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Attribution of alterations in coastal processes in the
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Abstract
The main drivers of coastal processes, such as wave activity, variations in the water level, ice cover, and wind drift, may
act differently in different segments of marginal seas with complex shapes. We analyse how the relative role of these
drivers on the evolution of sedimentary shores changes along the southern and eastern Baltic Sea. While changes in
the average water level have a strong impact along the southern shores of the Baltic Sea, rapid increases in the water
level extremes affect most of the eastern subbasins of the Gulf of Finland and Gulf of Riga. The presence of a two-peak
structure of predominant winds creates a fragile balance of alongshore sediment transport on the northeastern part of
the Baltic proper and the Gulf of Riga. This balance could be changed by a rotation of predominant wave directions
by a few degrees. Severe waves usually occur on the southern shores of the sea during water levels that are close
to the long-term mean, while synchronisation of strong waves and high-water level is common on the eastern shore.
The presence of sea ice is uncommon and insignificantly damps coastal processes in the southern part of the sea but
the frequent presence of ice cover and freezing temperatures during the windy season stabilise the beaches of the
north-eastern shores. Climate driven changes in ice cover duration may lead to erosion of many beaches in this part of
the sea. The core message is that the impact of a single manifestation of climate change may vary greatly in different
parts of the Baltic Sea and the reaction of coastal processes to this impact is substantially site-specific.
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1. Introduction

Climate change is often cited as a primary driver of ac-

celerated coastal change (BlumandRoberts, 2009; Nicholls

andCazenave, 2010; Davis, 2011; Valiela et al., 2018; Bidorn

et al., 2021). A particular reflection of this perception is

that much of the world’s sandy coastline is suffering from

degradation (Bird, 2008; Luijendijk et al., 2018). Erosion

has been documented in numerous locations around the

world. This process has been particularly extensive in low-

lying areas (Zhang et al., 2004; Cai et al., 2009; Sinitsyn

et al., 2020), and apparently has accelerated over recent

decades.

Climate change becomes evident in a variety of pro-
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cesses that affect the development of shores of seas and

oceans. On a large scale, the increase in global mean sea

level is almost certainly themost significant driver of change

(IPCC, 2019). This increase has been documented for al-

most a century and has accelerated in the recent decades

(Oppenheimer et al., 2019). In particular, sea level rise

(SLR) has been identified as the principal forcing compo-

nent of large-scale shoreline retreat. This is a particularly

severe driver in subsiding coastal areas (Shirzaei et al.,

2021), including parts of inland seas, such as the vicinity

of Sharm El-Sheikh on the Sinai Peninsula (Seleem et al.,

2011) or the southern Baltic Sea (Harff and Meyer, 2011).

Other well-known examples are the loss of sea ice in north-

ern regions (Polyak et al., 2010) and changes to wave prop-

erties in many areas (Erikson et al., 2022).

However, attribution of observed changes at the coast

to climate change-driven impacts and associated changes
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in even the main drivers remains challenging. The rea-

son is that multiple factors and processes, such as sedi-

ment availability, local features of the wave climate, tidal

range, extensive spatiotemporal variation in the proper-

ties of storm surges and/or shifts in the trajectory of low-

pressure systems, as well as the effects of human interven-

tions, also affect the evolution of shores (e.g., Jackson et

al., 2019; Gao et al., 2020). Consequently, the signal of cli-

mate change may frequently be masked by the remarkably

complicated behaviour of shores, at different temporal and

spatial scales. Its identification and attribution is a compli-

cated taskmade evenmore difficult by the distinct regional

variability.

To mitigate and adapt to climate change, it is neces-

sary to understand how climate change may affect coastal

drivers and thus coastal evolution. In particular, it is es-

sential to distinguish the signal of climate change-driven

changes fromnatural variability. For example, sandybeach-

es may exhibit specific morphodynamic cycles of natural

evolution over time scales of several years (Pilkey and

Cooper, 2014), perhaps resulting from significant changes

to the sediment budget (e.g., Mahmoud et al., 2021). A sea-

ward movement of sediment during storms is an intrin-

sic component of the idealised cut-and-fill cycle (Bren-

ninkmeyer, 1982). It may take months to years for the

beach to return to its pre-storm state, but in most cases it

does. This is also the case in the Baltic Sea where beach

recovery takes much longer than the loss of sand (e.g.,

Różyński, 2005; Ostrowski et al., 2016). The intermediate

changed beach state is sometimes mistakenly considered

to be indicative of erosion. It is thus essential to recog-

nise whether this natural cycle is being interrupted by

additional pressures, such as an increase in storminess or

changes in the properties of storms, which may be hidden

within a longer-term cycle of change.

Human interventionsmay also causemajor changes on

the beach, both locally – by blocking sediment transport

or altering transport processes – and at greater distances

from the site of intervention (e.g., Huang, 2022). There

is a large body of research on human-driven changes to

coastal processes in the Baltic Sea region, see, e.g., a de-

tailed overview of beach nourishment activities in Poland

by Boniecka and Kubacka (2024). As our aim is to identify

specifically those changes that can be linked to climate

change-driven changes to coastal drivers, we omit the dis-

cussion of situations in which anthropogenic impacts dom-

inate or are likely to be very significant.

1.1 Changing drivers of coastal processes of the Baltic
Sea

Coastal areas of the Baltic Sea have experienced a multi-

tude of changes in their functioning since adequate mea-

surement data sets became available. Such data cover

mostly only a few decades. A common feature of its south-

ern and eastern sedimentary shores is the intensification

of coastal processes (Orviku et al., 2003; Suursaar et al.,

2015; Ryabchuk et al., 2011a,b) and the acceleration of

coastal erosion in many locations (Ryabchuk et al., 2012,

2020; Łabuz, 2015, among many others). This general pat-

tern is modulated in some locations by a switch between

accumulation and erosion (e.g., Ostrowski et al., 2016) or

by a systematic alongshore shift of the locations of accumu-

lation and erosion (Uścinowicz et al., 2024). The general

perception is that this intensification reflects, at least to

some extent, the impact of climate change in the Baltic

Sea region (BACC, 2015; HELCOM, 2021; Weisse et al.,

2021).

Some weather patterns and parameters that are af-

fected by climate change play a fundamental role in coastal

evolution. Global warming has reduced the length of Baltic

Sea ice period and the extent of sea ice cover (Vihma and

Haapala, 2009; Haapala et al., 2015). This trend is expected

to continue in the future. Sea level is rising (see Weisse et

al., 2021 for an overview and further references) and will

continue to rise in the Baltic Sea, possibly at even faster

rates than in the rest of the World Ocean (Grinsted, 2015).

This driver is crucial for the southern Baltic Sea (Harff and

Meyer, 2011) but it has limited impact in the northern,

uplifting part of the sea. Additionally, short-term strong

variations in the water level at the shoreline (e.g., storm

surges), especially extreme water levels that may involve

wave setup (Su et al., 2024), may significantly affect the

impact of waves on the shore. The role of atmospherically

driven water level variations is particularly large because

of the negligible amplitude of tides in theBaltic Sea (Weisse

et al., 2021).

The role of large-scale atmospheric circulation pat-

terns is unclear. In particular, the North Atlantic Oscil-

lation (NAO) that governs the intensity of the main coastal

drivers, such as wind and wave fields, has high interannual

variability but does not show a significant trend over the

last century (HELCOM, 2013; Meier et al., 2022). The over-

all wind speed and significant wave height (SWH) have

not systematically increased in the Baltic Sea region over

the last century (Hünicke et al., 2015). However, changes

in the directional distribution of winds in several areas

of the north-eastern Baltic Sea (Jaagus and Kull, 2011;

Kelpšaitė and Dailidienė, 2011; Krek et al., 2016) that have

the longest fetch for the predominant south-westernwinds

have caused changes to the properties of storm surges and

wave set-up heights (e.g., in the Gulf of Finland, Pindsoo

and Soomere, 2015). In particular, modifications of the

directional structure of (stronger) winds in winter (Bier-

stedt et al., 2015) have likely affected the properties of

storm surges in the downwind areas, such as the Gulf of

Finland and the Gulf of Riga. Weather patterns that drive

elevated levels across the entire sea have become more

persistent (Soomere and Pindsoo, 2016; Männikus et al.,

2019; Rantanen et al., 2024). Thus, it is likely that many

low-lying coastal areas of the Baltic Sea will suffer from
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flooding and will experience a higher rate of coastal ero-

sion in the future (Różyński, 2023).

Processes at the shoreline often serve as highly sensi-

tive indicators of climate change-driven changes in the hy-

drometeorological drivers. In particular, wave-driven sedi-

ment transport is a feasible marker of changes (Soomere

et al., 2015a). The wave height in fetch-limited conditions

is roughly proportional to the wind speed squared. The in-

tensity of sediment transport is related to the wave height

to the power of approximately 2.5 (USACE, 2002). There-

fore, even a slight increase in wind speed may affect the

sediment transport at much higher rates. The sediment

budget of the (north-)eastern shore of the Baltic Sea re-

flects a fragile balance of alongshore transport driven by

a two-peak wind pattern (Soomere and Keevallik, 2001).

Thus, even a small change in the directional structure of

the predominant winds can lead to the instability of major

landforms (Viška and Soomere, 2012). Although wind is

clearly a primary driver for moving sand on a dry beach

and building (fore)dunes (e.g., Dluzewski et al., 2023), we

have not identified any substantial conclusions relating

to the changing role of wind on these processes in the in-

ternational research literature. For this reason, we only

consider the role of wind implicitly, via alterations of wave

fields and storm surges.

The reasoning provided leads to four core drivers of

coastal processes in theBaltic Sea: relative sea level change,

short-term (seasonal to hourly) water level variations (in-

cluding extreme water levels and wave setup), changes in

the ice cover, and wave-driven transport.

1.2 Challenges in the identification of climate change-
driven influences

It is customary to separate the drivers in question into

clusters with different spatial and temporal scales. Spa-

tial separation is naturally governed by the geology and

geometry of the Baltic Sea (Figure 1). As the Baltic Sea

has a very complex shape, the properties of some of these

drivers (e.g., wave impact in terms of wave energy flux ar-

riving at the coast) may vary significantly over even short

distances (Soomere and Eelsalu, 2014). Their balance and

local impacts depend on the orientation of the shoreline,

the fetch length, the level of exposure to predominantwind

andwave directions, and other hydrodynamic peculiarities,

and are often modified by anthropogenic actions (Weisse

et al., 2021; Reckermann et al., 2022).

The specification of the temporal scales of these drivers

is an evenmore complicated issue. Common categories are

long-term and short-term processes, and extreme events.

Post-glacial uplift is an almost constant background pro-

cess. The relative change in sea level and changes in ice

cover are long-term processes. As they work differently

and become evident in different sea areas, we keep them

separate. Wave-driven alongshore transport may be de-

scribed at very different temporal scales. Local water level

Figure 1. Location scheme of the study area on the south-

ern and eastern Baltic Sea coast and its separation into

six domains applied in the analysis (numbers along the

shore) (right panel). The black line indicates the division

of bedrock and sedimentary coasts. Coastal domain 4 cov-

ers the interior of the Gulf of Riga. Coastal domain 5 in-

cludes the western part of the Estonian coast from the

entrance to the Gulf of Riga (Irbe Strait) to the entrance

of the Gulf of Finland. We do not discuss the processes on

limestone cliffed coasts in several sections of the Estonian

shore in domains 5 and 6. Coloured lines (legend provided

on the figure) along the coast show the coast type accessed

from the European Marine Observation and Data Network

(https://emodnet.ec.europa.eu/en/geology).

variations extend from seasonal fluctuations to short-term

variations and extreme water levels that include wave

setup.

Another difficulty arises in determination of the anal-

ysis period. It is generally desirable to define the specific

time period and explain when the changes are considered

to have started. However, we do not know beforehand

which time period contains a clear signal. The course of,

for example, the world temperature, with a plateau in the

1950s–1970s (the hiatus of climate change), is just one

variable of climate change. Other variables may have their

plateaus over different time periods. For this reason, we

do not set any exact timewindow and try to retrieve a com-

mon signal from analyses performed for different timewin-

dows, to minimise the impact of a particular observation

period on our conjectures.

Furthermore, we want to understand and demonstrate

which changes in coastal processes could be attributed to

climate change. This exercise relies largely on (the rates of)

changes that are, ideally, independent of the particular pe-

https://emodnet.ec.europa.eu/en/geology
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riod. As ideal conditions never occur in coastal science, it is

important to use in as many long-term studies as possible,

irrespective of the time period covered.

The biggest problemwith the kind of analysis we try to

perform is that almost every source used its own time win-

dow. To our understanding, the best strategy is to retrieve

the common signal from multiple sources that address

processes over different (partially overlapping) time peri-

ods. Only if different studies tell basically the same story,

does it make sense to suggest a link to some of the climate

change-driven forcing factors.

It may happen that different sources have identified dif-

ferent trends for the same variable. For example, Soomere

and Räämet (2014) and Sokolov and Chubarenko (2020,

2024) have revealed disparate trends in wave height. In-

terestingly, both results are reliable. That is, both papers

demonstrate that there have been no radical changes in

wave heights in the Baltic Sea since the 1970s, when the

upward trend of global air temperature resumed. This

agreement actually shows that rumours about increased

storminess in the Baltic Sea basically reflect the perception

in some small regions and that this perception is not appli-

cable to the entire Baltic Sea. Moreover, this tells us that

changes towave-driven alongshore sediment transport are

either local or generated by changes in wind parameters

other than speed, most likely by changes in wind direction.

The existing evidence signals that substantial changes

to thedrivers of coastal processes haveoccurrednot only in

different locations but also at different points in time. For

example, a major change in the direction of geostrophic air

flow over the southern Baltic Sea occurred in 1987/1988

(Soomere et al., 2015a), while regime shifts in the prop-

erties of the generalised extreme value distribution for

water level extremes in the Gulf of Riga occurred in 1984

and 1990/1991 (Kudryavtseva et al., 2021). Given this sit-

uation, identifying or establishing a reference point in time

for climate change-driven processes may inadvertently ex-

clude some of these processes from consideration.

The Baltic Sea coasts are massively developed, from

major ports and moles to small-scale shore protection

works. These influences evidently contribute to the course

of coastal processes and usually make it impossible to sin-

gle out climate change-driven effects. Perhaps the most

impacted segments are some parts of the Polish coast (e.g.,

the Hel Peninsula, sometimes called Hel Spit), the eastern

part of the Vistula Spit close to Baltiisk, several segments

along the western and northern part of the Sambian Penin-

sula, and the vicinity of the port of Klaipėda and the large

Latvian harbours. These locations are omitted from the

analysis below. Some of these locations are addressed in

older Russian-language sources. However, since the meth-

ods used and accuracy reached in these sources do not

always match contemporary standards, their use is com-

plicated, and such sources are employed only occasionally.

