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Introduction 
Scientific Background and Motivation 
The Baltic Sea is a semi-enclosed marginal sea in Northern Europe. It is an important 
resource for many countries, and is characterised by a complex and dynamic coastal 
environment, ranging from long sandy beaches to extensive bedrock shores and 
archipelagos (Leppäranta and Myrberg, 2009). Its low tidal range, brackish water, 
complex geometry, shallow bathymetry and the predominance of wind-seas (relatively 
young wind-driven waves) over swells distinguishes it significantly from typical 
open-ocean systems. It is also characterised by strong variation in coastal vulnerability 
(Bagdanavičiūtė et al., 2015), particularly in the eastern (Barzehkar et al., 2024) and 
southern Baltic Sea where the sandy-sediments dominated low lying shores are highly 
sensitive to variations in wave climate and associated wind forcing (Eelsalu et al., 2025). 
In those areas, even moderate changes to the hydrodynamic conditions can lead to 
significant morphodynamic changes, including shoreline retreat, sediment redistribution 
and alterations to the sediment transport pathways (Harff et al., 2017a, Weisse et al., 
2021). 

Over recent decades, increased awareness about coastal vulnerability has resulted 
in growth in interest to understand the conditions and behaviour of contemporary 
sedimentary coastlines in the Baltic Sea (Harff and Meyer, 2011). This is further 
highlighted by the climate change implications, including rising sea level (Cazenave et al., 
2018), altered storm patterns (Rantanen et al., 2024) or shifts in dominant wind regimes, 
in both the wind direction and the frequency of extreme events (Soomere, 2024). 
Effective coastal zone management and hazard mitigation drive a need for developing 
accurate predictions of how these drivers affect the sediment transport patterns in the 
region, which in turn depend heavily on high-quality environmental data, which can be 
lacking in both quantity and quality at times (Pranzini and Williams, 2013). 

Coastal Wave Dynamics and Modelling Framework 
The scarcity of long-term in situ wave measurements, especially in coastal and nearshore 
zones of the eastern and south-eastern Baltic Sea (Suursaar, 2015), is a factor which 
contributed to numerical wave models becoming essential tools in Baltic coastal 
research (Soomere and Healy, 2011). Among these, SWAN (Simulating WAves 
Nearshore, Booij et al., 1999) and WAM (WAve Model, Komen et al., 1994) have proven 
to be particularly well-suited for applications in basins like the Baltic Sea (Tuomi et al., 
2011; Björkqvist et al., 2018b). Both are third generation spectral wave models capable 
of simulating the generation, growth, propagation and wave-bottom interaction, 
including refraction, as well as dissipation of wind waves and nonlinear quadruplet 
energy exchange between wave components. SWAN added the capacity to account for 
the effect of triadic interactions of wave components in shallow waters (Booij et al., 
1999). It also supports nested grid configurations, which makes it an effective tool for 
studying both large basins and high-resolution local dynamics. A short history of the 
Baltic Sea wave (climate) modelling studies that have employed SWAN or WAM is 
presented in Soomere (2023). 

The reconstructed time series of wave properties have been used to assess 
nearshore energy fluxes (Soomere and Eelsalu, 2014) and to evaluate properties of 
wave-driven alongshore sediment transport (Viška and Soomere, 2013b) in the Baltic 
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Sea over almost one and half decades. The performance of these models is highly 
sensitive to the quality and resolution of the wind forcing (Räämet et al., 2009; Räämet 
and Soomere, 2021), especially in the nearshore regions (Paper I). The resolution of 
such models has only recently reached the level (about 500 m) that is necessary to 
adequately examine the main properties of alongshore wave-driven sediment flux for 
long segments of sedimentary shores. 

The Eastern Baltic Wind and Wave Climate 
The Baltic Sea wave climate is dominated by locally generated wind waves (Broman et al., 
2006; Soomere et al., 2012). This feature reflects the small size of the Baltic proper and 
sub-basins of the Baltic Sea (Figure 1). Technically, swell systems are often present in 
the Baltic Sea (Björkqvist et al., 2021) but wave periods in such systems are much 
shorter than in the open ocean. The prevailing winds in the region vary seasonally. 
The most frequent are south-western winds. A specific feature of the northern Baltic 
proper is the presence of two systems of moderate and strong winds (Soomere and 
Keevallik, 2001; Soomere, 2003; Hünicke et al., 2015). The most frequent among such 
winds are south-western winds whereas north-north-western winds are less frequent 
but can be even stronger (Soomere, 2001). This feature gives rise to a bi-directional 

Figure 1. Location scheme of the Baltic Sea. Graphics by Maris Eelsalu. Modified from Paper II.  
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wave field (Soomere and Räämet, 2011) with significant implications for alongshore 
sediment transport (Soomere and Viška, 2014). The difference in the size of various 
basins of the Baltic Sea, equivalently, natural differences in the fetch length for wave 
generation, cause additional variations in typical and extreme wave properties between 
different sub-basins, such as the Gulf of Finland or Gulf of Riga (Figure 1). This in turn 
leads to significant spatial variability in coastal exposure with respect to the 
predominant wave approach directions and the associated wave energy flux (Soomere 
and Eelsalu, 2014). For example, wave properties in the Gulf of Finland with its narrow, 
elongated shape are especially sensitive to wind directionality (Pettersson et al., 2010; 
Männikus et al., 2024), while in the Gulf of Riga, a broader and more open geometry 
permits the development of directionally more varied wave fields (Paper II). A limited 
connection between the Gulf of Riga and the Baltic proper, and the geometrically 
sheltered nature of the Gulf of Finland with respect to waves excited by south-western 
winds, lead to strong gradients in wave-derived nearshore energy and sediment 
transport potentials in these basins. 

Coastal Sediment Transport and Compartmentalisation 
The described qualitative features of the Baltic Sea wave climate suggest that 
wave-driven alongshore sediment transport in the eastern Baltic Sea is driven primarily 
by the wind-seas. In the Baltic Sea conditions, intense wave-driven alongshore sediment 
transport often results in coastal erosion (Eberhards et al., 2009). Its counterpart – 
accumulation features – may occur at a large distance from the erosion areas (Tõnisson 
et al., 2016). This transport may reduce the performance of coastal defence structures 
(Bernatchez and Fraser, 2012), affect coastal infrastructure design rules and 
maintenance needs (Bulleri and Chapman, 2010), disturb the entire coastal landscape, 
and destabilise coastal socio-ecological systems (Villasante et al., 2023). Its magnitude 
and direction most crucially depend on the wave height, period and incident angle with 
respect to the coastline orientation. The actual transport is also governed by sediment 
properties and availability, and coastal morphology. 

A useful conceptual framework for analysing systems that are shaped by intense 
alongshore transport involves the division of the coastline into sediment (transport) 
cells and compartments,1 where sediment can exchange freely, while passing of 
sediment material between different cells or compartments is limited (Davies, 1974; 
Clayton, 1980; Thom et al., 2018). This framework greatly simplifies the analysis of 
dynamics of longer coastal segments by splitting the system into smaller units. It has 
been used only infrequently and in small sections in the eastern Baltic Sea such as the 
vicinity of Tallinn Bay (Soomere et al., 2007; Eelsalu et al., 2023), mostly in connection 
with numerical simulations of wave-driven sediment transport. 

