ings are broadly rel e vant, it is im por tant to rec -
og nize re gional dif fer ences. For in stance, in the south ern and
east ern Bal tic Sea, cli mate change is al ter ing key coastal driv -
ers, lead ing to dif fer ent pat terns of change (Eelsalu et al.,
2025). As such, site-spe cific as sess ments are es sen tial to ef -
fec tively man age coastal risks.

Glob ally, geohazards such as earth quakes, sea bed cur -
rents, sub ma rine land slides, tsu na mis, and ex treme weather
events are widely rec og nized threats to ma rine in fra struc ture
(Carter et al., 2014; Pope et al., 2017; Clare et al., 2023; Munro
et al., 2024; Zheng et al., 2024). How ever, the slower, cu mu la -
tive ef fects of sed i ment trans port and shore line change are
equally sig nif i cant. Un like sud den cat a strophic events, these
grad ual pro cesses are harder to de tect but can re sult in sub -

stan tial long-term im pacts. The case stud ies pre sented here
em pha size the im por tance of in te grat ing sed i ment dy nam ics
into haz ard as sess ments for ma rine in fra struc ture.

As the de mand for re sil ient, sus tain able coastal en ergy sys -
tems grows, es pe cially with the ex pan sion of off shore wind
power – adopt ing a ho lis tic, long-term per spec tive will be cru cial 
for min i miz ing risks and en sur ing the du ra bil ity of coastal in -
vest ments.

CONCLUSIONS

The anal y sis of ero sion and ac cre tion sys tems re veals that
the lo ca tion of ero sion and ac cre tion cen tres, along with rates of 
shore line re lo ca tion, are sig nif i cantly in flu enced by the length of 
time in ter val un der study. The vari abil ity of these pro cesses
across dif fer ent timescales high lights the im por tance of con sid -
er ing long-term coastal dy nam ics when plan ning and man ag ing 
coastal in fra struc ture.

Thus, when de ter min ing suit able land fall lo ca tions for en -
ergy trans mis sion ca bles and de sign ing pro tec tive mea sures, it
is es sen tial to ana lyse not only con tem po rary lithodynamic and
morphodynamic pro cesses but also long-term trends in coastal
change. A ho lis tic ap proach, in cor po rat ing both cur rent and his -
tor i cal data, en sures that in fra struc ture place ment ac counts for
po ten tial fu ture changes in the coast line, re duc ing the risk of
dam age and en hanc ing the sta bil ity and lon gev ity of the in fra -
struc ture.

A key find ing is that a planned land fall lo ca tion for un der wa -
ter ca bles – an es sen tial com po nent of trans mis sion in fra struc -
ture – falls within an ero sional embayment in the west ern part of 
the Ustka area. This area, marked by high ero sion rates, raises
con cerns about the long-term vi a bil ity of this in fra struc ture. By
con trast, most other pro posed land fall lo ca tions are sit u ated in
the ac cre tion zone, where the coast line has been ad vanc ing,
mak ing these ar eas more suit able for this sort of in fra struc ture
de vel op ment.

At the Lubiatowo site, the cen tres of ac cre tion zones of fer a
more sta ble en vi ron ment for in fra struc ture place ment, sim i lar to 
the east ern part of the Ustka site. How ever, as is the case with
the Ustka site, some planned per mits for un der wa ter ca bles tar -
get ero sional sec tions of the coast, pos ing a po ten tial risk to the
sta bil ity of in fra struc ture of this kind.

The anal y sis of shore line changes over the past three de -
cades (1985–2022), when com pared to the lon ger his tor i cal
span (1875–2022), re veals a slight ex pan sion of ero sion zones
and a shift of both ero sional and ac cre tion cen tres eastwards.
These shifts, com bined with fluc tu a tions in ero sion and ac cre -
tion rates, un der score the dy namic na ture of coastal pro cesses
in flu enced by var i ous en vi ron men tal fac tors. The ex pan sion of
ero sional zones has sig nif i cant im pli ca tions for coastal man -
age ment and in fra struc ture place ment. If these shifts con tinue,
fur ther deg ra da tion of the coast could oc cur, ne ces si tat ing
proactive mea sures to pro tect in fra struc ture.

The dy namic na ture of the coast line, as high lighted by these 
changes, em pha sizes the need for con tin u ous mon i tor ing to
an tic i pate and mit i gate risks to in fra struc ture. Com par a tive
anal y sis of multi-tem po ral Dig i tal Ter rain Mod els (mtDTMs) in -
di cates that the cen tres of ero sion and ac cre tion are not static.
In stead, they are shift ing in re sponse to evolv ing en vi ron men tal
con di tions, in clud ing changes in wave dy nam ics, sed i ment sup -
ply, and coastal cur rents. These find ings un der score the ne ces -
sity of adapt ing coastal man age ment strat e gies to ac count for
the spa tial and tem po ral vari abil ity of coastal pro cesses, par tic -
u larly when plan ning the lo ca tion of crit i cal in fra struc ture.
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Fi nally, the ab sence of mea sure ment or mod el ling data on
cross-shore sed i ment trans port, both in the short term (sea -
sonal to de cad al) and the long term (cen ten nial) rep re sents a
sig nif i cant gap in un der stand ing the full scope of coastal
change. Pre lim i nary es ti mates (Uœcinowicz et al., 2024a, b)
sug gest that, over lon ger timescales, as much as 40–60% of
sand may be lost from the shoreface to the off shore zone due to 
pro cesses such as rip cur rents and other sed i ment trans port
mech a nisms ex tend ing be yond the shoreface. This re sult ing
sed i ment def i cit is a key driver of coastal ero sion and shore line
re treat, pos ing a ma jor chal lenge for the se lec tion and plan ning
of ca ble land ing sites. These find ings un der score the ur gent
need for fur ther re search to quan tify sed i ment trans port dy nam -
ics more pre cisely, thereby im prov ing coastal man age ment
strat e gies and re duc ing risks to crit i cal in fra struc ture.

Ac knowl edge ments. The au thors ex press their grat i tude
to the Ed i tor and re view ers for their com ments which helped to
im prove the ar ti cle. The au thors ac knowl edge re ceipt of the fol -
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Man age ment.

The au thors have no com pet ing in ter ests to de clare that are 
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