1.3 Response of coastal areas to changing drivers
This study focuses on the possible attribution of observed

changes on sedimentary shores of the Baltic Sea to various

variables related to climate change in the region, based on

the existing pool of relevant research data. A formal attri-

bution involves precise quantification of the impact and its

links to particular drivers. This is particularly challenging

for coastal processes due to the scarcity of long-term high-

resolution observations of shoreline changes and the lack

of data on variations in the volume of sedimentary beaches

in the study area. For this reason, we attempt to combine

existing observational knowledge with the outcome of var-

ious simulations of waves, water level, and alongshore

transport. The emphasis is on situations where certain

processes may have accelerated due to climate change.

Specifically, we discuss the possible link between sin-

gle manifestations of climate change and changes to the

main coastal drivers discussed above along the southern

and eastern shores of the Baltic Sea. The primary goal is

to highlight the varying roles of different drivers across

coastal segments and to identifywhich of these factorsmay

have contributed most significantly to changes in hydrody-

namic loads on the coast, and potentially on the shoreline.

A specific focus is on the spatial variations of these links.

In short, the main goals are to (i) understand which

drivers (and their changes) predominate in climate change-

driven alterations of different segments of the southern

and eastern Baltic Sea shores, and (ii) estimate whether

the changes to the shores may reflect climate change. This

knowledge is essential to determine mitigation measures

for current and future marine-driven impacts and for the

sustainable management of the coastal zone.

The gradients of singlemanifestations can be identified

to some extent for the shores of the southern and eastern

Baltic proper, the Gulf of Riga, and the Gulf of Finland. The

situation in the westernmost part of the Baltic Sea, includ-

ing the German coast in Mecklenburg-Vorpommern and

the island of Bornholm is not only different but also much

more complicated. This largely landlocked water body ex-

periences a relative rise in sea level. This driver alone has

a very limited impact on coastal processes. This region is

much less affected by changes in wind and wave patterns

because the wave climate is relatively mild (Cieślikiewicz

and Paplińska-Swerpel, 2008; Soomere et al., 2012) and

there is no indication of changes in wave height (Kudryavt-

seva and Soomere, 2017). Sea ice is uncommon and thus

the impact of its loss is marginal. Although extreme wa-

ter levels are some of the highest in the entire Baltic Sea

(Andrée et al., 2023), the number of high storm surges is

only a fraction of what is observed at the more eastern

sedimentary shores of the Baltic Sea (Wolski et al., 2014).

Therefore, it seems not viable to single out the impact of

climate change on coastal processes in this region based on

the pool of existing research even though the entire coast

of Pomeranian Bay is often considered as one structure
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(Hoffmann et al., 2005; Lampe et al., 2011). For this reason,

we focus on the shores east of the Swina Gate located at

14.3∘E.

We start from a short overview of the characteristics

of coastal areas of the Baltic Sea, introducing the geologi-

cal and geographical settings and summarising the basic

features of hydrodynamic processes that drive most of the

coastline evolution in particular areas. This material is

followed by a discussion of the spatially variable inten-

sity and intermittent role of the main coastal drivers in

the Baltic Sea. A particular aim is to highlight the changes

these drivers have experienced since the 1970s, as earlier

data is scarce. Still, when available and applicable, we also

employ both older data (mainly reflecting water level and

shoreline relocation) and newer data that cover shorter

time periods. Finally, we aim to connect changes along

the coast to changes in specific coastal drivers, identify

regions where individual drivers predominantly influence

the nature or intensity of coastal processes, and illustrate

basin-scale gradients of these individual drivers.

2. Coastal drivers and domains
The identified most important coastal drivers in the Baltic

Sea – relative sea level change, short-term water level vari-

ations (including extremewater levels), and the properties

of waves and sea ice – often combine to play a fundamental

role in forcing coastal processes and shoreline changes

(Orviku et al., 2003; Ryabchuk et al., 2011a, 2012; Harff

et al., 2017; Orviku, 2018; Weisse et al., 2021; Eelsalu et

al., 2022), as well as in the formation of several marine-

driven coastal hazards. As mentioned above, much slower

processes such as isostatic land uplift or subsidence, or

long-lasting fluvial sediment supply, although they may

modify long-term coastal evolution (Stive et al., 2002; Sal-

lenger et al., 2012; Harff et al., 2017), are not considered

here.

The relative contribution of these processes to the sedi-

ment budget and shoreline change is very location-specific

(Sallenger et al., 2012; Toimil et al., 2020a,b) and varies

strongly along the Baltic Sea coast (Weisse et al., 2021).

The response of a specific stretch of the coast to a particular

combination of these forcing components depends largely

on site-specific geomorphological features (Masselink et

al., 2011; Ranasinghe, 2016; Harff et al., 2017).

The Baltic Sea coasts (Figure 1) can be divided into

two main categories based on their structural properties

(Gudelis, 1967; Harff et al., 2017). The bedrock-based

shores are characteristic of its western and northern parts.

They extend from south-east Sweden to the north, includ-

ing the entire Sea of Bothnia and the Gulf of Bothnia (Lar-

son and Hansen, 2013) and the entire coast of Finland

along the north-east Gulf of Finland. Bedrock coasts are

extremely stable with respect to hydrometeorological forc-

ing and are not considered in this review. The sedimentary

segments in this coastal area are short. In most cases, they

are pocket beacheswith limited sediment availability. Most

of these beaches are stabilised by postglacial uplift (Harff

and Meyer, 2011). They are also not considered here.

The southern and eastern margins of the Baltic Sea in-

clude the shores of Denmark, Germany, Poland, the Kalin-

ingradDistrict of Russia, the Baltic States, and Russia to the

west of the Saint Petersburg flood protection facility. This

fairly young coastal complex primarily consists of long

sedimentary or easily erodible segments (Furmańczyk,

2013; Jensen and Schwarzer, 2013; Kosyan et al., 2013;

Sørensen, 2013; Tõnisson et al., 2013), which are often

interconnected by alongshore sediment transport (Harff

et al., 2017). Large sections of this shoreline are relatively

straight. Only the shores of Germany, Estonia and the east-

ern part of the Gulf of Finland are more fragmented (Harff

et al., 2017, Orviku, 2018). Some parts of the Estonian

shoreline consist of stable limestone cliffs. These sections

are also excluded from our analysis.

Based on the reasoning in section 1.1, we focus on sed-

imentary coasts from Poland to the eastern Gulf of Finland

(Figure 1). A natural border of the study area is at the

Swina Gate, as its moles serve as a major obstacle to sedi-

ment transport along the coast. This area is divided into

six domains based on the orientation of the shoreline and

the possible difference of the relative contribution of the

main coastal drivers to the evolution of the shoreline (Fig-

ure 1). The separation points at Cape Taran, Irbe Strait,

and the entrance to the Gulf of Finland naturally split the

sedimentary system of the study area into almost indepen-

dent parts. The choice of the separation point between

domains 2 and 3 at the Latvian-Lithuanian border is more

arbitrary and reflects the presence of an inflexion point be-

tween a convex and a concave appearance of the coastline.

In the following, we use the term “domain” to denote parts

of this divisionwhereas the term “coastal segment” or “sec-

tion” has the meaning of a shorter piece of the shoreline

(including single beaches).

We use below the terms “southern”, “south-eastern”,

“eastern” and “north-eastern” Baltic Sea (shores) to collo-

quially link the analysis with the approximate geograph-

ical location. There are no clear geographic borders be-

tween these regions. There is also no consensus on how

to separate these areas that intrinsically overlap to some

extent. For example, the scheme of Leppäranta and Myr-

berg (2009) suggests that a separation point could be in

the middle of the Gdańsk Bay. From the perspective of

alongshore sediment transport, Cape Taran on the Sam-

bian Peninsula is amore justifiable point for separating the

southern and eastern Baltic Sea. The abrupt turn by ∼90∘

of the coastline of this cape gives rise to amajor divergence

area of wave-driven sediment transport (Harff et al., 2017;

Weisse et al., 2021) and thus serves as a natural separation

point of sedimentary systems to the east and south of the

cape.

The term “southern Baltic Sea” mostly applies to do-
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main 1 and “south-eastern Baltic Sea” to domain 2. The

“eastern Baltic Sea” generally covers domains 3, 4 and 5 but

sometimes also domain 2, and the “north-eastern Baltic

Sea” mostly applies to domain 6.

3. Changes to coastal drivers

3.1 Relative sea level
The primary background provision for the position of the

shoreline is the relative sea level (RSL, Ranasinghe, 2016;

Harff et al., 2017; Toimil et al., 2020a,b). The change in

RSL is due to a combination of vertical movement of the

land, global sea level rise, and local effects. As mentioned

above, most of the bedrock shores of the Baltic Sea expe-

rience a drop in RSL, while the RSL rise is characteristic

of its sedimentary shores. The rates of RSL change vary

along the shore and may differ even over relatively short

distances (Milne et al., 2009; Nicholls et al., 2021). This

rate varies considerably on different segments of the Baltic

Sea coast (Rosentau et al., 2007; Hünicke et al., 2015; Su-

ursaar and Kall, 2018; Madsen et al., 2019; Männikus et al.,

2020).

The Baltic Sea coastal observation stations provide sev-

eral long sea level records covering more than 100 years.

More than 45 stations provide at least 60 years of data

(Hünicke et al., 2015). The recorded and modelled Baltic

Sea water level data have been analysed in many publica-

tions at the regional to local level (see Madsen et al., 2019;

Männikus et al., 2019; Pindsoo and Soomere, 2020; Weisse

et al., 2021; and references therein).

Madsen et al. (2019) reconstructed absolute and rel-

ative sea level trends in the Baltic Sea, analysing their

variability from 1900 to 2014. Their work was based on

a statistical reconstruction of sea levels using monthly tide

gauge observations, with model reanalysis serving as a ref-

erence. The RSL trends from 1915–2014 were dominated

by the land uplift or subsidence signal (Figure 2). The RSL

trend in the southernGulf of Finland and in the coastal area

along the western Estonian Archipelago is mostly from−1

to−2 mm yr−1. This trend is close to zero along the north-

ern coast of Latvia but increases in the southern part of this

area by up to 1 mm yr−1 (Madsen et al., 2019). Water level

recordings from Latvian coastal stations in 1961–2018 ex-

hibit a similar weak increase in RSL of up to 1 mm yr−1.

The rate of this increase is slower than the global eustatic

sea level rise (Männikus et al., 2020), despite the fact that

eustatic sea level rise inmost of theBaltic Seabasin exceeds

the global average. The RSL increases by about 1 mm yr−1

over 100 years of data for most of the Lithuanian coast

and for the entire Polish coastal area (Madsen et al., 2019).

The increase has been much faster, 2–4 mm yr−1, in the

period 1950–1990 (see Rotnicki and Rotnicka (2010) for

an overview) and thus clearly exceeds crustal subsidence

in the area (about 1 mm yr−1 in terms of apparent vertical

crustal movements relative to sea level) (Rosentau et al.,

2012).

The rise of RSL is uneven in different periods along

the coast of Lithuania and the Curonian Lagoon. The av-

erage rate of RSL rise in 1898–2002 was approximately

1.3 mm yr−1 (Dailidienė et al., 2006). The rate increased at

the beginning of 1970s and has reached 3 mm yr−1 at all

tide gauges in Lithuania (Dailidienė et al., 2006). Navrot-

skaya and Chubarenko (2012) estimated the RSL rise on

the southern coast of the Baltic Sea about 1.7–1.9 mm yr−1

at Baltiisk (from records in 1860–2006) and at Kaliningrad

(1901–2006). The increase was faster, about 3.6–3.7 mm

yr−1, in Kaliningrad and Baltiisk 1959–2006. Satellite-

based estimates of sea level trends in the Baltic Sea over

Figure 2. Sea level trends (mm yr−1) derived from reconstructed sea level and tide gauges, 1915–2014. Left: relative to

land; right: the eustatic sea level component. Only tide gauges with an adequate record length have been included. The

trends at tide gauges may exceed (by up to 1 mm yr−1) the trends in the offshore area. Reproduced fromMadsen et al.

(2019), licensed under CC BY 4.0.
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Figure 3. Number of storm surges≥70 cm in the Baltic Sea

during 1960–2010. Reproduced fromWolski et al. (2014),

licenced under CC BY-NC-ND 4.0.

the years 1993–2014 also exhibit amuch higher rise of RSL,

3.4±0.7 mm yr−1 (Madsen et al., 2019). These findings

are consistent with the general perception of relative SLR

acceleration over the last decades (Nerem et al., 2018).

3.2 Extreme water levels
While it is usually unclear how to attribute the impact

of slow changes to the average water level to changes to

beaches, situations with extreme water levels frequently

lead to substantial erosion (e.g., Pye and Blott, 2008). This

is also the case in the Baltic Sea (Łabuz and Kowalewska-

Kalkowska, 2011; Łabuz, 2022, 2023a,b). The long-term

rise in sea level clearly contributes to the increase in the

severity (McInnes et al., 2003) and the probability of oc-

currence (Prime et al., 2015) of coastal flooding. Fast

and extreme coastal changes may be created by strong

wave events that occur during periods of extremely high

nearshorewater levels whenwaves reach unprotected sed-

iment in higher parts of the shore. Extreme storm surges

often drive short-term but still the most severe episodes

of coastal erosion (Vousdoukas et al., 2018). Storm surge

frequency, extent, and exact location depend on the tra-

jectories of low pressure systems and peculiarities of the

coastal area, such as the orientation and shape of the coast-

line and the bathymetry of the sea bottom (McInnes and

Hubbert, 2003). Shores with extensive shallow-water sea

areas are generally under the highest pressurewith respect

to storm surges.

In the Baltic Sea, the spatial distribution of extreme

Figure 4. Slope (mm yr−1) of trends of simulated water

level maxima in 1961/1962–2004/2005 in 12-month long

time periods (so-called stormy seasons) from June to May

of the subsequent year. The trends are evaluated using the

classic least square linear fit. Reproduced from Pindsoo

and Soomere (2020), License Number 5933110158653 by

Elsevier.

water levels varies greatly along the coast (Suursaar and

Sooäär, 2007; Averkiev and Klevannyy, 2010; Eelsalu et

al., 2014; Soomere et al., 2015b; Wolski and Wiśniewski,

2020). Storm surges tend to be most intense and last

longer in the north-eastern and eastern subbasins of the

Baltic Sea – the Gulf of Finland, the Gulf of Riga, and the

Bay of Bothnia (Wolski et al., 2014; Soomere et al., 2015b;

Wolski and Wiśniewski, 2020). The frequency of very high

water levels is lower along the coast of the West Estonian

Archipelago, Latvia and Lithuania (Figure 3) (Wolski and

Wiśniewski, 2020). Although this conjecture is based on in-

terpolated data, with no data from the coastal sector from

Gdańsk to Pärnu being involved, this outcome is consistent

with other studies in the area.