These compartments can be identified by analysis of local sediment divergence and 
convergence zones, which can often be associated with morphological features such as 
capes, headlands or bays (Viška and Soomere, 2013b). Sediment flux may also be 
greatly affected by various anthropogenic structures such as harbours, jetties and wave 
breakers (Soomere et al., 2007; Paper III) that may partially or fully block the transport. 
On top of that, divergence zones may appear as invisible barriers on almost straight 

1 Following the nomenclature defined in Paper III, in this thesis the term “cell” is used to denote 
relatively small, clearly identifiable elementary sedimentary units while the term “compartment” 
denotes clusters of cells that usually exchange sediment. 
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sections of the coast where they reflect changes in the predominant wave approach 
direction along the shore (Eelsalu et al., 2023). Sets of such locations often split 
sedimentary systems into cells and compartments. This feature simplifies the analysis 
of large coastal systems (Kinsela et al., 2017), makes it possible to better understand 
the functioning of its single parts, and optimises the consideration of various structures 
and beach management actions (such as beach nourishment) (Cappucci et al., 2020; 
Susilowati et al., 2022). Such locations also often serve as natural limits for the 
alongshore propagation of pollution. The identification and analysis of these 
compartments requires detailed modelling of wave conditions and associated transport 
rates, as will be discussed in Chapter 3. 

Impacts of Climate Variability on Sediment Dynamics 
Observed and projected changes in the Baltic Sea wind and wave conditions, including 
changes in wind and wave directions (Bierstedt et al., 2015; Soomere et al., 2015; 
Kudryavtseva and Soomere, 2017) are expected to modify the sediment transport 
regimes in the eastern Baltic Sea. These changes can significantly alter the sediment 
budget and coastal vulnerability of certain areas of the coast, leading to the emergence 
and intensification of erosion hotspots, or their relocation through changes in sediment 
compartments (Eelsalu et al., 2024). Such variations become evident at greatly different 
time scales, from single storms to decades. 

A specific feature of the eastern Baltic Sea is that winds from the above-described 
two predominant directions generate waves that bring to the coasts the majority of 
annual wave energy flux (Eelsalu et al., 2022). Such waves generate oppositely directed 
alongshore sediment transport at many locations of this coastal stretch. Variations of 
their balance may lead to greatly different directional properties of sediment transport 
in differently oriented coastal sectors as highlighted in Paper IV. 

The presence of such bi-directional wind and wave patterns leads to a delicate 
balance of wave-driven transport on some parts of the eastern Baltic Sea coast 
(Soomere and Viška, 2014). Any change to this balance can significantly modify the 
alongshore sediment transport (Flor-Blanco et al., 2021) and may lead to drastic 
consequences, e.g., to the loss of stability of even major landforms, such as the 
Curonian Spit (Figure 1) (Viška and Soomere, 2012). The existing balance can be altered, 
e.g., by an increase in the frequency of south-western winds that has been observed in
wintertime in the Baltic Sea basin (Jaagus and Kull, 2011, Bierstedt et al., 2015). As wind
wave heights have not significantly increased in the eastern Baltic Sea (Sokolov and
Chubarenko, 2024), it is likely that several observed phenomena, such as an increase in
the long-term mean rate of coastal retreat on some segments of Latvian shores since
the 1990s (Eberhards and Lapinskis, 2008), rapid shoreline changes at some locations in
the West Estonian Archipelago (Figure 1) (Suursaar et al., 2015) or changes in the
potential net alongshore sediment transport along the Baltic proper coasts of Lithuania
and Latvia 1970–2007 (Soomere et al., 2015), may be attributed to changes in the
directional structure of winds. Paper V makes an attempt to highlight more exactly the
nature of these changes on the eastern shore of the Baltic proper.

The material elaborated in Chapter 3 is crucial for the understanding and recognition 
of such changes, and carries implications for coastal stability, infrastructure vulnerability 
(Barzehkar et al., 2024) and overall sediment management activities (Šakurova et al., 
2025), particularly with the scenarios of regionally effective increases in sea level 
extremes (Viigand et al., 2025) and changes in storm activity (Lorenz et al., 2025). 
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Scope and Objectives of the Thesis 
This thesis aims to advance the current understanding of alongshore wave-driven 
sediment transport in the eastern Baltic Sea, by employing high resolution wave 
modelling and systemic analysis. 

The primary objectives are to: 
• provide a properly calibrated and validated wave modelling basis of suitable quality

in order to perform systemic calculations of alongshore sediment transport
properties;

• characterise performance of contemporary global and local wind datasets for wave
climate simulations in the entire Baltic Sea and in the nearshore of Estonia;

• create a detailed description of the Gulf of Riga wave climate for engineering
purposes;

• evaluate the main properties of alongshore net and bulk sediment transport for
the sedimentary system of the eastern Baltic Sea;

• identify the main sediment compartments, to provide boundaries, and to assess
the potential influence of climate-driven changes on sediment transport.

The thesis is organised into three main chapters. Chapter 1 presents the SWAN 
model setup and evaluates its performance using two different wind datasets, 
particularly focusing on the Baltic proper and Gulf of Riga. An important outcome is a 
set of time series of wave properties for the entire Baltic Sea at a moderate resolution 
that is used as boundary information for subsequent higher-resolution simulations 
of nearshore wave properties for a longer segment of the eastern Baltic Sea, from the 
Gulf of Riga to the Sambian (Samland) peninsula (Figure 1). Chapter 2 explores 
spatio-temporal variability of the wave climate in the Gulf of Riga, combining the 
outcome of Chapter 1 with high-resolution model simulations and observational data. 
Chapter 3 focuses on the sediment transport patterns along the sedimentary shores of 
the eastern Baltic proper from Cape Taran in Kaliningrad District to Pärnu Bay (Figure 1) 
in the Gulf of Riga, driven by the data from simulations presented in Chapter 1 and 
Chapter 2, and providing a detailed description of alongshore sediment transport rates, 
their spatio-temporal variations, and the natural and engineered barriers to sediment 
fluxes, developing compartmentalisation of the study area and exploring recent changes 
in the directional structure of wave forcing. The conclusions, serve to synthesise the key 
findings, discuss the methods used, and highlight the achievements of this research, 
also outlining the direction for possible future research. 

Presentations to the Scientific Community 
The basic results presented in this thesis have been presented by the author at the 
following scientific events: 

Oral presentations 
Giudici, A., Männikus, R., Najafzadeh, F., Jankowski, M.Z., Soomere, T., Suursaar, Ü., 
2022. High resolution wave model for coastal management and engineering. Science 
Days for the Gulf of Finland and the eastern Baltic Sea (30 November–01 December 
2022, Helsinki, Finland). 
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Jankowski, M.Z., Eelsalu, M., Parnell, K.E., Soomere, T., Viska, M., 2023. Modelled rates 
of potential bulk and net sediment transport along the Gulf of Riga coastlines. The Gulf 
of Finland and Eastern Baltic Sea Science Days 2023 (16–17 November 2023, Tallinn, 
Estonia). 
Jankowski, M.Z., Parnell, K.E., Soomere, T., Eelsalu, M. 2023. Longshore sediment 
transport analysis for the Gulf of Riga based on high-resolution wave model results. 13th 
International Workshop on Modeling the Ocean (IWMO) (27–30 June 2023, Hamburg, 
Germany). 
Jankowski, M.Z. Parnell, K.E., Soomere, T., 2024. Decomposing alongshore sediment 
transport into cells and compartments: A case study in the Gulf of Riga, the Baltic Sea. 
8th IAHR Europe Congress “Water – Across boundaries” (4–7 June 2024, Lisbon, 
Portugal). 
Soomere, T., Jankowski, M.Z., Parnell, K.E., 2024. Intriguing variations of sediment 
transport in the Gulf of Riga. 5th Baltic Earth Conference “New Challenges for the Baltic 
Sea Earth System Research” (13–17 May 2024, Jūrmala, Latvia). 
Jankowski, M.Z., Soomere, T., Parnell, K.E., Eelsalu, M., 2024. Sediment transport along 
the eastern coast of the Baltic Sea. 4th Scientific Conference of Polish Marine 
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Jankowski, M.Z., Soomere, T., Eelsalu, M., Parnell, K.E., 2025. Temporal variability of 
alongshore sediment transport in the eastern Baltic Sea. Baltic Sea Science Congress 
2025 (26–30 May 2025, Sopot, Poland). 