Various tide gauges along the Baltic Sea coast reveal

an increase in the number of storm surges (Jaagus and

Suursaar, 2013; Wolski et al., 2014). The number of storm

surges (defined as thewater level≥70 cmabove zero to the

reference datum Normal Amsterdam Peil) in 1960–2010

has increased considerably at some stations in the eastern

and southern Baltic Sea (Wolski et al., 2014). For example,

the average number of surges has increased from 6.8 to

10.8 per year at Narva (Narva-Jõesuu), almost doubled

at Ristna (southwest of the island of Hiiumaa), from an
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average of 2.1 to 4.1 per year, and has increased from 8.7

to 11.8 per year at Pärnu. The relative increase has been

even higher at some Polish tide gauges: in Gdańsk from 1.4

to 3.1 and in Świnoujście from 1.9 to 3.8 per year (Wolski

et al., 2014). A larger number of storms in the second half

of the 20th century has caused an increase in the number

of extremely high water level events in Estonian coastal

waters (Jaagus and Suursaar, 2013). More than 70% of

such events during 1903–2011 occurred since the 1960s.

There are also a few regions, for example the easternGulf of

Finland, where the number of storm surges has decreased

(Zakharchuk et al., 2021).

Single recorded values of extreme water levels have

also increased along many sections of the Baltic Sea coast.

On average, annual water level maxima have increased dra-

matically at all Estonian tide gauges (Jaagus and

Suursaar, 2013). The increase rates range between 3.2

and about 9 mm yr−1 (values consider land uplift rates).

The modelled changes in extreme water levels in the Baltic

Sea exhibit a similar highly variable spatial pattern. An-

nual maximum water level values based on Rossby Cen-

tre ocean (RCO) model data have increased from 1.5 to

10 mm yr−1 in 1961–2005 (Pindsoo and Soomere, 2020).

The areas that have the highest number of storm surges in

the eastern Baltic Sea (Figure 3) also have the fastest in-

creases in extreme water levels (Figure 4). A large relative

increase in the number of high surges in this area (Wolski

et al., 2014; Wolski and Wiśniewski, 2020) appears not to

be accompanied by an equally powerful increase in their

severity (Pindsoo and Soomere, 2020). In the eastern Gulf

of Finland, extreme water levels (in terms of annual max-

ima or maxima over 12-month long periods from July to

June of the subsequent year) have increased with a rate of

8–10 mm yr−1. This increase is not linked to the duration

of storm surges. A large part of the Gulf of Riga exhibits

similar increase rates, about 6–9 mm yr−1. Most of the in-

crease in these locations stems from stronger local storm

surges (Pindsoo and Soomere, 2020). These changes ap-

pear to be related to changes in the directional structure

of strong winds. Extreme water levels have increased near

Klaipėda with a rate of 6–8 mm yr−1 and of 5–7 mm yr−1

in the south-western Baltic Sea. More than half of this in-

crease appears to be due to a similar increase in the water

volume of the entire Baltic Sea during large inflow events.

The rest of the Baltic Sea shores experienced an increase

in annual water level maxima around 4 mm yr−1 mostly

because of an increase in the excess water pressed into

the sea by western winds (Soomere and Pindsoo, 2016;

Pindsoo and Soomere, 2020). Lorenz and Gräwe (2023) ar-

gue that decreasing trends of extreme water level heights

are evident in many Baltic Sea locations, most notably in

the Bay of Bothnia and Gulf of Finland, and also remark

that modelling extreme sea levels relies heavily on a partic-

ular representation of storms in the atmospheric forcing

data.

The duration of a storm surge event can significantly

modulate flood extents and add to the level of danger in

certain areas (Kupfer et al., 2024). It takes time for the

water to flow inland, e.g., via narrow valleys, to flood areas

behind dunes, and it also takes time to erode the shore. In

this context, a long duration (∼12 h) of water level above

the critical threshold (1.7 m) in Pärnu in January 2005 (Su-

ursaar et al., 2006) greatly contributed to the complexity

of the situation, with sea water in places extending up to

1 km inland from the usual shoreline. At more than 90%

of the tide gauges worldwide, the duration of storm surges

showed an increasing trend (Feng et al., 2023). The typical

duration of high sea levels (≥0.7 m relative to zero of tide

gauge) has increased by approximately 30% in the Baltic

Sea (Wolski and Wisniewski, 2021). The duration of ex-

treme water levels is prolonged in the bayheads and has

a clear annual cycle in the Baltic Sea, longer in winter and

shorter in summer (Wolski and Wisniewski, 2023).

The information presented on changes in extreme wa-

ter levels indicates a clearly increased risk of flooding in

recent decades in some coastal areas of theBaltic Sea. How-

ever, a recent reanalysis of the Baltic Sea extreme water

levels reveals no consistent long-term increasing trend

(Meier et al., 2022). The future of extreme water levels is

also uncertain. It is likely that the discussed changes in

extreme water levels may stem from the decrease in the

sea ice extent and duration, a possible turn in strong wind

directions and an increase in the duration of events that

press the North Sea water into the Baltic Sea (Pindsoo and

Soomere, 2020; Rantanen et al., 2024). The distinct spa-

tial patterns of extreme water level trends (Pindsoo and

Soomere, 2020; Lorenz and Gräwe, 2023) signal that the

impact of climate change may vary greatly along the Baltic

Sea coastal areas and that the increase in the storm surge

heights is not uniform along the coast.

3.3 Sea ice
The presence of sea ice greatly affects not only circula-

tion patterns and the formation of high and low water

levels but also the energy flux of surface waves and thus

coastal dynamics at higher latitudes (Tuomi et al., 2011;

Najafzadeh et al., 2022, 2024). Sea ice is extremely vulnera-

ble to climate change and particularly to global warming in

the seasonally ice-covered water bodies where even small

variations in temperature may lead to substantial changes

in the properties and extent of ice.

The impact of sea ice is twofold. On the one hand, the

impact of waves on nearshore sediment is almost negligi-

ble during the periods when the nearshore is covered by

sea ice or when the sediment is frozen. The decrease in sea

ice duration and in the extent of the ice cover inherently

leads to intensification of coastal processes (Overeem et

al., 2011; Sinitsyn et al., 2020), including an increase in

the local water level setup with increasing fetch (Barnhart

et al., 2014). This result has been observed in sedimen-
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tary coastal areas in the north-eastern Baltic Sea (Orviku

et al., 2003; Tõnisson et al., 2011; Ryabchuk et al., 2011a,

2020). On the other hand, sea ice may cause extensive

relocation of finer sediment via drift of sediment frozen

into ice (Miner and Powell, 1991). This process may in-

volve direct changes to the beach morphology and both

alongshore and cross-shore sediment transport (Barnes et

al., 1994), and may result in both erosion and deposition

(Barnes et al., 1993) as well as in relocation of large boul-

ders to a height of several metres above sea level (Orviku

et al., 2011). Some beaches of the south-eastern coast of

the Gulf of Finland are often subject to ice attacks (Järvelill,

2019). This type of impact of ice extends to the southern

coast of the Baltic Sea (Girjatowicz and Łabuz, 2020). The

rates and mechanisms of these processes have been until

now poorly quantified and the transport properties are

virtually unpredictable (Dodge et al., 2022). As the descrip-

tion of the relevant analysis is almost missing in the Baltic

Sea conditions (Leppäranta 2012, 2013), we focus on the

protective role of sea ice.

The annual maximum sea ice extent and the ice sea-

son length are widely used to estimate changes in sea-ice

properties. In the Baltic Sea, there has been a significant

decrease by about 20% in the annual maximum ice ex-

tent over the past 100 years (Vihma and Haapala, 2009;

HELCOM, 2013; Haapala et al., 2015). This is one of the

largest changes in the driving forces of coastal processes

over the last century. The decrease in sea ice duration has

a varying pattern in the Baltic Sea. In the northern part

of the sea (Bay of Bothnia) the decrease is 18 days/cen-

tury. Much faster changes have been observed in the Gulf

of Finland. The analysis of sea ice conditions during the

period 1927–2012 at the coastal site of Tvärminne, lo-

cated near the western entrance of the Gulf of Finland,

showed a decrease in the duration of ice season by almost

30 days (Merkouriadi and Leppäranta, 2014). The length

of the ice season has decreased by 41 days/century in the

eastern part of the gulf. This decrease is even faster (31

days on average) in the last 50 years, that is, 62 days/cen-

tury (HELCOM, 2013). The decrease rate is almost the

same on the shores of Estonia (Sooäär and Jaagus, 2007).

The most dramatic changes have occurred on islands of

the West Estonian Archipelago where the duration of the

sea ice cover has decreased by 1.5–2.5 months over years

1950/1951–2004/2005 (Jaagus, 2006; Sooäär and Jaagus,

2007).

In the southern Baltic Sea, the length of the ice season

decreases from east to west and from the inner waters

toward the open sea areas (Girjatowicz, 2011, Girjatowicz

and Świątek, 2020). The ice conditions in the coastal la-

goons of the southern Baltic Sea are more severe than in

the southern Baltic proper; see Girjatowicz (2011) and Gir-

jatowicz and Świątek, (2020) and references therein. The

formal decrease in the number of days with ice is in some

locations slower than in the northern regions (Girjatowicz

and Świątek, 2021) apparently because the average ice

season duration has been relatively short in the past, and

about half of the years in the period 1950–1990 had no

ice at all in the open parts of the Polish coast (Girjatowicz,

2011). The most significant relative changes thus occur

at the latitudes of the Gulf of Finland. These changes in

ice conditions are consistent with the observed increase

in temperature (Girjatowicz and Świątek, 2021). A likely

reason is an increase in the intensity of winter westerlies

(Jaagus, 2006; HELCOM, 2013), which bring more heat to

the Baltic Sea region. The significant long-term decrease in

the sea ice duration has clearly exceeded the large level of

natural variability and is attributed with high confidence

to global climate change (Meier et al., 2022).

3.4 Wind climate
Wind speed is an appropriate parameter to use for the

identification of variations in storm surges, wave climate

and associated geomorphological changes to the coastal

areas (Dean and Dalrymple, 2002). The attempts to de-

scribe the long-term changes in storminess by means of

trends in the average wind speed do not necessarily char-

acterise these changes correctly. The results are sensitive

with respect to the time period and particular location.

They may characterise site-specific peculiarities or change

in the measurement routine rather than change in wind

properties (Weisse et al., 2005; Feser et al., 2015). The

overall perception is that the Baltic Sea region has not ex-

perienced any overall trend in mean wind speed (BACC,

2015).

Changes in overall storminess for the Baltic Sea region

are analysed from the proxy of atmospheric pressure data

in 1800–2000 by Bärring and von Storch (2004). The re-

sults do not indicate any significant long-term changes in

storminess over fairly large decadal variations. Many au-

thors attribute changes in wind patterns to their natural

variability due to large-scale atmospheric circulation that

determine the wind, wave and storm surge “climate” in the

region (Feser et al., 2015). Storms were more frequent in

the 1980s and 1990s in some parts of the sea. This fea-

ture has been reflected in several studies of the number

of storm days in the northern Baltic proper (Orviku et al.,

2003). This sort of local intensification of storm activity in

the 1990s could be attributed to changes in the trajectories

of cyclones: many centres of cyclones were concentrated

into a relatively narrow region of the Sea of Bothnia in this

decade (Bärring and von Storch, 2004). It is thus likely that

the observed local and regional decadal-scale fluctuations

in the wind speed are part of natural climate variability

and do not necessarily mean any systematic increase in

storminess (Hünicke et al., 2015).

The magnitude of sediment transport and the course

of coastal processes are sensitive to wave approach direc-

tion. As characteristic to relatively small semi-sheltered

water bodies, the Baltic Sea waves usually follow the wind
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direction and often approach the shore at a large angle.

Therefore, changes in the wind directionmay substantially

alter the functioning of the coast. Such changes may re-

sult in large spatio-temporal variations of alongshore sedi-

ment transport patterns (Viška and Soomere, 2013). Sev-

eral studies emphasise possible changes in the directional

structure of winds in the Baltic Sea region (Dailidienė et al.,

2006; Kelpšaitė and Dailidienė, 2011; Soomere et al., 2017;

Pindsoo and Soomere, 2020, Männikus et al., 2020), but

few studies have attempted to quantify these variations

(Jaagus and Kull, 2011; Keevallik, 2011; Bierstedt et al.,

2015).

An analysis of wind observations on the island of Vil-

sandi on the eastern coast of the Baltic proper indicates

a clear shift in the average air-flow direction in January,

when the biggest change occurred (Keevallik, 2011). This

property reflects the result of separately averaging zonal

(west-east) and meridional (south-north) components of

wind velocity over the time period of interest. The aver-

age airflow direction, from the south-east in 1966, rotated

about 90∘ to the south-west by the year 2003. Such a rota-

tion is not a local phenomenon. The changes in the airflow

are controlled by the large-scale atmospheric processes

(Keevallik, 2011), and are possibly related to the shift in

trajectories of deep cyclones in the north Atlantic and the

widening of the North Atlantic storm track to the north-

east (Lehmann et al., 2011). An analysis of geostrophic

wind patterns suggests that the air-flow direction over the

southern Baltic Sea abruptly turned by40∘ at the end of the

1980s (Soomere et al., 2015a). This feature was transient

at the Gulf of Finland latitudes (Keevallik and Soomere,

2014) but apparently is one of the reasons for a multitude

of regime shifts in time series of different observed phe-

nomena in Estonia around 1990 (Kotta et al., 2018).

A change in the air-flow direction does not necessarily

mean that storms are blowing from different directions

than in the past. Significant alterations in the frequency

of occurrence of winds from different directions (called

wind directions for simplicity below) were determined

in several meteorological stations in Estonia 1966–2008

(Jaagus and Kull, 2011). Similarly to changes in the air-

flow (Keevallik, 2011), the strongest changes were found

in the winter season. Remarkably, 12 of the 14 stations

showed a clear increase in the frequency of westerly winds

in January. Jaagus and Kull (2011) concluded that the ob-

served shift of wind directions from east to west is related

to changes in large-scale atmospheric circulation. Simi-

lar processes have been observed on Lithuanian stations

(Dailidienė et al., 2006; Kelpšaitė and Dailidienė, 2011).

Further analysis of variability in wind directions for

the entire Baltic Sea region based on climate simulations

coastDat2 and HiResAFF for the period 1948–2009 also

reveals a clear shift in wind directions (Bierstedt et al.,

2015). The wintertime mean and extreme winds have

rotated more to south-westerly direction. No trends were

detected in other seasons.

It is therefore safe to say that considerable changes in

the directional structure of wind fields have occurred in

the Baltic Sea region since the 1950s even though different

studies based on different data, locations and study dura-

tion highlight different aspects of these changes. These

changes are evidently reflections of large-scale phenom-

ena and are best visible in air-flow properties. The biggest

changes occurred during the relatively windy autumn and

winter seasons (Bierstedt et al., 2015; Soomere et al.,

2015a) when the strongest storms usually occur. This shift

results in more frequent westerly or north-westerly winds.

This change is one of the likely reasons why storm surges

occur more frequently and are systematically higher on

the eastern side of the Gulf of Riga and the Gulf of Finland.

Another likely reason is clustering of low pressure sys-

tems that push additional water into the Baltic Sea. This

mechanism, proposed by Soomere and Pindsoo (2016)

and quantified by Rantanen et al. (2024), contributes to

the preconditioning of the Baltic Sea level and thus to the

formation of extreme water levels.

3.5 Wave climate
The sediment volume transported alongshore is commonly

assumed to be roughly proportional to the amount of wave

energy flux that reaches the nearshore per unit length of

the coastal segment and to the deviation of the approach di-

rection of the waves from the shore normal (USACE, 2002).

The absence of clear trends in wind speed means that cli-

mate change-driven changes in wave height are small in

the Baltic Sea (Räämet and Soomere, 2011; Kudryavtseva

and Soomere, 2017). Therefore, changes to the wave ap-

proach direction, even if they are smaller than the rota-

tion of air-flow, may substantially impact the intensity to

coastal processes. This includes the possible presence of

longer waves from other directions than in the past be-

cause of longer fetch and also possible higher surges and

changes to the properties of wave run-up and set-up. Al-

though waves usually rework sediment in a narrow belt

along the shore, they may entrain a large amount of sedi-

ment into the active pool of coastal sediment from higher

parts of the coastal profile during periods of elevatedwater

level events in ice-free times. Therefore, a combination of

rotation in the predominant wave directions, an increase

in the local water level or its extremes, and/or the absence

of sea ice may even more strongly influence the shores

than an increase in the wave height.

In the Baltic Sea, instrumental wave measurements

have been available since the 1970s (e.g., Broman et al.,

2006; Tuomi et al., 2011). As their spatial coverage is lim-

ited and the time series have gaps inwinter, wave hindcasts

provide equally valuable information to detect the changes

in the Baltic Seawave climate (Soomere and Räämet, 2014;

Björkqvist et al., 2018). The main shortcoming of offshore

measurements and modelling is that wave properties in
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the nearshore have large uncertainties.

Figure 5. Numerically simulated changes in the annual

mean significant wave height (cm, the interval between

isolines 2 cm) for 1970–2007. Reproduced from Soomere

and Räämet (2014), License Number 5933101259072.

The wave fields in the Baltic Sea are extremely vari-

able in both space and time (Räämet and Soomere, 2011;

Soomere and Eelsalu, 2014). In particular, extensive re-

gional changes in the annual mean observed wave height

have been reported in some locations (e.g., Kelpšaitė et

al., 2011). However, the overall long-term wave activity in

1970–2007 reconstructed using geostrophic winds in ide-

alised ice-free conditions indicates almost no changes in

basin-wide wave properties (Räämet and Soomere, 2011).

The highest increase in SWH was probably on the Latvian

Baltic proper coast (Figure 5). Wave activity decreased to

the west and south of Gotland. Decadal variations in the

annual mean SWH contain a strong signal for most of the

the Baltic Sea domains (Soomere and Räämet, 2014) with

typical duration of periods with higher and lower wave

activity about 10–12 years.

More importantly, Soomere and Räämet (2014) sug-

gested that changes in the wave properties in different

Baltic Sea areas under idealised ice-free conditions may

be completely different in different decades. Although

the forcing (adjusted geostrophic) winds of these simu-

lations had low spatial resolution and generally did not

provide adequate replication of wave time series (Räämet

and Soomere, 2021), it is likely that these winds mirrored

the major changes in the atmospheric pressure patterns

in the area and therefore reflected changes in large-scale

wind properties. These results were reiterated by Sokolov

and Chubarenko (2020, 2024) using contemporary ERA-

Interim wind information, with basically the same conclu-

sion: the severity of the Baltic Sea wave climate has not

changed significantly over the last decades.

The analysis of wave properties in 1958–2002 for a lo-

cation near the Polish coast (Różyński, 2010) revealed

coupling of wave properties with the monthly North At-

lantic Oscillation (NAO) index and an oscillation of wave

properties in January with a period of 8 years but no long-

term trend. Wave properties near the German coast of the

Baltic Sea (Dreier et al., 2020) and in the Gulf of Gdańsk

area (Badur and Cieślikiewicz, 2018) identified largemulti-

decadal, spatial and seasonal variability of the changes

depending on the direction of exposure of the coast. An

increase in the SWH of up to 5%was identified in locations

exposed to westerly directions (Badur and Cieślikiewicz,

2018). Sokolov and Chubarenko (2020) found a decrease

in the SWH by 2–3 cm per decade, which was the fastest in

the south-eastern part of the sea. All of these simulations

agree that there has been no systematic increase in wave

heights in the Baltic Sea proper.

Some local wave modelling efforts also indicate dif-

ferent patterns of changes for differently exposed coastal

areas. The SWH of the highest waves (99th percentile,

equivalently, the threshold for the highest 1% of waves)

has increased since the 1960s, on thewestern side of Saare-

maa at Kelba which is exposed to the west (Suursaar et

al., 2015). The opposite pattern of changes was identi-

fied at Letipea in the eastern Gulf of Finland. This site is

open to winds from northern directions and showed a de-

crease in the 99th percentile of SWH (Suursaar et al., 2015).

Satellite altimetry data since the 1990s reveals an increase

in the SWH of 0.5 mm yr−1 in the western Baltic proper

(Kudryavtseva and Soomere, 2017). Changes in the basin-

wide average SWH have a strong meridional pattern: an

increase in the central and western parts of the sea and

a decrease in the east (Najafzadeh et al., 2021). These

changes are likely caused by a rotation of wind directions

rather than by changes in the wind speed.

The described variety of changes in the SWH could be

explained by the changes in the local wind directions that

stem from a shift in deep cyclones pathways (Lehmann et

al., 2011) that influence wave fields differently in differ-

ent sea areas. The detected shift in the airflow in January

suggests that strong winds in this month predominantly

blow from the west-south-west. Winds from these direc-

tions bring strong waves to the western coast of Latvia,

Lithuania, and Estonia. They also drive highwater levels in

the eastern Gulf of Riga and the Gulf of Finland but do not

necessarily produce high waves on the northern shore of

Estonia. This (mis)match of the wind direction and geom-

etry of the coast may be the reason why visually observed

wave heights have decreased at Narva-Jõesuu, in the east-

ern Gulf of Finland (Räämet et al., 2010). The modelled

wave heights have decreased in the nearby location of Leti-
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pea (Suursaar et al., 2015). Interestingly, visually observed

wave directions at Narva-Jõesuu demonstrate a systematic

rotation of about 90∘ (Räämet et al., 2010). Although such

observations contain large uncertainties and are sensitive

with respect to changes in local wind properties, the over-

all pattern of reported changes in wave parameters along

the southern coast of the Gulf of Finland matches well the

described changes in wind patterns.

4. Changes to coastal processes in single
domains

4.1 Southern coast of the Baltic Sea
We start the discussion of processes on the southern coast

of the Baltic Sea for the coastal area from Swina Gate to

Cape Taran (domain 1, Figure 1). We focusmainly on about

500 kmof geomorphically varyingPolish coastline that cov-

ers the largest part of this domain. About 400 km of it is

flat and sandy with dunes with a height from a few metres

to more than 40 m (Musielak et al., 2017), with the re-

maining area consisting mostly of glacial-origin, relatively

easily erodible cliffs (Łabuz, 2005; Łabuz et al., 2018). The

entire Polish coast is barred, with typically 2–3 sandbars

present (Musielak et al., 2017). The coastline (except for

the Gdańsk Bay area) is orientated in the west-southwest

(WSW) to east-southeast direction and thus is exposed to

winds that are frequently directed alongshore.

This long section appears to be an almost straight line

on large-scale maps. In reality, its different segments have

greatly different approach angles of waves generated by

predominant strongwesterly winds. The coastline orienta-

tion turns by more than 30∘ at the northernmost location

of Poland. The magnitude and direction of coastal pro-

cesses and their forcing changes radically along the shores

of Gdańsk Bay and Vistula Spit and is strongly modulated

by anthropogenic interventions at many locations (Osad-

czuk et al., 2024).

The alternating generallywesterly (usually SWorWSW)

and northerly winds cause variable direction alongshore

sediment transport in some locations of this domain (Fig-

ure 6) (Harff et al., 2017). Northerly winds are infrequent

but they have the longest fetch and may create the highest

waves near the Polish coast. During these events, waves

approach most of the shore at a relatively small angle and

thus cause only moderate alongshore transport. On the

western part of the Polish shoreline the fetch length of

westerly winds is small, and thus the created waves are

relatively weak. As a result, the long-term net alongshore

sediment transport has different direction in different seg-

ments of the Polish coast. It is predominantly to the west

in the westernmost segment of this coast. The net trans-

port has a variable direction in the area from Koszalin Bay

to Ustka Bay. It is predominantly to the east from Ustka

Bay to the tip of the Hel Peninsula. It also has a variable

direction in the interior of Gdańsk Bay, and particularly on

Figure 6. A generalised view of the long-term alongshore

sediment transport pattern on the southern and eastern

shores of the Baltic Sea. “Hel P.” is the Hel Peninsula and

“Sambian P.” is the Sambian Peninsula. The dotted lines

reflect variable-direction transport. See references to the

sources used in Harff et al. (2017). Amended from Harff

et al. (2017).

the shores of Vistula Spit where both the coastline orien-

tation and openness to the predominant wind directions

vary significantly along the shore (see Harff et al., 2017 and

references therein). It is likely that, as is typical for the east-

ern Baltic Sea shores (Soomere and Viška, 2014), several

coastal segments have different net transport directions

in different years.

The southern coast of the Baltic Sea is considered to

have a moderate risk of extreme water levels (Wolski and

Wiśniewski, 2020) even though itmay experience extreme-

ly high water levels occasionally (see, e.g., Wolski et al.,

2014). Elevated sea levels occur on the Polish coast during

cyclones travelling from the North Sea and the Norwegian

Sea to the east and southeast. Storm surges above 1 m

occur predominantly under northerly winds (Łabuz, 2009,

2022, 2023a,b; Łabuz and Kowalewska-Kalkowska, 2011).

Strong waves characteristic for this direction with long

fetch, can result in dramatic erosion of the beach and dune

system during such events (Łabuz, 2009, 2022, 2023a,b;

Łabuz and Kowalewska-Kalkowska, 2011; Musielak et al.,

2017) and lead to a major loss of sediment on the upper

beach owing to intense cross-shore transport.

The Polish coastline is chronically affected by land sub-

sidence (Ågren and Svensson, 2007). The marine-driven

pressure on this shore section is augmented by eustatic

water level rise. The sea level rise has clearly accelerated
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Figure 7. Current state of the Polish coast. A – coast map, a – sandbars, b – foredunes, c – formerly shifting parabolic and

barchan dunes, d – formerly shifting transverse ridges, e – dunes on moraine coast, f – coast kilometrage, g – lakes, h –

wetlands, swamps, i – rivers, j – settlement. B – dune coast location, a – dune coast height, b – sand barrier width (Łabuz,

2005). C – coast dynamics between 2002–2012, dune coast changes, a – accumulation, b – stable, c – erosion, d – no data,

e – accumulation value on selected kilometre: X-amount in m3 per m2 of the dune, f – erosion rate value on selected

kilometre: Y – retreat rate in m per year, Z – total retreat in m. Hel Sandbar is the Hel Peninsula and Vistula Sandbar is

Vistula Spit. Reproduced from Łabuz (2013) with publisher permission.

in this area. While it was estimated at about 1 mm yr−1 in

Madsen et al. (2019) on a century scale, it has been 2–4

mm yr−1 during 1951–1990 and rose even up to 4.4–7.7

mmyr−1 during 1970–1990 (Rotnicki and Rotnicka, 2010).

Systematic (albeit slow) sea level rise may strongly con-

tribute to the formation andmagnitude of compound flood-

ing (e.g., Xu et al., 2023) as discussed for the neighbouring

domain 2 (Čepienė et al., 2022). As a result, the Polish

coast is under strong stress created jointly by the vertical

geological movement of the land, the global sea-level rise,

and the exposure to high winds and storm surges. Thus, it

is expected to exhibit low durability and is under constant

threat of erosion during storm surges (Łabuz, 2014, 2022,

2023a,b). Currently, about 40% of the Polish coast is vul-

nerable to moderate and high erosion rates (Łabuz, 2013).

Any increase in the intensity of hydrodynamic drivers may

thus substantially change the natural coastal evolution of

long sections of the Polish coastline.

The Polish coast has been naturally accretionary in the

long term as evidenced by the presence of extensive dunes

and underwater bars. However, recent decades show a sys-

tematic decrease in the length of the naturally accumulat-

ing coastal sections (Łabuz, 2013). Long sandy sections

affected by erosion are becoming common, with fewer and

shorter accumulating sections. Łabuz (2013) argues that

more than 70% of coastal foredunes that were covered by

vegetation in the past have been recently eroded. Only 15%

of the Polish coastline is currently accumulating (Figure 7).

The long-term average retreat rate over the 100 years

period (1875–1983) of the Polish shores comprised of soft

sediments is about 0.1 m yr−1 (Zawadzka-Kahlau, 1999).

This rate has varied greatly in different time periods. In

the 1960s to the mid-1980s, the average retreat rate along

the entire Polish coast was about 0.5 m yr−1 (Zawadzka-

Kahlau, 1999; Pruszak and Zawadzka, 2005). This process

has greatly accelerated on the western coast since the mid-

1980s. The retreat rate is currently up to0.9 myr−1 (Łabuz,

2009). Single extreme events can result in much higher

local retreat rates, up to 5–9 m per event (Łabuz, 2009,

2022, 2023a,b; Łabuz and Kowalewska-Kalkowska, 2011).

The Polish coastal processes exhibit remarkable spa-

tial and temporal variability. Although most of the seg-

ments are erosive, several sections show high accretion

rates. For example, the Swina Gate area (Figures 6, 7) on
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Figure 8. Coastal changes along the Sambian Peninsula. Numbers 1–7 represent morphogenetic coastal types according

to Shepard (1948): skerries (1), sand accretion alluvial coast (2), moraine (bouldery) erosion coast with local pocket

coarse grained beaches (3), erosion dominated coast on Holocene marine terrace, straightening (4), erosion dominated

coast on Holocene marine terrace, straightened, sand accretion coasts (5), sand accretion coast with cuspate foreland (6),

technogenic (7). Measuring points of “Baltberegozaschita” (8) and points of retrospective analyses of coastal escarpment

and beach position according to remote sensing data (rates of escarpment shift in m yr−1) (9). Landslide and erosion

processes of the coastal cliffs of the northern coast of the Sambian Peninsula (a, b). Glacial dislocations of Quaternary

deposits (c). Please see rest of the photographs (d, e, and fig.) in Ryabchuk et al. (2020). Reproduced from Ryabchuk et

al. (2020, Fig. 5 (A)).

the western end of the Polish coast experienced strong

accretion in 1938–2012. The dune baseline (equivalent

to the dune toe in literature) advanced, on average, about

91 m (Dudzińska-Nowak, 2017). The average advance rate

varied from 0.3 to 3.6 m yr−1 with the fastest rates on

both sides of the Swina Strait (Dudzińska-Nowak, 2017).