Poster presentations 
Giudici, A., Männikus, R., Najafzadeh, F., Jankowski, M.Z., Soomere, T. Suursaar, Ü., 
2022. High-resolution wave model for coastal management and engineering in the 
eastern Baltic Sea. 4th Baltic Earth Conference “Assessing the Baltic Sea Earth System” 
(30 May–03 June 2022, Jastarnia, Poland). 
Jankowski, M.Z., Parnell, K.P., Soomere, T., Eelsalu, M., Viska, M., 2023. Analysis of 
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Viška, M. (presenter), Tõnisson, H., Männikus, R., Jankowski, M.Z., 2024. Coastal 
dynamics of the Daugavgriva Island beach in the Gulf of Riga, Latvia. 5th Baltic Earth 
Conference “New Challenges for the Baltic Sea Earth System Research” (13–17 May 
2024, Jūrmala, Latvia).  
Jankowski, M.Z., Soomere, T. (presenter), Parnell, K.P, Eelsalu, M., 2024. Alongshore 
sediment transport in the Eastern Baltic Sea. 17th International Coastal Symposium 
(ICS2024) “Coastlines Under Global Change” (24–27 September 2024, Doha, Qatar).  
Eelsalu, M. (presenter), Soomere, T., Jankowski, M.Z., 2024. Climate change driven 
alongshore variations of directional forcing of sediment transport on the eastern Baltic 
Sea coast. 17th International Coastal Symposium (ICS2024) “Coastlines Under Global 
Change” (24–27 September 2024, Doha, Qatar). 



15 

Poster presentations by co-authors 
Najafzadeh, F. (presenter), Jankowski, M., Giudici, A., Männikus, R., Suursaar Ü., 
Soomere, T., Viska, M., 2023. Wave climate and its variability in the Gulf of Riga. Baltic 
Sea Science Congress 2023 (21–25 August 2023, Helsinki, Finland). 
Giudici, A. (presenter), Männikus, R., Najafzadeh, F., Jankowski, M.Z., Soomere, T., 
2023. High-resolution Baltic Sea wave climatology obtained from two modelled wind 
data sets: a comparison. Baltic Sea Science Congress 2023 (21–25 August 2023, 
Helsinki, Finland). 
Giudici, A. (presenter), Jankowski, M.Z., Männikus, R., Najafzadeh, F., Soomere, T., 
2023. Baltic Sea Wave Climatology Dataset: high-resolution validation and comparison 
of the wave properties calculated using two input winds for the period 1979–2022. The 
Gulf of Finland and Eastern Baltic Sea Science Days 2023 (16–17 November 2023, 
Tallinn, Estonia). 
Giudici, A. (presenter), Männikus, R., Jankowski, M.Z., Soomere, T., 2024. Analysis of 
wave properties in the Baltic Sea: integrating findings from the Gulf of Finland, Gulf of 
Riga and Western Baltic Coasts. 5th Baltic Earth Conference “New Challenges for the 
Baltic Sea Earth System Research” (13–17 May 2024, Jūrmala, Latvia). 



16 

Abbreviations 
BaltAn65+ Baltic regional reanalysis atmospheric dataset (Luhamaa et al., 2011) 
CERC Coastal Engineering Research Centre 
COSMO COnsortium for Small-scale MOdeling 
ECMWF European Centre for Medium-Range Weather Forecasts 
EMI Estonian Marine Institute 
ERA5 ECMWF Reanalysis v5 
ERA-40 An earlier version of ECMWF reanalysis 
ERA-Interim An earlier version of ECMWF reanalysis 
FMI Finnish Meteorological Institute 
𝐻𝐻𝑠𝑠  Significant wave height 

rmsd root mean square difference 
HIRLAM High Resolution Limited Area Model 
𝑅𝑅 Pearson correlation coefficient 

ADCP Recording Acoustic Doppler Current Profiler 
SWAN Wave model Simulating WAves Nearshore (Booij et al., 1999) 
SMHI Swedish Meteorological and Hydrological Institute 
𝑇𝑇𝑝𝑝 Peak wave period 
𝑇𝑇𝑚𝑚02 Mean wave period 

WAM WAve Model (Komen et al., 1994) 
USACE United States Army Corps of Engineers 



17 

1 Wave modelling of the Baltic Sea 
1.1 Introduction 
Wave fields in the Baltic Sea are characterised by high spatial and temporal variability 
(Björkqvist et al., 2018b), governed by a combination of unique drivers and properties 
of this semi-enclosed sea. Those properties include highly irregular coastline geometry, 
a complex local wind regime and a much smaller size than the open ocean basins 
(Leppäranta and Myrberg, 2009). As the fetch is commonly only a few hundred or even 
a few tens of kilometres, wave fields are usually fetch-limited and classic regular 
long-period swell is a rare phenomenon (Broman et al., 2006). It is thus essential for 
various applications, to accurately replicate the time series of properties of wind driven 
waves of the Baltic Sea. Such simulations are often complicated by a scarcity of 
observational data that can be utilised for calibration and validation of wave models. 
As a result, the consequences of, for example, changes to wind forcing, remain uncertain. 

This chapter follows Paper I and focuses on the configuration, validation and 
comparison of the performance of two long-term wave hindcasts using the 
third-generation spectral model SWAN (Booij et al., 1999). The model is applied across 
the entire Baltic Sea using a triple-nested grid as described in Section 1.2.1. This approach 
makes it possible to replicate wave properties in the entire sea with a resolution of 
3 nautical miles (nmi; 1 nmi = 1852 m) down to 560 or 280 m in selected coastal areas 
(Figure 2). The simulations were performed for the time period 1991–2021, aligning 
with the most recent climatological normal, 1990–2020. Most of the model calibration 
and validation is performed for the 3 nmi implementation, encompassing the entire 
Baltic Sea as most long-term instrumental wave measurements are made in open parts 
of the sea. A particular focus of Paper I and Chapter 1 is the Gulf of Finland, which is an 
oceanographically and meteorologically complex sub-basin of the Baltic Sea (Figure 1, 
Figure 2), while Paper II and Chapter 2 concentrate on the Gulf of Riga that has a more 
regular shape and has less wave impact from the Baltic proper. 

The novelty of this study stems from the use of two high-quality atmospheric 
reanalysis products: the global initiative ERA5 (Hersbach et al., 2020) and a local 
reanalysis BaltAn65+ (Luhamaa et al., 2011). The idea is to not only reconstruct the 
wave climate and build time series of wave properties for subsequent work but also to 
evaluate the sensitivity of modelled wave parameters with respect to differences in the 
wind data resolution and underlying physics, while taking the differences in temporal 
coverage into account. The results highlight clear spatial differences in the modelled 
wave climate and depict where the two wave datasets differ most significantly. 