This accumulation area persists mainly due to local geo-

morphological conditions that give rise to the presence

of a sediment convergence zone (owing to a favourable

combination of coastal orientation and its exposure to

the predominant wave directions). The impact of coastal

engineering structures also favours accumulation in this

area.

Climate change may control foredune and dune devel-

opment throughwind, rainfall and temperature properties

(Garcı́a-Romero et al., 2019). Changes to the (fore)dune

system have been systematically investigated along the

Łeba Barrier in the central section of the Polish coast (e.g.,

Rotnicka, 2011; Dluzewski et al., 2023). However, the time

series are too short to identify potential climate change-

driven alterations. This area displays consistent sediment

transport to the east (Figure 6). Nevertheless, historical

data for this part of the coastline demonstrates alternating

retreating and advancing sections, as discussed in Deng et

al. (2017).

Prevailing westerly winds drive an eastward along-

shore sediment movement along much of the Polish coast

(see Rotnicki and Rotnicka, 2010 and references therein),

except in the coastal segment from Swina Gate to the mid-

dle of Koszalin Bay, and in the area of Puck Bay and Puck

Lagoon. The area of intense sediment transport to the

east covers the entire northern coast of the Hel Peninsula.

About 60%of the northern shore of this narrow35 km long

sandy feature retreated during the 20th century (Deng et

al., 2017). Themost rapid erosion occurred 1957–1991 on

its western segments. Contrarily, its eastern sections are

dominated by accumulation. Alongshore sediment flux is

the only sediment source for the development of the entire

spit. This is demonstrated well by the gradual advance of

its eastern end (Deng et al., 2017). The south-eastern tip
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of the Hel Peninsula is a discontinuity of sediment trans-

port and the sedimentary system of the Hel Peninsula is

completely isolated from the similar system at the eastern

and western shores of Gdańsk Bay (Figure 6) in the sense

that there is no wave-driven sediment exchange between

these systems.

TheHel Peninsulaprotects part of the interior ofGdańsk

Bay against high waves (Kovaleva et al., 2017). The area

fully or partly sheltered against westerly winds stretches

from the eastern end of the Hel Peninsula to approximately

the middle of the Vistula Spit. The area to the east of

Gdańsk is open to strong waves from northerly directions.

These waves drive sediment from the north-east to the

south-west (Figure 6) (Chechko et al., 2008). The balance

of the impact of waves from different directions, and thus

themagnitude and direction of this transport substantially

varies along the Vistula Spit. Their combination supports

morphological stabilitywith accumulation up to 0.5 myr−1

in the middle section of the spit (Ostrowski et al., 2014),

depending on the exposure and orientation of a particu-

lar segment (Kobelyanskaya et al., 2011). Breakwaters

close to the Strait of Baltiysk (entrance to the Port of Kalin-

ingrad) provide an obstacle for the alongshore sediment

drift. Their presence apparently results in some erosive

sections over 4–7 km south-west of the Baltic Channel

(Chechko et al., 2008, Ostrowski et al 2012).

Similarly to the southern shore, coastal processes on

the eastern shore of Gdańsk Bay are substantially con-

trolled by anthropogenic influences (Ryabchuk et al., 2020)

linked to the exploitation of geological resources (Ostrow-

ski et al., 2014) and prevailing alongshore sediment trans-

port to the south. Amber mining was very active in the

region in the 20th century. The dumped material was

incorporated into sediment transport dynamics to artifi-

cially accrete local beaches. When this kind of nourishment

ceased, intense coastal retreat subsequently occurred up

to 20 m yr−1 (Ryabchuk et al., 2020). The general percep-

tion derived from the literature is that processes on this

spit have been substantially altered by the construction

of moles at the entrance to the Port of Baltiisk (Babakov

and Chubarenko, 2019). The southern part of the Vistula

Spit is additionally affected by the recent construction of

another navigation channel and its jetties. Therefore, it is

unlikely to distinguish the signal of climate change from

the anthropogenic impact in this area.

The changes of long-term and recent rates of erosion

along the north-eastern side of Gdańsk Bay, from the Strait

of Baltiysk to Cape Taran (Kaliningrad, Russia), indicate

a recent acceleration of coastal erosion in several parts of

the area (Figure 8). Recent rates (2008–2018) of coastal re-

treat have increased considerably in some shorter coastal

sections, varying from a retreat of 8.2m yr−1 to an advance

of 2.8 m yr−1 (Figure 8, Ryabchuk et al., 2020; the location

of the fastest shoreline advancement apparently being lo-

cated outside the area represented in the figure). Large

parts of the eastern part of Gdańsk Bay require nourish-

ment to stabilise the shore andmitigate erosion (Ostrowski

et al., 2014).

The increased erosion has motivated the implementa-

tion of many shoreline protection measures. Such mea-

sures were commenced on the Polish coast starting from

the early 1900s and now exceed 136 km in length. For ex-

ample, the recreational area on the western side of Gdańsk

Bay on the Hel Peninsula experiences the strong pressure

of human activities. About 2/3 of the long sandy coastline

of its northwestern shore is constantly retreating and re-

quires artificial nourishment (Łabuz et al., 2018). Thus,

about 26%of the coastline is stabilised artificially (Pruszak

and Zawadzka, 2008).

Beach protection measures and the construction of

harbour structures have substantially affected the natu-

ral evolution of the coastline along domain 1. This is an-

other reason why attribution of the described changes

to climate change is not straightforward. Although the

impact of harbours and other coastal engineering struc-

tures is usually local, the increased rates of changes along

the domain 1 coast likely represent the combined effect

of climate-change driven and human drivers. Neverthe-

less, strong wave-driven sediment transport to the east

(e.g., Szmytkiewicz et al., 2021) is a natural feature of this

region where the predominant waves approach fromwest-

erly directions (Zeidler et al., 1995). This transport to the

east (or north-east along the Vistula Spit) has built over

millennia several large-scale sandy landforms, such as the

Hel Peninsula and the Vistula Spit. The magnitude of this

transport may be slightly modified by the relative sea level

rise and/or changes in wave properties (Różyński and Lin,

2021) but it is expected to continue in the future as well.

4.2 South-eastern coast of the Baltic Sea
Anatural separation betweendomains 1 and 2 (Figure 1) is

the major change in orientation of the south-eastern Baltic

Sea coastline by almost 90∘ at Cape Taran at the north-

western tip of the Sambian (Samland) Peninsula (Figure 8).

This cape is a major divergence point where net sediment

transport driven jointly by south-western (SW), western

andNNWwinds is directed to the south and to the east (see

Figure 6 and Harff et al., 2017). Although SWwaves often

cause sediment transport to the north, the resulting net

transport is almost entirely unidirectional in the vicinity

of Cape Taran according to Harff et al. (2017). The closest

convergence points of this transport are apparently on

the Vistula Spit to the south and along the Curonian Spit

to the east of Cape Taran. In this sense, the situation is

radically different from that near Cape Kolka (see below)

or along the Hel Peninsula (see above) where a different

type of transport discontinuity is associated with rapid

accumulation.

Domain 2 with the total length of 200 km stretches

from the tip of the Sambian Peninsula (Cape Taran) close
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Figure 9. Assessed pattern of shoreline changes along the coast of Lithuania since 1947–2010. The changes over

time are characterised using transect groups, analysed through nonmetric multi-dimensional scaling (nMDS) applied

to non-transformed data from four time periods for both the mainland coast (1947–1984, 1984–1995, 1995–2005,

2005–2010) and the Curonian Spit (1946–1977, 1977–1995, 1995–2005, 2005–2010). Group 1 (green): accretion

pattern prevails; Group 2 (red): erosion prevails; Group 3 (yellow): quasi-stable coastal segments. Reproduced from

Bagdanavičiūtė et al. (2012) with publisher permission.

to the border of Lithuania and Latvia. Its northern end is

associated with the area of frequent divergence of along-

shore sediment transport close to the border (Viška and

Soomere, 2013). This feature is driven by the joint impact

of alongshore variations in the coastline orientation and

degree of exposure to the predominant wave fields (Fig-

ure 6). This location is also described as a sediment trans-

port discontinuity in other studies (Ulsts, 1998; Soomere

and Viška, 2014; Harff et al., 2017).

The coastal area of this domain is driven by a complex

system of drivers and processes (Ryabchuk et al., 2020)

resulting from the relationship between two predominant

wind andwavedirections. Waves from the SWandwest are

more frequent thanwaves fromnorthwest (NW) (Kelpšaitė

and Dailidienė, 2011) but N-NNW storms may be particu-

larly destructive (Bobykina and Stont, 2015; Bobykina et

al., 2021). In this domain, RSL rise is about 1.5 mm yr−1

(Madsen et al., 2019).

The northern coast of the Sambian peninsula is charac-

terised by rapid beach erosion and active landslides (Fig-

ure 8). The long-term (1936–2013) average retreat rate

in this area varies from 0.1–0.3 m yr−1 (Ryabchuk et al.,

2020). Only in a few locations, has the beach not retreated

or been stabilised by coastal protection measures. The re-

cent (2008–2018) retreat rate has increased towards Cape

Kupalny (Figure 8) up to 0.3 m yr−1. The most intense

erosion, with average retreat rates of 0.4–0.7 m yr−1, has

occurred near Cape Gvardeisky (Ryabchuk et al., 2020).

Shoreline retreat between the northern shore of the Sam-

bian Peninsula and the Curonian Spit 2007–2017 has been

less than 0.25 m yr−1 (Karmanov et al., 2018). Preventive

protection measures have stabilised the shorelines in the

vicinity of resort towns. However, these measures have

caused an even greater sand deficit in downdrift locations,

resulting in narrower beaches andmore erosion to the east

(Karmanov et al., 2018).

Domain 2 has the largest dune system on the Baltic Sea

coast, the 98 km long Curonian Spit. Most of this coastal

barrier is dominated by accumulation, except for a few

erosion locations. The largest erosion area is located in
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the southernmost 15 km segment of the spit (Badyukova

et al., 2018; Karmanov et al., 2018). Over the last 70 years,

the shoreline has retreated up to 100 m (Boldyrev and

Teplyakov, 2003). In 2007–2017, unstable sections were

eroding at a rate of 1–2 m yr−1. The average erosion rate

for the same period over the entire segment was about 0.4

m yr−1 (Karmanov et al., 2018). This situation is alarming

because there are no foredunes in the fast-eroding section

and the sand deficit is already impacting the massive dune

system at Zelenogradsk. The low-lying forest adjacent to

the shore is flooded during strong storms and thus is ex-

tremely vulnerable during strong wave events (Karmanov

et al., 2018).

The rest of the Curonian Spit ismostly stable. Itsmiddle

and northern segments form a large part of the coastline

of Lithuania. It has a considerable amount of sediment

on the beach, a well-developed dune system, and 1–4 un-

derwater bars in the nearshore area (Gudelis, 1998, see

Bagdanavičiūtė et al., 2012). Bagdanavičiūtė et al. (2012)

used various sources to reconstruct the long-term shore-

line changes on the Lithuanian side of the Curonian Spit

in 1947–2010 during which there were long periods of

accretion. The most significant changes occurred between

1955 and 1977, when intense accretion led to shoreline

progression in some locations up to 60 m. This process

was reversed to relatively slow retreat during 1977–1995.

In 1984–1995, the average retreat was only about 5 m. In

the next 15 years, 1995–2010, accumulation dominated.

Therefore, the coast has been either accumulating or stable

over most of its length (Figure 9).

The rest of the coastline of domain 2 from Klaipėda to

the border of Lithuania and Latvia is mostly stable, with

few short erosive sections that are likely driven by the im-

pact of coastal structures (e.g., Šakurova et al., 2023). The

reversal of the direction of net sediment flux to the north

of Klaipėda and the presence of a divergence area at the

Lithuanian-Latvian border stem from the change of the

coastline orientation. In essence, it is caused by the inter-

play of the two predominant wave energy approach direc-

tions (Viška and Soomere, 2012; Soomere et al., 2024)with

the orientation of the Lithuanian coastline. This interplay

apparently provides long-term stability to the system. It is

likely that this stability in the area from the middle part of

the Curonian Spit to the northern end of domain 2 is most

vulnerable with respect to changes in wave propagation di-

rections (Viška and Soomere, 2012). Although domain 2 is

affected by an increase in RSL (see section 3.1), only a few

locations suffer from shoreline erosion. The apparentmain

reason for stability is intense alongshore sediment trans-

port that provides enough sediment from neighbouring ar-

eas (Viška and Soomere, 2012; Bagdanavičiūtė et al., 2012).

Consequently, the core driver for this domain, possibly af-

fected by climate change, is the balance of wave systems

driven by the two predominant wind directions. This sit-

uation is much less affected by large coastal engineering

structures, such as jetties at the Klaipėda Strait (Žilinskas

et al., 2020; Kondrat et al., 2021) or beach nourishment

activities on the Lithuanian mainland shore (Karaliunas

et al., 2020; Pupienis et al., 2024). Unlike the situation on

the shores of Cape Taran, these activities, even though they

modify the course of coastal processes locally, do not mask

the impact of the two predominant wind directions on the

country scale.

4.3 Coastline of Latvia: Baltic proper
Domain 3 covers the Latvian shore of the Baltic proper. It

is an approximately 250 km long, relatively straight coastal

area that extends from the Lithuanian-Latvian border to

Cape Kolka, and consistsmainly of two shore types – gently

sloping sandy coasts and cliffed coasts. Cliffed abrasion

segments, with a clearly defined scarp or bluff consist-

ing of relatively soft sediments, are common in the area.

They are interspersed with gently sloping, generally ad-

vancing depositional beaches (Gudelis, 1967; Eberhards,

2003; Eberhards et al., 2006; Soomere and Viška, 2014).

Coarse sediments, such as sandy gravel, pebbles, and boul-

ders, mostly characterise the underwater part of the beach

profile. A sandy strip is present throughout the entire sec-

tion near the waterline, and relatively wide sandy beaches

occur frequently (Ulsts, 1998; Eberhards, 2003; Lapinskis,

2010; see also Viska and Soomere, 2013).