The chapter starts from a discussion of the model setup, the nested grid system and 
the bathymetric data, followed by a description of the calibration and validation steps 
and results. A comparison between modelled and recorded2 wave parameters focuses 
on significant wave height (𝐻𝐻𝑆𝑆) and peak wave period (𝑇𝑇𝑝𝑝) and is conducted in the 
open sea, and in coastal and nearshore locations. The chapter discusses statistical 
characteristics of the simulated wave climate and assesses the differences introduced 

2 Instrumental wave measurements do not directly measure statistical properties of wave fields, 
such as significant wave height or peak period. These properties are calculated from measurable 
quantities. The relevant procedures vary depending on the particular device and approach. For 
this reason, the term “recorded” is used in this thesis to denote statistical properties of wave 
fields retrieved using in situ instrumental measurements or satellites. 
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by using the two wind products, both for long-term averages as well as higher quantiles 
suitable for the analysis of extremes. The final section reflects on the broader 
implications of these findings for Baltic Sea wave modelling practice. 

1.2 SWAN Model Setup 
In order to replicate wave properties of the Baltic Sea, the SWAN model version 41.32A 
was configured using a triple-nested grid architecture optimised for both computational 
efficiency and spatial resolution in the areas of interest for long-term (multi-decadal) 
hindcast simulations. As the outcome of simulations was further used to evaluate the 
properties of alongshore transport, it was necessary to accurately represent not only 
wave properties in the offshore (that are relatively well known; Björkqvist et al., 2018b; 

Figure 2. a) First level (BSMain, the entire Baltic Sea) and second level grids (boxes) and their 
spatial resolution used in various simulations with the SWAN model. See Section 1.2.1 for their 
description. b) Location and spatial resolution of the third level (the innermost) grids for the 
southern shore of the Gulf of Finland. The numbers below the name of the grid show resolution in 
degrees and number of grid cells in both directions. From Paper I. 
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Sokolov and Chubarenko, 2020, 2024) but even more importantly, also adequately 
replicate nearshore bathymetry and coastal geometry that substantially impact the 
quality of wave simulations in some parts of the Baltic Sea (Björkqvist et al., 2018a). 
These features are critical, especially for reliable replication of wave propagation and 
dissipation in the nearshore zones (Alari and Raudsepp, 2010), specifically as wave 
properties at the breaker line govern the properties of alongshore transport (USACE, 
2002). 

The waves are described by a two-dimensional (2D) wave action density spectrum 𝑁𝑁. 
Its evolution is governed by the wave action balance equation, which, in Cartesian 
coordinates without ambient currents, takes the form:  

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑐𝑐𝑥𝑥𝑁𝑁
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑐𝑐𝑦𝑦𝑁𝑁
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑐𝑐𝜎𝜎𝑁𝑁
𝜕𝜕𝜕𝜕

+
𝜕𝜕𝑐𝑐𝜃𝜃𝑁𝑁
𝜕𝜕𝜕𝜕

=
𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡
𝜎𝜎

 . (1) 

The terms on the left-hand side of this equation represent the rate of change and 
propagation of wave energy in a two-dimensional geographical space, as well as the 
modification in group speed and wave propagation direction caused by variations in 
depth and depth-induced refraction. The 𝑥𝑥- and 𝑦𝑦- components of the group velocity 
are denoted as 𝑐𝑐𝑥𝑥  and 𝑐𝑐𝑦𝑦. The spectral space is defined with angular frequency 𝜎𝜎 and 
the direction of propagation 𝜃𝜃. The propagation velocities in the spectral space are 
expressed with respective quantities 𝑐𝑐𝜎𝜎  and 𝑐𝑐𝜃𝜃. The quantity 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 on the right-hand side 
stands for the the sum of all processes that represent generation, dissipation or 
redistribution of wave energy in SWAN. Further expressions for spectral velocities were 
used as explained in the SWAN technical manual (The SWAN team, 2019).  

The model was validated mostly against instrumental wave measurements in the 
region covered by the coarse grid, while a few such locations were also employed in 
areas covered by the medium-resolution grid (Figure 2). Model validation for several 
locations in the higher-resolution grid is discussed in Chapter 2. This accurately validated 
wave information was used as input information for nearshore higher-resolution 
simulations in Chapter 2 that accounted for the geometric and bathymetric features of 
the area, which govern wave transformation processes like refraction, shoaling, other 
wave-bottom interactions, and breaking. 

Wave fields naturally interact with sea ice, currents, and varying water level. 
The impact of sea ice on wave fields is substantial in the northern parts of the Baltic Sea 
(Tuomi et al., 2019) while the impact of currents and varying sea level may be 
significant in strong storms (Viitak et al., 2016). 

As information about surface currents is not available and the presence of currents 
usually only insignificantly modifies the properties of wave fields in water bodies of 
similar size (Causio et al., 2021; Kanarik et al., 2021), the contribution of currents into 
the development of wave fields is ignored. Ignoring sea ice may result in an 
underestimate of the total annual wave energy flux in the nearshore of the Gulf of Riga 
by up to 15% (Najafzadeh et al., 2024), while this impact is clearly smaller for the 
coastal stretch from Cape Kolka to Cape Taran (Figure 1), addressed in Chapter 3. This 
level of uncertainty was considered acceptable for the analysis in Paper III, Paper IV, 
and Paper V. High water levels and strong waves are often synchronised in the eastern 
Baltic Sea (Soomere et al., 2017; Kudryavtseva et al., 2020; Johansson et al., 2022). 
The resulting actual impact of waves on shore sediment greatly depends on the 
instantaneous water level. However, the quantities evaluated in Paper III, Paper IV, and  
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Paper V are invariant with respect to the water level. Based on the listed arguments, 
the presence of sea ice and currents as well as the possibility of varying water level 
were ignored in the simulations in Paper I and Paper II. 

1.2.1 Bathymetric Data 
The grid system incorporated three levels of spatial nesting: 

• Level 1 – BSMain (Baltic Sea Main) grid (Figure 2a), which encompasses the
entire Baltic Sea (Figure 3) at a resolution of about 3 nmi (~5.5 km). This grid is
used to capture large-scale wave dynamics, including basin-scale swell and
wind-sea evolution.

• Level 2 – sub-basin grids for the Gulf of Finland, Gulf of Riga, Lithuanian and
Latvian coasts, and Gdańsk Bay (Figure 1) with a resolution of about 1 nmi
(~1.8 km). This allows for sufficient resolution of wave properties that govern
coastal processes in regions with longer, almost straight segments of shoreline.

• Level 3 – high resolution local coastal grids, varying in resolution between 260 m
and 560 m, selected in key nearshore environments of each sub-basin.
In particular they were used along the northern coast of Estonia (Figure 2b)
within the Gulf of Finland, where the typical size of almost straight coastal
segments is <500 m and a resolution of a few 100s of metres is necessary for
accurately resolving nearshore waves.

Figure 3. Wave (red) and wind (green) measurement locations in the Baltic proper, Sea of Bothnia, 
Bay of Bothnia (Figure 1), Gulf of Finland and Gulf of Riga employed in this thesis. Site P02 –
 Warnemünde represents the south of the Baltic Sea. Sites P19 – Neugrund, P20 – Sundgrund, 
P21 –Suurupi, P22 – Letipea represent the southern nearshore of the Gulf of Finland. P23 –
Perämeri represents the Bay of Bothnia, P24 – Selkämeri and P30 – Finngrundet represent the Sea 
of Bothnia, and sites P29 – Huvudskär, P31 – Södra Östersjön, P32 – Knolls grund, P34 –
 Almagrundet, P35-– Ölands södra grund and Pohjois-Itämeri (also known as the northern Baltic 
proper, Tuomi et al., 2011) represent the Baltic proper. Graphics by Maris Eelsalu. From Paper I. 
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The bathymetric data (see a visualisation in Figure 3) was retrieved from the Baltic 
Sea Bathymetry Database3 (Baltic Sea Hydrographic Commission, 2013) for the entire 
basin. This data set was combined with higher-resolution data held by national 
agencies, such as the Estonian Transport Administration and the Latvian Institute of 
Aquatic Ecology, to construct bathymetry and geometry for Level 3 grids in nearshore 
regions. The datasets were bi-linearly interpolated to match the input grid formats of 
SWAN, and smoothed where necessary to suppress numerical instabilities arising from 
sharp depth gradients. The coastline was generated using this bathymetric information 
separately for each level of grid. 

The resolution of 280 m is still insufficient in some parts of the Baltic Sea archipelagic 
areas, like the northern Gulf of Finland or the Archipelago Sea between Finnish 
mainland and the Åland Archipelago (Figure 1), where resolution in the order of 100 m 
is needed to resolve island-induced diffraction and wave shadowing effects (Björkqvist 
et al., 2018a). These effects are acknowledged as a source of residual model error in 
the nearshore spectral structure (Björkqvist et al., 2019). However, these issues do not 
become evident on the southern nearshore of the Gulf of Finland and along the 
sedimentary shores from Pärnu to Cape Taran. 

1.2.2 Wind Data 
Wind is the principal forcing for wave generation, and therefore is the largest source of 
uncertainty in wave modelling (Nikolkina et al., 2014; Soomere, 2023). In the past, wind 
data quality and quantity significantly affected most wave simulations in the eastern 
Baltic proper, while the nearshore of some other locations, e.g., Sweden, was covered 
by adequate wind information (Räämet et al., 2009). In Paper I, two different 
contemporary high-quality reanalysis datasets were used to force wave simulations: 

1) ERA5 (Hersbach et al., 2020) is the fifth generation ECMWF (European Centre 
for Medium-Range Weather Forecasts) product that provides inter alia hourly 
surface wind fields at a horizontal resolution of 0.25° (~30 km). The ERA5 
product incorporates extensive data assimilation (including scatterometry and 
altimetry), modern physics parameterisations, variable roughness length and 
partial ice coverage. 

2) BaltAn65+ (Luhamaa et al., 2011) is a regional atmospheric reanalysis created by 
dynamically downscaling earlier versions of ERA5, namely ERA-40 (Uppala et al., 
2005) and ERA-Interim (Dee et al., 2011) data, using the HIRLAM-B mesoscale 
model (Unden et al., 2002; Eerola, 2013). It operates at an 11 km spatial 
resolution with 6-hourly timesteps, covering the period 1965–2005. Unlike 
ERA5, it uses a fixed roughness length over ice (0.03 m) and assimilates ice data 
without feedback mechanisms. Its core advantage is finer spatial resolution that 
is expected to better reproduce wind properties near the shoreline, especially in 
narrow basins such as the Gulf of Finland. 

For wave simulations, wind input is extracted as 10 m above sea level 𝑢𝑢- and  
𝑣𝑣-components and interpolated onto the wave model via tri-linear (bi-linear spatial and 
linear temporal) interpolation. The wind fields are used as provided in the relevant data  
 
 

 
3 The link used to retrieve bathymetric information for simulations in Paper I and Paper II no 
longer works. The new link to the Baltic Sea Bathymetry portal page is www.bshc.pro. 

http://www.bshc.pro/
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sets, allowing consistent assessment of differences of wave climates reconstructed 
using different wind data sets and the performance of each data sets in terms of the 
resulting wave properties. 

1.2.3 Input Data Validation 
To validate the wind forcing, wind speed and direction from both reanalysis datasets 
were compared to measured data from three meteorological stations (Figure 3):  

• Kalbådagrund in the middle of the Gulf of Finland is an offshore station with
minimal coastal influence, often used as a benchmark for wave reconstruction
in the region (Soomere, 2005). Wind properties are recorded 32 m above sea
level. Wind speed was reduced to the 10 m level using a correction factor 0.85
(Launianen and Laurila, 1984; Soomere, 2005).

• Vilsandi meteorological station on a small island 6 m above the mean water
level located in the western periphery of the West Estonian Archipelago is
exposed to predominant westerly winds. The data are often used for
estimating parameters of wind climate and for validating extreme wind events.
Wind properties were collected at 10 m height and used without correction.

• Parainen Fagerholm weather station is located at the Gulf of Finland entrance
in southwest Finland, 6 m above the mean water level and is expected to
represent well marine wind properties. The recordings are to some extent
sensitive to wind direction and coastal convergence effects. Wind properties
were collected at 10 m height and used without correction.

Comparison of monthly mean modelled and recorded wind speeds (Figure 4) 
revealed that the ERA5 wind product performed better during the summer months 
(June–August), closely matching observed means at all stations, while the winds in the 
BaltAn65+ data set overall presented a lower bias. Both datasets show high correlation 
with measured data, with the relevant correlation coefficients (𝑅𝑅) generally exceeding 
0.95. However, ERA5 wind data consistently underestimated strong wind events, with 
BaltAN65+ data capturing these better (Paper I), apparently due to its finer resolution 
and regional tuning. These discrepancies directly influence the wave generation potential, 
particularly in storm conditions in fetch limited regions, where short-lived directional 
changes can govern the development of peak wave heights. 

1.3 Model Calibration and Validation 
The SWAN model allows the selection of user-defined values for a number of  
parameters: whitecapping coefficient, bottom friction-induced energy dissipation, 
depth-induced wave breaking, nonlinear transfer of wave energy through three-wave 
interacttions, and the wind drag coefficient. An aim in Paper I was to identify an 
optimum set of these parameters that would provide adequate results in the entire 
Baltic Sea, first of all in the Baltic proper, Gulf of Finland and Gulf of Riga. This task was 
crucial to provide high-quality information about wave properties for high-resolution 
simulation of wave time series in the eastern nearshore of the Baltic Sea for use in 
Paper III and Paper IV. The parameters were iteratively adjusted to maximise first of all 
the accuracy of the model in strong storms that generate particularly intense 
alongshore transport. 
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The following options were selected (Paper I): the whitecapping coefficient 𝛿𝛿 = 1 as 
suggested in Pallares et al. (2014) and Rogers et al. (2003), the bottom friction 
coefficient 0.038 m2/s3 following Zijlema et al. (2012); the parameters for the  
depth-induced wave breaking source term 𝛼𝛼 = 1 and 𝛾𝛾 = 0.73. As suggested by 
Björkqvist et al. (2018a), wind drag parameterisation was taken from Wu (2012) and 
the default parameters for whitecapping were selected from Komen et al. (1984). 