The entire domain generally suffers from a deficit of

fine-grained sand (Ulsts, 1998). This deficit is often par-

tially offset by sediments eroded from the cliffs and, to

some extent, by sediments supplied by river flow (Ulsts,

1998; Eberhards, 2003; Lapinskis, 2010). Similar to do-

main 2, most of this domain is impacted by a bidirectional

wind and wave system (Eelsalu et al., 2024) that creates

variable-direction sediment transport (Jankowski et al.,

2024). The 70 km long transition area along the Irbe Strait

from Cape Oviši to Cape Kolka is less impacted by waves

from the NNW. The strongest impact on this section is

caused by waves approaching from SW that drive power-

ful almost unidirectional alongshore sediment transport

(Knaps, 1966). The nearshore and shore mostly consist of

fine-grained sand, have several nearshore sandbars, and

are less affected by erosion (Ulsts, 1998). Similarly to the

Vistula Spit or the Curonian Spit, the coastal segment along

the Irbe Strait is a major accumulation area where most

of the arriving sediment is deposited (Knaps, 1966; Eber-

hards, 2003). Cape Kolka, the northernmost point of the

Kurzeme Peninsula, is another discontinuity location in

the system. It is the end point of most of the alongshore

sand flow along the eastern shore of the Baltic proper, from

where only a small fraction of the sediment is further trans-

ported to the sedimentary system of the Gulf of Riga. This

flow starts at Cape Taran, Kaliningrad Oblast, Russia (Eber-

hards, 2003; Harff et al., 2017) and some entrained sand

grains would be transported to Pärnu Bay in the Gulf of

Riga if there were no man-made barriers (Soomere and
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Figure 10. Assessed changes along the coast of Latvia.

Compiled using data from Ulsts and Bulgakova (1998),

Eberhards and Lapinskis (2008).

Viška, 2014). Such transport would take many years and

is only possible because of extensive short-term and inter-

annual variations in the transport direction that override

the influence of convergence and divergence points. For

example, in 1984 the transport pattern differed greatly

from the usual and the common sediment flux divergence

areas did not prevent sediment transit.

This coastal area of domain 3 develops mainly under

the impact of two predominant systems of strong waves

that arrive from SW and NNW (Soomere, 2003; Eelsalu

et al., 2024) often at a large angle with respect to shore

normal andproduce strong anddirectionally varying along-

shore transport. The implications of their presence are

somewhat different from those described for the Polish,

Kaliningrad, andLithuanian shores. Thewave-driven trans-

port has a variable direction to the south of Cape Akmen-

rags but is mainly directed to the north between this cape

and Cape Kolka (Soomere and Viška, 2014).

Unlike all other domains, domain 3 does not contain

any bays deeply cut into the mainland, the seabed deep-

ens relatively rapidly, and strong winds commonly blow

obliquely to the shoreline. These features are not favour-

able for the formation of high storm surges in the area

compared to the neighbouring areas or to the interior of

the Gulf of Riga. The maximum recorded sea level has

reached 1.74 m (in the Baltic height system 1977, BK77)

at Liepaja. This is clearly lower than the maximum 1.86 m

at Klaipėda (Dailidienė et al, 2006). The highest recorded

values decrease towards Cape Kolka down to 1.61 m (Män-

nikus et al., 2020), whereas they reach above 2 m along

the southern and eastern shores of the Gulf of Riga. The

rate of change of RSL based on the tide gauges is almost

1 mm yr−1 (Männikus et al., 2020). Interestingly, this rate

is smaller than the corresponding rates in neighbouring

domains in Estonia and at Klaipėda.

Long-term coastal changes 1935–2007 were detected

from topographicmaps and fromplanimetric surveys along

somesections of the coast (Eberhards andLapinskis, 2008).

Coastal retreat reached 80–150 m at Cape Bernati near the

southern border of the domain and to the north of Cape

Akmenrags and Pavilosta (Jurkalne region). These are the

fastest eroding segments of the Latvian Baltic proper shore

(Eberhards, 2003). The eroding segments are interspersed

with accumulating sections (Figure 10). In spite of massive

sediment flow towards Cape Kolka, the coastline retreated

more than 150 m on the north-eastern side of Cape Kolka

during this period (Figure 10). This feature apparently

reflects the deposition of most of the arriving sand in rela-

tively deep water to the north of Cape Kolka. Only a small

fraction of the sand is moved into the Gulf of Riga, and

the north-western coast of this gulf has an acute sediment

deficit.

As above, the pattern of eroding and accretion sections

reflects the particular combination of the orientation of

the coastline with respect to the predominant SW and

NNW winds. The average long-term retreat range was

between 0.5–1.5 m yr−1 and reached up to 2.5–3.5 m yr−1

at Cape Kolka and to the north of themajor ports of Liepaja

and Ventspils (Eberhards and Lapinskis, 2008). Since the

1990s, the mean rate of coastal retreat has increased to

2–3 m yr−1 and reached 3.5–4 m yr−1 in coastal segments

near Cape Bernati and Cape Kolka (Eberhards and Lapin-

skis, 2008).

Some anthropogenically driven structural changes in

sediment supplynear the largerports of Liepaja andVentspils

were caused by the construction of harbour breakwaters

and moles at the end of the 19th and the beginning of the

20th century. These modifications trap sand at the updrift

side of Liepaja and Ventspils harbours and intensive ero-

sion has occurred in the downdrift areas of these ports

(Figure 11) (Eberhards, 2003; Eberhards and Lapinskis,

2008). The coastal retreat to the north of the city Liepaja

reached 300–350meters during the second half of the 20th

century and the process has continued in the 21st century

(Eberhards and Lapinskis, 2008).

Similarly to domain 2 and particularly to the Curonian

Spit, the existing balance of alongshore sediment trans-

port is apparently fragile in domain 3. While the above-

described changes in the wave height may have amplified

the transport, they evidently have not caused any major

alterations of its qualitative features. Changes in the pre-

dominantwind directions (or in the balance betweenwave

energy approaching from these directions) have the po-

tential to reverse the overall net transport (Soomere et

al., 2015a). These changes may substantially reshape the

current distribution of eroding and accumulating areas

or drive faster erosion in areas near the three capes men-

tioned above.

Also similar to the situation in domain 2, the length of
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Figure 11. Remnants of old fortifications to the north of Liepaja harbour that were originally built at the end of the

19th century on the landward side of dunes. Photo by T. Soomere, 2013. The rate of erosion on this coastal sections is

estimated−4.3m yr−1 (±0.3) over the period 1984–2016 by Luijendijk et al. (2018; https://aqua-monitor.appspot.c

om/?datasets=shoreline).

the ice season has decreased rapidly in domain 3 (Klavinš

et al., 2016). The average ice season length in 2001–2011

was 45–49 days, a significant decrease from the 1950s,

when the average number of ice days fluctuated close to

100 (at Liepaja). This process is definitely a manifesta-

tion of climate change. However, as the ice season is rel-

atively short in this domain, these changes have a much

less relative impact on themagnitude and course of coastal

processes compared to domains 4, 5, and 6.

The major accumulation and erosion spots observed

along domain 3 (Figure 10) can be associated with nu-

merically retrieved areas of convergence and divergence

estimated in Soomere and Viška (2014) using Coastal Engi-

neeringResearchCouncil (CERC)methodandwave time se-

ries simulated using adjusted geostrophic winds (Soomere

and Räämet, 2011). The strongest divergence areas along

Cape Bernati and Cape Akmenrags (north of Pavilosta) co-

incide well with observations (Figure 10) and with the

perception that greater erosion around headlands often

occurs because of refraction driven concentration of wave

energy that creates a more energetic environment near

headlands. The simulations also indicate that the high-

est net sediment transport occurs along the coast of the

Irbe Strait. This coherence of simulated sediment trans-

port intensity and patterns based exclusively on wave data

versus observed shoreline changes indicates that coastal

processes in domain 3 are mostly driven by waves. Con-

sequently, it is likely that an increase in the intensity of

coastal processes in some locations along domain 3 re-

flects changes in wave forcing rather than the impact of

other drivers.

4.4 Gulf of Riga
The nearshore of the Gulf of Riga (domain 4) from Cape

Kolka to Pärnu Bay consistsmostly ofmixed sediments and

fine-grained sand (Ulsts, 1998; Viška and Soomere, 2013).

Nearshore sandbars are common along the Latvian coast-

line of the gulf but scarce in the Estonian part of the gulf.

They are mostly parallel to the coast and extend to about

4 m deep water (Eberhards, 2003; Eberhards and Lapin-

skis, 2008). As mentioned above, only a small fraction of

sediment brought to Cape Kolka along the Baltic proper

shore is moved by northerly winds to the south toward the

bayhead of the Gulf of Riga. The dominant sediment flux

direction is counterclockwise in the Gulf of Riga with some

short reversals between Cape Kurmrags and Saulkrasti on

the eastern coast of the gulf (Knaps, 1966; Ulsts; 1998,

Eberhards, 2003). The potential bulk and net transport

along the southern and eastern shores of this gulf is about

a quarter of that along the Baltic proper shores of Latvia

(Soomere and Viška, 2014).

The wave fields in the Gulf of Riga are almost totally

separated from waves that develop in the Baltic proper.

Consequently, wave systems that shape the open Baltic Sea

coast and the shores of the Gulf of Riga may have greatly

different properties. This means inter alia that the storms

that affect the coasts of the Baltic proper generally impact

the shores in the Gulf of Riga differently. In particular,

the patterns of interannual variations in the net and bulk

transport on the shores of the Gulf of Riga are different

from those on the Baltic proper shore of Latvia (Soomere

et al., 2011).

The RSL rise is negligible in most of the Gulf of Riga

(Reiniks et al., 2010; Männikus et al., 2020). However, this

domain is particularly vulnerable to high storm surges (Fig-

ure3) that are the result of a combinationof the (mis)match

https://aqua-monitor.appspot.com/?datasets=shoreline
https://aqua-monitor.appspot.com/?datasets=shoreline
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of the configuration of the gulf and the particular storm.

Strong storms from particular directions may push large

amounts of water into the gulf (Suursaar and Sooäär, 2007)

so that the sea level in the eastern and southern parts of the

gulf exceeds the level in the Baltic proper bymore than 1 m

for a period of about 2 days (Männikus et al., 2019). The

maximumwater level recorded at Pärnu reached 2.75 m

(BK77) above the long-termmean, 2.31 m at Skulte, 2.15 m

at Salacgriva and 2.24 m at Daugavgriva Riga (Männikus

et al., 2019).

Large parts of the Gulf of Riga freeze every year. This

feature adds an important nuance to the course and inten-

sity of coastal processes as sea-ice conditions considerably

affect the shallow nearshore areas that tend to be frozen

during harsh winters. The presence of ice and the freez-

ing of coastal sediment prevent both alongshore sediment

transport and the loss of fine sediment to the deeper sea

areas.

The coasts of the Gulf of Riga as seen from topographic

maps and orthophotos (Eberhards and Lapinskis, 2008)

have been generally stable during the years 1935–1990.

They apparently are in dynamic equilibrium, with weak

erosion or accretion (Figure 10). Some sections of thewest-

ern and eastern coasts have suffered from erosion. The

long-term mean retreat ranges are from 0.5–0.6 m yr−1

to 1–3 m yr−1 in some coastal segments (Eberhards and

Lapinskis, 2008). Field observations and coastal monitor-

ing show that the erosion rate and the length of affected

areas have increased between 1992 and 2007 compared

to the previous 50-year period. The total retreat of the

shoreline has reached 20–40 m in the western and south-

ern parts of the gulf with an average recession rate of

1.5–2.6 m yr−1. The most affected are coastal segments

near Roja, Engure, Ragaciems, and Jurmala. The retreat

is as high as 2–5 m yr−1 in the eastern part of the gulf

near Saulkrasti and Cape Kurmrags (Eberhards and Lap-

inskis, 2008). This section also has several smaller tem-

porary reversals of wave-driven sediment flux (Figure 6,

note that the scale of Figure 6 does not resolve details of

sediment transport in the Gulf of Riga) (Soomere andViška,

2014).

Numerical simulations of potential sediment transport

using the CERC method show a similar pattern of changes

along the coasts of the Gulf of Riga. They highlighted poten-

tial erosion areas near Saulkrasti and indicated a higher

sediment transport rate near Cape Kurmrags (Soomere

and Viška, 2014). The simulated data does not match

closely changes retrieved from the observations in the

coastal area from Cape Kolka to Riga. Certain differences

between the observations and the outcome of sediment

transport simulationsmayarise from ignoring the ice cover

and the impact of high storm surges in the Gulf of Riga

(Soomere and Viška, 2014). These aspects may be cru-

cial for the evolution of the beaches in this seasonally ice-

covered region that may have very high water levels for

specific wind directions. A possible reason for pressures

on the shores could be related to a change in the regime of

extreme water levels in the Gulf of Riga (Männikus et al.,

2020; Kudryavtseva et al., 2021) or to a rotation of strong

winds. The loss of ice may lead to further intensification of

wave-driven coastal processes (Najafzadeh and Soomere,

2024). These tendencies have been previously observed

– a significant decrease of ice cover duration over the last

60 years from approximately 130 days to 68–76 days in

the Gulf of Riga (Klavinš et al., 2016).

4.5 West Estonian Archipelago
Coastal domain 5 (Figure 1) stretching along the shores of

the West Estonian Archipelago contains numerous gravel,

shingle, or sand pocket beaches. The entire region has

a complicated, and in places irregular and fragmented,

shape, with many bays of different size cut deeply into

the mainland and surrounded by extensive shallow ar-

eas. The predominant wind directions from SW and NNW

(Soomere, 2003) correspond to the longest possible fetch

lengths in the entire Baltic Sea. Therefore, this situation

is favourable for creating one of the most energetic wave

conditions in the Baltic Sea, with SWH possibly reaching

over 9.5 m (Soomere et al., 2008; Björkqvist et al., 2018). It

is one of the areas with the highest wave energy potential

in the Baltic Sea (Soomere and Eelsalu, 2014) even though

waves often approach the shore at large angles. These fea-

tures make domain 5 particularly susceptible with respect

to wind direction in single storms. Indeed, very intense

coastal processes are often reported for this area (Kont et

al., 2007; Suursaar et al., 2008; Tõnisson et al., 2011).

Additional pressure on the coastal zone is createdwhen

high sea levels occur simultaneouslywith highwave events.

The highest recorded sea levels (>2 m at Ristna, BK77)

most likely represent the joint contribution of storm surge

andwave-induced set-up (Eelsalu et al., 2014). TheRSLhas

generally decreased in this domain by about 1–2 mm yr−1

(Kall et al., 2016). This process to some extent stabilises

beaches of this archipelago. However, the lack of sediment

supplies renders the area vulnerablewith respect to strong

wave and elevated sea level events. Rapid loss of sea ice in

the region (Sooäär and Jaagus, 2007) adds another chang-

ing driver to the system (Orviku et al., 2003).

The potential of combined impact of these drivers can

be demonstrated using the Harilaid Peninsula, the most

actively monitored site for coastal processes in this region.