Modelled wave parameters were compared in Paper I with a suite of in situ wave 
measurements from across the Baltic Sea (Figure 3). The validation targeted two main 
wave parameters, significant wave height (𝐻𝐻𝑆𝑆) and peak wave period (𝑇𝑇𝑝𝑝). Significant 
wave height is the most stable and reliable wave parameter and is directly comparable 
between models and observations. It is defined as 𝐻𝐻𝑆𝑆 = 4�𝑚𝑚0, where 𝑚𝑚0 is the zeroth 
moment of the wave spectrum. Peak wave period represents the inverse of the spectral 
peak frequency (the frequency at which the wave energy reaches its maximum). This 
period thus normally is the period of the highest waves in the field. This quantity is 
often used to assess energy propagation and storm maturity. However, 𝑇𝑇𝑝𝑝 is sensitive 
to spectral noise and limited measurement duration, particularly in short records 

Figure 4. Seasonal distribution of the average measured and modelled wind speeds from the two 
wind datasets at Kalbådagrund, Vilsandi, and Parainen (Fagerholm) (Figure 3). Two bars of the in 
situ data correspond to time periods 1991–2021 for a comparison with ERA5 data and 1985–2005 
for a comparison with BaltAn65+ data, respectively. Adjusted from Paper I. 
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and/or during mixed multi-modal sea states (e.g., Ahn, 2021; Muraleedharan et al., 
2023). For validation, only data with 𝐻𝐻𝑆𝑆 > 0.5 m was included, following Björkqvist 
et al. (2018b), to reduce the influence of poorly resolved small waves. Together with 
wave propagation direction, 𝐻𝐻𝑆𝑆 and 𝑇𝑇𝑝𝑝 govern the properties of wave energy flux in the 
nearshore and wave-driven alongshore sediment transport, addressed in Papers III–V.  

In situ recorded data were drawn from long-term deployments of directional 
waveriders operated by the Finnish Meteorological Institute (FMI) and the Swedish 
Meteorological and Hydrological Institute (SMHI). These data sets provide information 
about wave properties in the offshore of the Baltic Sea, in one location of the Gulf of 
Finland and in three locations of the Gulf of Bothnia4 (Figure 1). These data sets were 
complemented with recordings made during several shorter measurement campaigns 
by the Estonian Maritime Institute (EMI) in the nearshore of the Gulf of Finland and on 
the western coast of Saaremaa (Figure 1) using a recording acoustic Doppler current 
profiler (ADCP) (Suursaar, 2015). Collectively these datasets provide information over 
several decades and cover a large variety of conditions. 

Comparisons of modelled and measured wave properties were made at the model 
grid points nearest to each measurement site, with temporal interpolation made to 
match the measurement time slots. The recorded wave properties were typically 
available either hourly or every 30 minutes. Validation statistics were calculated for 
each wind forcing separately and in overlapping periods where applicable, including 
metrics such as bias, root mean square difference (rmsd) and Pearson correlation 
coefficient (𝑅𝑅). 

1.3.1 Significant Wave Height 
The validation of data modelled using BaltAn65+ is performed in Paper I only for the time 
period 1985–2005 because of the lack of earlier instrumental wave measurements. 
The ERA5 wind dataset also covers a more recent time period, 1991–2021, for which 
numerous measured data sets are available. The validation dataset comprises over a 
dozen locations across the Baltic Sea (Figure 3). 

The focus in Paper I is on three open-sea locations in radically different domains of 
the sea where wave properties have been recorded over at least 15 years: at Ölands 
södra grund, Almagrundet and near Warnemünde (Figure 3). The bias and rmsd 
between modelled and recorded 𝐻𝐻𝑆𝑆 are in the range from 0.09 to 0.29 m and from 0.20 
to 0.41 m, respectively, for the two model runs. Thus, the models slightly overestimate 
wave height while the run forced by BaltAn65+ often shows smaller bias and rmsd. Only 
the run forced by BaltAn65+ slightly underestimates wave heights at Pohjois-Itämeri 
(also known as northern Baltic proper, Figure 3). The bias is thus fairly small for both 
modelled data sets at Ölands södra grund and near Warnemünde while the correlation 
coefficient varies from 0.88 to 0.97, being the highest at Pohjois-Itämeri (Paper I). 
These values are almost the same for simulations for southern regions of the Baltic Sea 
using COSMO (COnsortium for Small-scale MOdeling, www.cosmo-model.org) winds 
(Sapiega et al., 2023) and for simulations for the entire Baltic Sea that used ERA5 wind 
data and took sea ice into account (Björkqvist et al., 2018b). 

4 This thesis uses the notion from Leppäranta and Myrberg (2009) that the Gulf of Bothnia 
denotes the entire sea area to north of the Sea of Åland and the Archipelago Sea (Figure 1), and is 
divided into Sea of Bothnia in the south and Bay of Bothnia in the north. 
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The level of scatter of 𝐻𝐻𝑆𝑆 is also fairly small for all locations with contemporary 
measurements in the Baltic proper, such as Pohjois-Itämeri (Figure 5) but is clearly 
larger for the historical Almagrundet data that had certain quality issues (Broman et al., 
2006) even though the correlation coefficients for time series of modelled and recorded 
𝐻𝐻𝑆𝑆 were fairly large, 0.92 and 0.91, for the ERA5 and BaltAn65+ forcing, respectively. 

The run forced with ERA5 data also replicated 𝐻𝐻𝑆𝑆 well in the Sea of Bothnia where 
the run forced with BaltAn65+ data had almost no matching recorded data. 
The correlation coefficient was 0.6 in both measurement locations while bias was 
0.15/0.17 m and rmsd was 0.25/0.28 m. As the measurement devices were deployed 
only during the ice-free season in this domain, these comparisons cover only a part of 
the time. The match was even better for both runs and wave data from Suomenlahti 
(Figure 3) in the Gulf of Finland. The bias, rmsd and correlation coefficient were 
0.01/0.1 m, 0.20/0.21 m, and 0.94/0.94 for the runs forced with the BaltAn65+ and 
ERA5 data, respectively (Paper I). Similar values were obtained for a run that used the 
ERA5 forcing and took ice cover into account (Björkqvist et al., 2018b). 

The match of recorded and modelled wave properties in the nearshore can only be 
evaluated for the run forced by ERA5 wind data as there are no earlier measured data 
available. This match, evaluated using wave properties in the innermost high-resolution 
grids (Figure 2, Figure 3), is highly variable for four locations in the southern nearshore 
of the Gulf of Finland (Paper I). The bias varies from 0.21 to 0.51 m, rmsd from 0.24 to 
0.58 m, and correlation coefficient from 0.76 to 0.93 in these locations. The match is 
better for sites located near straighter coastline segments with smoother bathymetry 
(Sillamäe, Figure 1, and Letipea, Figure 3). These measurements only reflect ice-free 
periods and thus the match is not affected by ignoring sea ice in the model. 

Therefore, both runs described in Paper I provide high-quality reproduction of wave 
height time series for offshore locations of the Baltic proper, Gulf of Bothnia and Gulf of 
Finland. The statistical quantities characterising the match of modelled and measured 
wave properties differ insignificantly. They are slightly better for the run forced with 
BaltAn65+ wind data. This advantage cannot be realised for the current situation as this 
run only covers years 1965–2005. However, the match of modelled and measured 
nearshore wave height is acceptable only in places with relatively smooth bathymetry 
and simple geometry of the coast. 