It is located near the sea area where the roughest wave

conditions were projected to occur in the Baltic Sea during

the prominent 2005 January storm (Soomere et al., 2008).

The peninsula hosts a remarkable benchmark – Kiipsaare

Lighthouse. This tower-type structure was build in 1933

in the middle of the NW part of the peninsula about 100 m

from the waterline (Figure 12). Over time, waves have

gradually eroded the western coast of the peninsula while

depositing sediment along its eastern coast. As a result, the
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Figure 12. Changes on thewestern coast of theWest Estonian Archipelago at the Harilaid Peninsula. Right panel: location

map of coastal observation sites on northern and southern part of the Harilaid Peninsula. Figures showing shoreline

changes at the Harilaid Peninsula and Cape Kelba are reproduced from Kont et al. (2022) with permission by the authors.

structure now stands in shallow water, about 50 meters

from the shore.

This notable shift reflects particularly intense coastal

processes in theWest Estonian Archipelago. Consequently,

the lighthouse’s changing position relative to the shore-

line has drawn significant interest from researchers as

a valuable indicator of coastal changes and their intensity

(Orviku et al., 2003; Suursaar et al., 2015). The recon-

structed shoreline changes of the Harilaid Peninsula since

1900 rely on historical maps, photos, and other sources

(Kont et al., 2011). Although the earlier maps are not suffi-

ciently precise to quantify the exact location of the shore-

line, there exists rich observational evidence of the shift

of the shoreline (Tõnisson et al., 2011, 2013). The north-

ern shoreline of the peninsula shifted at an average rate

of approximately 2 m yr−1 from the 1950s to the end of

the century. This rate accelerated in the 1980s to about

3 m yr−1. During a single storm, the shoreline eroded by

up to 30 m (Orviku et al., 2009). The changes to the coast

at this site are thus extremely intermittent and the average

rate of change does not necessarily reflect the complexity

of the process. This evidence confirms once again that the

biggest changes to the coast occur during individual very

strong storms, possibly from an unusual direction.

During the period 1900–1955 the north-western shore-

line of the peninsula shifted by 25 m towards the east (Fig-

ure 12). The shift in 1955–1981 was much faster and

reached about 40 m (Tõnisson et al., 2013). During the

years 1988–2008, the northern part of the beach eroded

substantially (Figure 12). The northern tip of the peninsula

sharpened and narrowed until 1998. It was considerably

reshaped after 2008 when it lost a clearly expressed tip

and the shoreline was shifted considerably towards the

south (Figure 12). It is likely that the described rapid and

massive changes of this uplifting peninsula are caused by

a combination of less sea ice (Orviku et al., 2003; Sooäär

and Jaagus, 2007) and changes in the direction of strong

winds in some storms.

Another interesting rapidly developing site is an ac-

tively developing area called Cape Kelba (Figure 12). Suur-

saar et al. (2015) note that coastal processes have gradu-

ally intensified there since 1950. The advance rate of the

shoreline for any single section of this landform is now up

to 5 times that of a half century ago.

4.6 Southern and eastern part of Gulf of Finland
Similarly to domain 5, the southern shore of the Gulf of Fin-

land (domain 6) has a variety of different coastal environ-

ments, from extensive limestone cliffs to several bays that

are deeply cut into the mainland. Long coastal segments

have pebble and boulder protection. The domain also con-

tains small pocket beaches, ancient sand dunes, and a long

sandy beach near the Narva River mouth (Orviku, 2018).

In general, this coastal zone can be characterised by a pre-

dominance of glacial deposits with a relatively small thick-
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ness of overlying sandy sediments (Divinsky et al., 2021).

It experiences glacioisostatic uplift of about 1–3 mm yr−1,

with higher rates in the west (Kall et al., 2014) and a near-

zero rate of recent relative sea level rise (Madsen et al.,

2019). These conditions are expected to slightly stabilise

the beaches, even though most beaches in this domain

suffer from a deficit of fine-grained sediments.

Many beaches along the southern coast of the Gulf of

Finland are geometrically sheltered from moderate and

strong winds from SW. Almost all such beaches are open to

the north. Similarly to the situation in the West Estonian

Archipelago (Eelsalu et al., 2014), infrequent but strong

NNW storms may create substantial wave set-up heights

that result in higher sea levels than could be expected

from the classic storm surge data (Pindsoo and Soomere,

2015; Soomere and Pindsoo, 2016), and can drive massive

erosion of sandy beaches (Orviku, 2018). Extreme storm

surges, up to 4 m above the long-term mean water level

may occur in the easternmost Gulf of Finland (Wolski and

Wiśniewski, 2020) and exceed 2 m in the vicinity of Narva

(Suursaar et al., 2006). This feature is complemented by

the conjecture that extreme water levels have systemat-

ically increased up to 10 mm yr−1 in the eastern Gulf of

Finland (Pindsoo and Soomere, 2020). Fortunately, the

highest water levels usually do not occur simultaneously

with the strongest waves in the eastern part of this domain

(Pindsoo and Soomere, 2015).

Similarly to western Estonia, limited sediment avail-

ability in the eastern Gulf of Finland and in the Neva Bight

with the combination of other discussed drivers makes

beaches of this coastal area extremely vulnerable during

long-lasting storms in the absence of stable sea ice in win-

tertime (Ryabchuk et al., 2011a). The loss of sea ice has the

largest impact on the shores of the eastern Gulf of Finland

compared to coastal environments of the north-eastern

Baltic Sea in terms of potential changes in wave energy

flux (Najafzadeh et al., 2022).

The analysis of changes to the beaches in the southern

Gulf of Finland relies on remotely measured data (Julge et

al., 2014; Eelsalu et al., 2015; Sergeev et al., 2018; Eel-

salu et al., 2022), modelled wave data (Soomere et al.,

2008; Divinsky et al., 2021) and GPS monitored data com-

bined with archive material (Ryabchuk et al., 2011a,b).

The annual rate of coastal retreat is uneven. It is less

than 0.5 m yr−1 during low storminess periods (Sergeev

et al., 2018) whereas for stormy years it may reach about

3 m yr−1 (Sergeev et al., 2018; Eelsalu et al., 2015). The

easternmost Gulf of Finland is particularly vulnerable with

respect to wave-dominated erosion (Ryabchuk et al.,

2011a,b; Sergeev et al., 2018) because high waves often

approach the shore at large angles. The estimated average

retreat was about 0.56 m yr−1 in 1989–2009 and reached

1.45 m yr−1 in 2009–2017 (Sergeev et al., 2018).

5. Discussion
The presentedmaterial provides insight into possible links

between changing natural drivers of coastal processes and

their implications in terms of various spatial patterns and

temporal variations of coastal processes. The situations

where coastal processes were mainly impacted by anthro-

pogenic activities or when links of this kind were doubtful

are intentionally left out of the analysis of these links in

this section.

The existing evidence indicates that different drivers

play different roles in the various domains of sedimentary

shores of the Baltic Sea (Figure 13). The main reason for

the spatially varying roles and relative importance of var-

ious drivers is the specific combination of the shape of

the sea, the spatially varying strength of several drivers

(e.g., sea ice) and the strongly anisotropic nature of wind

fields (Leppäranta and Myrberg, 2009). This anisotropy

naturally generates similar anisotropy of wave properties

(which are generally higher in the eastern part of the sea,

Björkqvist et al., 2018) andextremewater levels (which are

generally higher and more frequent in the north-eastern

subbasins of the sea, Wolski and Wisniewski, 2020, 2021,

2023).

The background for the development of coasts is the

change in the average water level. This driver is the strong-

est in the southern part of the sea, where a combination of

slow crustal subsidence with the signal of global sea level

rise via the Danish straits has led to a systematic relative

sea level rise of up to 2 mm yr−1. This process has acceler-

ated since the middle of the last century, most significantly

along the Polish coastline (Rotnicki and Rotnicka, 2010).

It is highly likely that this systematic and fairly rapid rela-

tive sea level rise has expedited the coastal retreat process

along the Polish coastline (Łabuz, 2013, 2015) (Figure 13).

Global warming and the associated sea level rise in the

North Sea are the main contributors to the relative sea

level increase in this domain. Thus, the enhanced erosion

along the coast of Poland can be attributed partially at least

to climate change with a high likelihood.

It is also likely that the impact of global sea level rise

accelerates to some extent coastal processes on the shores

of the Kaliningrad District, however, its magnitude is ap-

parently smaller than the impact of waves. An increase in

the relative sea level of about 15 cm in the last 100 years

is also evident along the coast of Lithuania (Dailidienė et

al., 2006). This change might cause shoreline retreat (ac-

cording to the controversial Bruun Rule) of sandy beaches

by about 10 m. However, this change, is hardly distinguish-

able from all other factors that affect the active sandy en-

vironment of the Curonian Spit and the Lithuanian shore.

Moreover, no systematic shoreline retreat is identified in

that particular section (Bagdanavičiūtė et al., 2012, 2015).

This conjecture apparently reflects several other mech-

anisms that stabilise sedimentary beaches, most impor-

tantly the sufficient sediment availability in multiple sand
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Figure 13. Location scheme of the Baltic Sea and spatially varying role of main drivers of coastal processes. The

background map that characterizes vulnerability of the Baltic Sea shores with respect to erosion and the long-term

direction of wave-driven sediment transport is taken fromWeisse et al. (2021; published under CC-BY-4.0, ©Authors)

and is used with permission of its compiler, Dr. Wenyan Zhang. The rate of mean annual coastline change from 2007 to

2017 in the Baltic Sea (color scale in the lower right corner of the image) is based on a combination of satellite data for

sandy beaches (Luijendijk et al., 2018) and field measurements for other coastline types extracted from the European

Marine Observation and Data Network (EMODnet) https://emodnet.ec.europa.eu/en/geology database. The primary

alongshore sediment transport direction along the sandy southern Baltic Sea coast, indicated by the arrows, is based on

existing literature compiled by Harff et al. (2017). Graphics representing the role of main driving factors are created by

Kaspar Ehlvest. Reproduced from Soomere (2024). Licence number 96486 by Oxford University Press.

bars in the nearshore of the Curonian Spit (Janušaitė et

al., 2022). Also, sediment flux from the neighbouring area

(KaliningradDistrict where erosion dominates) or changes

in other hydrometeorological patterns (e.g., wave direc-

tion) may stabilise Lithuanian beaches.

The relative sea level rise is very small or negligible

on the Latvian shores (Männikus et al., 2020 based on es-

timates from Reiniks et al., 2010). The shores of Estonia

and the Russian part of the Gulf of Finland experience post-

glacial uplift (Kall et al., 2014) and have been until now

immune to climate-driven sea level rise. There is there-

fore a distinct gradient in the magnitude of impact of (rel-

ative) sea level rise, from a well-defined contribution to

the acceleration of coastal processes in the south-west to

virtually no impact to the north of latitudes of the Gulf of

Riga.

Wind waves are the main source of energy for coastal

changes. The direction of predominant moderate and

strong winds is such that most waves approach the shores

of Poland from the west and generate wave-driven net

sediment transport almost exclusively to the east. This sys-

tematic process has straightened the entire coastline and

created massive landforms such as the Hel Peninsula and

the Vistula Spit. There is no evidence regarding the impact

of climate change-driven variations in wave directions on

this sediment transport. The identified changes hint that

waves approach this shore segment more from the west

rather than from the south-west. Such changes may have

even decelerated the net transport. The same conjecture

applies to themore or less straight sections of the southern

shore of the Gulf of Finland, where strong eastern winds

seem to be back (Pindsoo and Soomere, 2015).

The shores ofmost of the KaliningradDistrict (Sambian

Peninsula) are oriented in a way that allows a significant

portion of strong waves to approach the beaches at a rela-

tively steep angle, driving sediment transport away from

https:// emodnet.ec.europa.eu/en/geology
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Cape Taran. This feature has made this part of the Baltic

Sea shore prone to erosion over millennia. Small changes

to the wave heights or wave approach directions are un-

likely to change this situation, wich eventually will persist

also in any possible future climate.

The waves generated by the bidirectional pattern of

predominant strong winds have created a delicate bal-

ance of coastal processes along the Baltic proper shores of

Lithuania and Latvia (Figure 13). While waves generated

by frequent SW winds carry sediment to the north, waves

excitedby less frequent but sometimes even strongernorth-

erly winds (Soomere and Keevallik, 2001) drive sediment

transport to the south. This situation suggests that climate

change-driven changes to any of the Baltic Sea wave prop-

erties will become evident first in this coastal domain from

Sambian Peninsula to Cape Kolka. Such changes have been

identified so far only in numerical simulations (Soomere

et al., 2015a).

The observed variations along the coast of Lithuania

(including the Curonian Spit) support this conjecture. It

is common to observe a cyclic pattern of changes along

this coastline. Most of the storms that drive severe ero-

sional events along the Curonian Spit are short (1–2 days)

(Boldyrev et al., 1990 as cited in Ryabchuk et al., 2020; Jar-

malavičius et al., 2016) andblow fromSWorNW(Kelpšaitė

and Dailidienė, 2011) while after the 1980s NW winds

are much less frequent in Lithuania. Post-storm recovery

usually restores the shoreline almost entirely (Kelpšaitė-

Rimkienė et al., 2021). This feature apparently reflects

a directional balance betweenwave systems during storms

and waves that are prevalent most of the time. Some loca-

tions with systematic erosion on the Lithuanian coast are

likely the result of engineering structures in port areas or

other human activities.

The situation is similar on the Latvian shore of the

Baltic proper, except that there is massive net sediment

transport to the north between Cape Akmenrags and Cape

Kolka, especially near the Irbe Strait. The reason is that

the southern shore of Irbe Strait is protected against waves

excited by the “balancing” northerly storms but still reg-

ularly impacted by long and high waves excited by SW

storms. Due to the limited availability of fine sediment in

this area compared to the Lithuanian shores, many sec-

tions of the coast experience erosion. Damage caused by

exceptional storms is not easily offset by natural recovery

processes. The system of sedimentary shores from Cape

Taran to Pärnu Bay has a complicated pattern of mostly

counterclockwisewave-driven sediment drift that also con-

tains a few divergence points and reversals (Viška and

Soomere, 2013; Soomere and Viška 2014). Simulated po-

tential bulk wave-driven sediment transport along these

coasts increased during 1970–2007 at a>95% level of sta-

tistical significance (Figure 14) (Soomere et al., 2015a). As

the increase in wave heights was only marginal (Soomere

and Räämet, 2014; Sokolov and Chubarenko, 2024), this

growth was apparently driven by a systematic change in

the wave approach direction. As it continued for almost

40 years, it is safe to attribute it to climate change.

Another feature that eventually can be attributed to cli-

mate change is a radical alteration of the temporal course

of potential net transport from the year 1990 (Soomere

et al., 2015a) (Figure 14). As the periods for increase and

decrease in this quantity were relatively short, the relevant

trends were statistically significant at approximately 90%

level. This turn in the trend can be explained, as above,

by a systematic change in the wave approach directions.

To the eyes of the authors, the described changes in wind

properties and the associated wave patterns are among

the strongest evidence of climate change-driven manifes-

tations in the Baltic Sea basin.

As the transport rates are particularly large along the

Latvian and Lithuanian shores, it is likely that these shores

are more sensitive with respect to climate-driven changes

inwave forcing thanPolish shores or the coasts of theKalin-

ingrad District. The impact of changes to wave properties

becomes evident more locally in the Gulf of Riga, West

Estonian Archipelago, and Gulf of Finlandwheremost sedi-

mentary compartments and beaches are small andmany of

them located in bayheads of bays deeply cut into mainland.

These beaches often have very limited sand resources but

remain stable until a strong storm approaches from a par-

ticularly unfavourable direction or the properties of some

other drivers (extreme water level, wave setup, or sea ice)

change considerably as explained in Section 4.5. Some of

them are stabilised by a specific synchronisation of the

course of water level and wave properties (Eelsalu et al.,

2022).

An example of potentially climate change-driven effects

on wave climate and related sedimentary systems can be

inferred from processes on the NW of Saaremaa (Section

4.5). The changes in the Kiipsaare Lighthouse relative loca-

tion to the shoreline could be related to the change in the

dominant airflow direction. From 1966 to 2003 the air-

flow direction rotated by up to 90∘ in winter months (most

notably in January) when strongest wave conditions oc-

cur and the majority of the yearly sediment transport also

occurs (Keevallik, 2011). This change evidently reflects

more frequent strong SWwinds and associated longer and

stronger waves from the SW. This pair of impacts could

explain the changes in the development of this peninsula

that have led to almost total reshaping of Cape Kiipsaare

and its adjacent area this century.

The examples provided suggest that changes to the

properties of waves affect different shore segments of the

Baltic Sea substantially differently. In the southern and

south-eastern domains the impact of these changes, even

if relatively large, seems to be limited to variations in the

magnitude of long-term processes. On the contrary, even

small changes in the balance ofwave systems arriving from

different directions may radically reshape the existing pat-



Attribution of alterations in coastal processes in the southern and eastern Baltic Sea ... 25/38

Figure 14. Bulk (a) and net (b) annual wave-driven potential sediment transport rate along the entire eastern coast of

the Baltic Sea evaluated by the CERC model forced with wave time series from the WAMwave model driven by adjusted

geostrophic winds (Soomere and Räämet, 2011). Reproduced from Soomere et al. (2015a).

tern of net sediment transport and thus also some ero-

sion and accumulation areas on the eastern shore. Such

changes have apparently already happened. The third kind

of impact is on the strongly fragmented shoreline of Esto-

nia where storms from an unusual and unfavourable direc-

tion may greatly damage some usually sheltered beaches.

An associated and often ignored consequence of strong

waves is their ability to produce additional increases in wa-

ter level (wave setup). The contribution of this process is

apparently small or negligible in most of the southern and

south-eastern Baltic Sea shore. A concealed consequence

of the presence of the above-described bidirectional wind

patternmeans that strongwaves usually arrive at the shore

at a relatively large angle in this area. The situation is differ-

ent in the Gulf of Riga, West Estonian Archipelago, and Gulf

of Finland where many storms apparently drive substan-

tial local setup (Soomere et al., 2013). This phenomenon

may considerably contribute to extremewater levels in the

area (Eelsalu et al., 2014).

As wave setup is sensitive with respect to the match

of the geometry of the shoreline and the wind direction,

changes to its properties, even if estimated using various

proxies (Soomere et al., 2013), may help in attributing po-

tential changes in coastal processes with climate change-

driven alterations in the driving forces. This kind of anal-

ysis for the vicinity of Tallinn Bay indicated that strong

easterly wave storms (that were not recorded for many

decades, Keevallik, 2003) returned to the area fromwinter

2012/2013 (Pindsoo and Soomere, 2015). This conjecture

is supported by wave measurements. The all-time high-

est SWH 5.2 m, recorded for the first time in November

2001 in a westerly storm, was repeated in November 2012

during an easterly storm (Pettersson et al., 2013). This

change, although not yet reflected in the coastal literature,

most likely reflects climate change and has the potential to

greatly modify coastal processes in segments of the south-

ern shore of the Gulf of Finland that are open to the east.

However, there are not enough research data as yet to iden-

tify the related changes to coastal processes or to attribute

these to climate changes.
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An even more important factor affecting coastal pro-

cesses is an exceptionally high water level. While in tide-

dominated water bodies the probability of having strong

waves is, in essence, the same during each tidal phase, the

situation is different in non-tidal water bodies, such as the

Baltic Sea, where wind-driven elevated water levels are

often synchronised with strong waves (Kudryavtseva et

al., 2020; Eelsalu et al., 2022). This synchronisation may

adjust the basic properties of beaches, such as the closure

depth (Soomere et al., 2017). As described above, very

large water levels occur more frequently in the western-

most, northernmost, and easternmost parts of the Baltic

Sea. It is therefore likely that changes to the properties

of the highest water levels affect coastal processes in the

most significant way in the eastern Gulf of Finland and the

Gulf of Riga (Figure 13).

Systematic changes in the annual water level maxima

during 1961–2005 in the entire interior of the Baltic Sea

are most likely generated by a longer time series of atmo-

spheric events that press water into the Baltic Sea and

increase the entire sea level (Pindsoo and Soomere, 2020;

Rantanen et al., 2024). They are thus another manifesta-

tion of climate change in this water body. This component

of the coastal processes drivers affectsmore or less equally

all shores; however, it is not clear how to separate its im-

pact from that exerted by sea level rise. Another variation

of this change has led to a rapid increase in the annual

maximum water level in several locations. This process in

the Gulf of Finland and on the Lithuanian shore apparently

stems from a change in wind direction in some storms and

thus has a direct link with climate change. This process

is more complicated in the Gulf of Riga (Männikus et al.,

2019).

The examples presented indicate that the impact of this

driver varies throughout the study area, even though its

role has not yet been specifically identified. Although dif-

ferent authors use different thresholds for surges, a clear

pattern of changes still becomes evident from the existing

information. Namely, high surges have become both more

frequent and higher in the north-eastern domains of the

study area (Wolski and Wisniewski, 2020, 2021, 2023).

High surges have become more frequent but not consid-

erably higher in the south, where the absolute number of

high surges (independent of the threshold) remains much

lower than in the north-east. Therefore, contrary to the

impact of sea level rise, the contribution of very high wa-

ter levels to coastal processes is apparently negligible in

the south and south-east of the Baltic Sea. Its magnitude

increases for the shores of the Baltic States and peaks in

the eastern Gulf of Riga and the Gulf of Finland (Pindsoo

and Soomere, 2020).

The presence of sea ice and the change in its impact

on coastal processes is obviously climate change-driven.

Its magnitude appears to be fairly small to the south of

the latitudes of Latvia (domains 1–3) where the ice sea-

son is generally short. However, many of the changes that

have occurred along the coastal areas of the Gulf of Riga,

West Estonian Archipelago, and along the coast of Gulf

of Finland strongly depend on the (loss of) sea ice (Fig-

ure 13). The absence of ice means unfrozen sediment,

more frequent and higher storm surges, and much more

wave energy approaching the shoreline. The impact of the

loss of ice evidently increases from the south-west to the

north-east. This driver clearly plays a role in the increasing

intensity of coastal processes on the shores of the West Es-

tonian Archipelago (Orviku et al., 2003), may be dominant

in the eastern Gulf of Finland (Ryabchuk et al., 2011a) and

possibly important in the Gulf of Riga as well (domain 4,

Najafzadeh et al., 2024). Somewhat unexpectedly, the cur-

rent rapid loss of sea ice has the largest impact in terms

of average wave properties on the shores of the eastern

Gulf of Finland and is weaker in the north of the Baltic Sea

(Najafzadeh et al., 2022). This feature reflects the general

perception that climate driven-changes to ice properties

are the largest at the latitudes of the Gulf of Finland (Matti

Leppäranta, personal communication, 02.12.2022). In this

context, it is likely that changes to all main coastal drivers

(except for sea level rise) currently affect most strongly

the shores of the Gulf of Finland. This potentially means a

higher vulnerability of the beaches and increased erosion

rates onmany parts of the coast of the Gulf of Finland in the

near future. Sergeev et al. (2018) suggest that under the

‘pessimistic’ scenario of extreme storm frequency, many

shorelines in the eastern Gulf of Finland could retreat by

7–8 meters from their 2017 positions by 2027.

Finally, we note that an obvious limitation of our anal-

ysis is that it relies on statistics of water level, wind and

waves, and properties of single storms, and it overlooks the

potential impact of storm sequences. It is well known that

beach profile evolution and thus also changes to the shore-

line under specific storm sequencesmay be radically differ-

ent from such an evolution under single storms when less

energetic wave conditions have had an opportunity to re-

cover/refill the beach (Baldock et al., 2017). Storm groups

sometimes do not allow the profile time to recover andmay

produce changes typical of less frequent, longer duration,

and more intense storms (Birkemeier et al., 1999). The

seabed change is not necessarily proportional to the storm

power of single events within the cluster. This may re-

sult in greater change to the beach also during less severe

subsequent storms (Dissanayake et al., 2015; Różyński,

2023) and may make it not possible to scale-up single-

storm erosion studies into predictions of cluster-storm

erosion (Coco et al., 2014) but still does not necessarily

mean increased beach erosion by storm sequences (Angnu-

ureng et al., 2017; Eichentopf et al., 2020).

Another obvious limitation of the analysis is the omis-

sion of riverine sediment flux into the study area. This

position is probably applicable for the shores of Latvia,

Lithuania and Estonia where the inflow of sand from rivers
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is fairly minor. However, this flux is clearly non-negligible

for many sections of Polish beaches. These aspects defi-

nitely need to be considered in future studies.

6. Conclusions
A common signal over the last decades along sedimentary

shores of the southern and eastern Baltic Sea is intensifica-

tion of coastal processes and accelerated coastal erosion in

many locations. Despite the complicated nature of coastal

changes and their drivers, the existing pool of research

makes it possible to distinguish spatially varying roles of

core drivers of coastal evolution in some locations.

The properties and intensity of the factors that drive

a large part of the coastal evolution are highly variable

along the coast of the Baltic Sea. Moreover, changes to the

main coastal drivers, such as sea level, waves, and sea ice,

have different roles in different areas. This is one of the

reasons why both the implications and impact of climate

change vary considerably along the coast of the Baltic Sea.

The impact of climate-driven sea level rise is the strong-

est in the southern part of the sea where global sea level

rise is greater than crustal subsidence and likely contribu-

tes to the coastal retreat. This impact can be attributed

with high likelihood to the climate change. The magnitude

and role of this driver decrease to the north-east, and it

becomes insignificant to the north of the latitudes of the

Gulf of Riga. On the contrary, the possible impact of an

increase in extreme water levels is greatest on the eastern

shores of the Gulf of Riga and Gulf of Finland andmoderate

elsewhere.

The frequent presence of ice cover during the windy

part of the cold season stabilises the beaches of the north-

eastern shores. Globalwarminghas significantly decreased

the extent of the sea ice and the duration of the ice sea-

son length in the Baltic Sea. Variations in the impact of

this driver have a complicated spatial pattern. Changes

in the ice regime are minor in the southern part of the

Baltic Sea, where frozen sea is uncommon. The impact of

these changes is greatest at latitudes of the Gulf of Riga

and the Gulf of Finland, where a significant decrease in the

ice season length has already greatly reduced the natural

protection of beaches and possibly promoted higher rates

of coastal erosion.

Changes in wave properties appear to influence the

magnitude of coastal processes primarily along the south-

ern shores of the Baltic Sea, south of Cape Taran, and the

northern shores of Estonia. The shores of the West Es-

tonian Archipelago, Latvia, and Lithuania function under

a delicate balance of wave systems generated by south-

western and northerlywinds. Modifications of this balance

have the strongest impact, including changes in the entire

sediment transport pattern in this domain. The impact of

possible changes to strongwind directions in single storms

and associated wave setup phenomena is apparently lim-

ited to pocket beaches in Estonia.

The coremessage of the analysis is that (i) the impact of

individual manifestations of climate change varies greatly

in different parts of the Baltic Sea and (ii) the reaction

of coastal processes to this impact is extremely heteroge-

neous, substantially site-specific, and becomes evident in

varying ways across different coastal segments and sub-

basins of the sea.
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(Eds.), Coastline Changes of the Baltic Sea from South to

East. Coast. Res. Library, 19, Springer, Cham, 87–106.

https://doi.org/10.1007/978-3-319-49894-2_6

Dissanayake, P., Brown, J.,Wisse, P., Karunarathna, H., 2015.

Effects of storm clustering on beach/dune evolution.

Mar. Geol. 370, 63–75.

https://doi.org/10.1016/j.margeo.2015.10.010

Divinsky, B.V., Ryabchuk, D.V., Kosyan, R.D., Sergeev, A.Y.,

2021. Development of the sandy coast: Hydrodynamic

and morphodynamic conditions (on the example of the

Eastern Gulf of Finland). Oceanologia, 63 (2), 214–226.

https://doi.org/10.1016/j.oceano.2020.12.002

Dluzewski, M., Dluzewska, J.R., Hesp, P.A., Tomczak, J.O.,

Dubis, L., 2023. Impact of coastline orientation on the

dynamics of foredune growth (ŁebaBarrier, southBaltic

Sea coast, Poland). Miscellanea Geographica 27 (4),

147–156.

https://doi.org/10.2478/mgrsd-2023-0020

Dodge, S.E., Zoet, L.K., Rawling, J.E., Theuerkauf, E.J., Han-

sen, D.D., 2022. Transport properties of fast ice within

the nearshore. Coast. Eng. 177, 104176. https://doi.

org/10.1016/j.coastaleng.2022.104176
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Girjatowicz, J.P., Świątek, M., 2020. Relationships between

the Baltic Sea ice extent and ice parameters in the shel-

tered basins of the southern Baltic coast. Oceanol. Hy-

drobiol. Stud. 49 (3), 291–303.

https://doi.org/10.1515/ohs-2020-0026
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Hünicke, B., Zorita, E., Soomere, T., Madsen, K.S., Johans-
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Eesti randade areng viimastel aastakümnetel kliima

ja rannikumere hüdrodünaamiliste muutuste tagajär-

jel. Terasmaa, J., Truus, L., Kont, A. (Toim.) 30 aastat
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Leppäranta, M., Myrberg, K., 2009. Physical Oceanography

of the Baltic Sea. Springer, Berlin, 378 pp.

https://doi.org/10.1007/978-3-540-79703-6
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Šakurova, I., Kondrat, V., Baltranaitė, E., Vasiliauskienė, E.,
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