Figure 5. Comparison of 𝐻𝐻𝑆𝑆 reconstructed using BaltAn65+ wind data with values retrieved from 
measurements at Pohjois-Itämeri and Almagrundet (Figure 3). From Paper I. 
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The use of even a very fine grid does not lead to good match in areas with 
complicated bathymetry, such as Neugrund (Figure 3) near the entrance of the Gulf of 
Finland. The bias approaches half a meter in areas with sharply changing topography or 
complex geometry that partially shelters the measurement location against predominant 
winds. The grid resolution of 280–560 m thus may still be insufficient to fully capture 
local features of the wave field in such locations. Notably, the run that uses the 
BaltAn65+ forcing seem to perform slightly better in the Baltic proper and in the 
offshore of the Gulf of Finland; most probably due to its finer spatial wind resolution, 
although this varies by site and becomes evident based on a few examples only. 
Moreover, the model tends to overestimate wave heights in the immediate nearshore. 

1.3.2 Peak Period 
The accuracy of estimates of peak period 𝑇𝑇𝑝𝑝 is poor for low wave conditions of the 
Baltic Sea (Björkqvist et al., 2018b) when very low remote swell may create a 
multi-peak spectrum and the peak period is poorly defined. For this reason, the 
modelled values of 𝑇𝑇𝑝𝑝 are only validated in Paper I for reasonably energetic wave 
conditions with 𝐻𝐻𝑆𝑆 > 0.5 m (Figure 6). 

The hindcast of  𝑇𝑇𝑝𝑝 using ERA5 and BaltAn65+ wind data demonstrate a very good 
match with instrumentally recorded values in the Baltic proper and in the south of the 
Baltic Sea. The bias varies from –0.28 s at Pohjois-Itämeri (Figure 6) up to 0.39 s at 
Warnemünde in the south of the sea for the run forced by BaltAn65+ wind data. 
The range was even smaller, from –0.08 s to 0.36 s, at the same locations for the run 
forced by ERA5 wind data. The rmsd varies from 1.18 s to 1.62 s and from 0.65 s to 
1.06 s, respectively. However, the correlation coefficient 𝑅𝑅 is much smaller than for 𝐻𝐻𝑆𝑆. 
It is 0.45 at Warnemünde and 0.8 at Pohjois-Itämeri for the run forced by BaltAn65+ 
wind data. Its values are in the range from 0.47 at Warnemünde to 0.83 at Pohjois-
Itämeri for the run forced by ERA5 wind data (Paper I). Therefore, modelled peak 
periods have almost no bias in the Baltic proper but the match of single values is much 
worse than the match of the values of 𝐻𝐻𝑆𝑆. 

The situation is basically the same in the Gulf of Finland where only one location 
(Suomenlahti, Figure 6) can be used to characterise the match of the outcome of both 
models. Both models slightly underestimate 𝑇𝑇𝑝𝑝 while the run forced with ERA5 wind 
data offers slightly smaller rmsd (1.39 s versus 1.62 s) and slightly larger correlation 
coefficient (0.59 versus 0.50; Paper I). This imperfect match suggests that both models 
have issues with the replication of wave properties in smaller sub-basins of the Baltic 
Sea. In this context, the situation in the Gulf of Finland is probably the most 
complicated because predominant winds blow obliquely across this gulf and may excite 
specific long-period wave components (Pettersson et al., 2010). The recorded values of 
𝑇𝑇𝑝𝑝 are reproduced with the largest accuracy for wave fields in the Gulf of Bothnia 
where bias is 0.07–0.28 s, rmsd is 0.65–0.84 s and the correlation coefficient is 
0.81–0.89 (Paper I). 

Peak periods are replicated in the run forced with ERA5 wind data much less 
accurately in the nearshore locations of the Gulf of Finland where wave properties 
were evaluated with a spatial resolution of about 280 m. The match is acceptable 
(correlation coefficient 0.4–0.47) near the entrance of the gulf at Sundgrund and 
Suurupi (Figure 3), but poor (correlation coefficient –0.06 or 0.18, bias –1.35 s or –
0.78 s) at Sillamäe (Figure 1) and Letipea (Figure 3). This poor match may reflect specific 
wave conditions during relatively short in situ measurements at these locations. 
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In general, the accuracy of the replication of 𝑇𝑇𝑝𝑝 by both model runs is reasonable for 
offshore areas of the Baltic proper, the Gulf of Bothnia and the Gulf of Finland, however 
it is lower than the accuracy of reproduction of 𝐻𝐻𝑆𝑆. The quality of reproduction of 𝑇𝑇𝑝𝑝 by 
the model forced with ERA5 wind data, estimated based on the presented statistical 
characteristics, is slightly better than by the model that uses BaltAn65+ wind data, 
possibly due to the higher (hourly) temporal resolution of ERA5 data. 

The validation exercise in Paper I demonstrates that the SWAN model performs 
reliably across the entire offshore domain of the Baltic Sea, including its two largest 
sub-basin Gulf of Bothnia and Gulf of Finland. In particular, 𝐻𝐻𝑆𝑆 is accurately reproduced 
in both open-sea and nearshore domains while the accuracy of replication of 𝑇𝑇𝑝𝑝 is much 
worse in the coastal zone. The latter feature probably signals that wave modelling in 
nearshore locations is more challenging due to unresolved small-scale bathymetry and 
geometry of the basin, and uncertainties in the description of wave-bottom interaction 
(Alari and Raudsepp, 2010; Björkqvist et al., 2018a). For 𝑇𝑇𝑝𝑝, limitations are more 
systemic, and although the outcome of the run that uses ERA5 wind data is better, 
neither dataset allows perfect reconstruction of spectral peak behaviour. Nearshore 𝑇𝑇𝑝𝑝 
is especially difficult to resolve, as local depth, sheltering effects, wave refraction, and 
possibly multi-peak spectra are not always captured even by high-resolution models. 

1.4 Wave heights in the Baltic Sea Wave Climate 
The properties of simulated wave climate of the Baltic Sea reflect the interplay 
between regional wind patterns, bathymetry and the unique geometry of semi-
enclosed sub-regions of the sea. The modelled fields of 𝐻𝐻𝑆𝑆 enable the exploration of 
the core long-term statistical properties of 𝐻𝐻𝑆𝑆, focusing on spatial patterns of the long-
term average wave height, higher (90th, 95th, 99th) percentiles and maxima of 𝐻𝐻𝑆𝑆 
(Figure 7) in the Baltic Sea. In particular, the resulting data set made it possible to 
highlight spatially varying differences in these characteristics of wave height for the 
common hindcast period of the two models 1991–2005. 

Figure 6. Comparison of 𝑇𝑇𝑝𝑝 reconstructed using BaltAn65+ wind data with recorded values for 
waves with 𝐻𝐻𝑆𝑆 > 0.5 m at Suomenlahti in the Gulf of Finland and Pohjois-Itämeri (Figure 3) in the 
Baltic proper. The colour indicates the total count of values within each square. From Paper I. 
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1.4.1 Spatial Distribution of Wave Heights in the Baltic Proper 
The Baltic Sea region is frequently exposed to westerly winds. In particular, south-
western and north to north-western winds have the longest fetches in the Baltic 
proper. It is therefore natural that the highest wave energy levels are found in the 
south-eastern, eastern and north-eastern domains of the Baltic proper (Figure 7). This 
pattern becomes evident in both idealised ice-free simulations (Soomere and Räämet, 
2011) and more realistic runs that take sea ice into account (Tuomi et al., 2011; 
Björkqvist et al., 2018b). As expected, in both our simulations, the spatial patterns of 
different characteristics of wave height are generally smooth and match this almost 
intuitive spatial pattern. All measures of wave height increase from the western part of 
the basin towards the central, south-eastern and north-eastern domains that have the 
longest unobstructed fetch (Figure 7). 

In the simulation driven by ERA5 wind data, the long-term average 𝐻𝐻𝑆𝑆 across the 
central and eastern side of the Baltic proper is typically slightly over 1 m, with a wide 
area of maximum values around 1.1 m, and with peak values located southeast of 
Gotland (Figure 1) and relatively high values extending to the sea area to the west of 
Saaremaa (Figure 1). These areas have typical fetch length over 300 km for some of the 
predominant moderate and strong wind directions. 

Figure 7. Spatial distribution of statistical properties of 𝐻𝐻𝑆𝑆 simulated using ERA5 wind data 1991–
2021: mean 𝐻𝐻𝑆𝑆, 90th, 95th, and 99th percentile of 𝐻𝐻𝑆𝑆. Combined from Figures 8 and 9 from Paper I. 
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Properties of 𝐻𝐻𝑆𝑆 from the run forced by BaltAn65+ wind data show a similar spatial 
pattern, but with long-term average values of 𝐻𝐻𝑆𝑆 about 0.1–0.15 m lower. This pattern 
holds true across all addressed percentiles of 𝐻𝐻𝑆𝑆 (Paper I). 

The difference between estimates of higher percentiles of 𝐻𝐻𝑆𝑆 from the two runs is 
larger than the difference in mean 𝐻𝐻𝑆𝑆. For example, the 99th percentile of 𝐻𝐻𝑆𝑆 from the 
run using ERA5 wind data peaks above 4.0 m in the eastern Baltic proper while similar 
peaks of 𝐻𝐻𝑆𝑆, from the run with BaltAn65+ wind data remains in the range of 3.7–3.9 m. 
This difference is likely attributable to a higher temporal resolution of the ERA5 dataset 
which captures short-lived wind maxima more effectively, and avoids smoothing over 
these events, different from the 6-hourly BaltAn65+ wind dataset. 

Despite these differences, the properties of simulated 𝐻𝐻𝑆𝑆 from the two runs are in 
excellent agreement in terms of spatial orientation and zonation of wave energy in the 
Baltic proper. The distinct east-west gradient and the local maxima are aligned, and the 
sheltering effects behind islands are reproduced accurately. The ability of both datasets 
to yield such spatially consistent results, while slightly differing in amplitude, underscores 
the robustness of the model. 

1.4.2 Gulf of Finland Wave Climate 
Different from the Baltic proper, the Gulf of Finland is a narrow, elongated basin that is 
oriented obliquely with respect to predominant moderate and strong winds. These 
features suggest that wave properties in this gulf are sensitive with respect to even 
small changes in storm wind directions (Männikus et al., 2024) and may have strong 
gradients in wave properties. The orientation of the gulf is approximately from the west 
to the east, which makes it responsive to long duration south-western and particularly 
western winds. For example, during the 2005 January storm, very high waves were 
recorded in the gulf (Soomere et al., 2008) even though the wind was not aligned with 
the gulf. Additionally, its complex bathymetry and coastal morphology locally modulate 
wave growth and transformation at scales comparable to the major bathymetric 
features. 

In both simulations described in Paper I, the largest wave heights in the gulf are 
found in its central and western sectors (Figure 8). The mean 𝐻𝐻𝑆𝑆 in the area typically 
reaches ~1 m in the simulation forced with ERA5 wind data or ~0.9 m in the run forced 
with BaltAn65+ wind data. This slight difference mirrors the similar difference in the 
Baltic proper. The 95th and 99th percentiles of 𝐻𝐻𝑆𝑆 exhibit more substantial differences. 
The simulations using ERA5 wind data suggest that the 99th percentile of 𝐻𝐻𝑆𝑆 values in 
the central Gulf of Finland exceeds 2.7 m over quite a large area, with local maxima 
east of Helsinki even 2.9 m (Figure 8). The simulation forced by BaltAn65+ wind data 
yields values closer to ~2.5 m in the same area. It is likely that this difference reflects 
the better ability of ERA5 wind data with higher temporal resolution to replicate wind 
speed maxima in this directionally sensitive sub-basin. The area where wave heights are 
larger in simulations using ERA5 wind data than in runs forced with BaltAn65+ wind 
data form a broad band elongated along the basin (Paper I).  

The pattern of differences is opposite near the coastline (Figure 8), particularly along 
the southern shores of the gulf. The simulation using BaltAn65+ wind data produces 
slightly higher 𝐻𝐻𝑆𝑆 values in this nearshore area than the run forced with ERA5 
wind data. This difference is particularly pronounced for the 90th and 95th percentiles 
of 𝐻𝐻𝑆𝑆. For example, the run using BaltAn65+ wind data produces slightly higher 
(by ~0.1–0.2 m) 95th percentile of  𝐻𝐻𝑆𝑆 in the nearshore of Finland and Estonia. This kind  
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of difference in the nearshore wave height is attributed to the spatial resolution 
difference of wind forcing discussed in Paper I. Specifically, the finer spatial resolution 
of BaltAn65+ wind data (~11 km) apparently allows a better representation of the local 
coastal wind features than the more moderate resolution of ERA5 wind data (~30 km) 
even though the ERA5 data set represents more enhanced physics and global optimised 
assimilation (Hersbach et al., 2020).  

Overall, the Gulf of Finland is a useful case study of the sensitivity of wave modelling 
to the spatial and temporal structure of wind forcing (Pettersson et al., 2010; Suursaar, 
2015; Männikus et al., 2024). As the match of the outcome of the two runs with 
recorded data has basically the same quality in both the Baltic proper and the Gulf of 
Finland, it was not possible to determine (in Paper I) which wind forcing leads to more 
adequate representation of the wave climate. 

It can be speculated that the advantage of the use of ERA5 wind data lies offshore, 
its higher temporal resolution possibly more adequate for tracking storm events in the 
open sea because of improved data assimilation and enhanced representation of 

Figure 8. Four upper panels: 𝐻𝐻𝑆𝑆 quantiles in the Gulf of Finland according to simulations using 
ERA5 winds: mean 𝐻𝐻𝑆𝑆, 90th, 95th, and 99th percentile of 𝐻𝐻𝑆𝑆. Four lower panels: Difference in the 𝐻𝐻𝑆𝑆 
quantiles estimated using ERA5 and BaltAn65+ wind data 1991–2005: mean 𝐻𝐻𝑆𝑆, 95th, 99th, and 
99.5th percentile. Red means that simulations using ERA5 wind data result in higher 𝐻𝐻𝑆𝑆 values 
than simulations using BaltAn65+ wind data. Modified from Paper I. 
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physics than in the ERA-40 and ERA-Interim products. The core advantage of the 
BaltAn65+ wind data is its higher spatial resolution. Most likely this feature allows for 
more adequate replication of wave properties in the nearshore areas. The contrasts 
between spatial patterns of different characteristics of wave heights are particularly 
sharp in the Gulf of Finland. However, similar tendencies of providing higher estimates 
of wave heights in the offshore in the runs forced by ERA5 wind data are evident in the 
Baltic proper as well. 

1.5 Differences Between the Two Realisations of Wave Climate 
The use of two wind forcing datasets in the long-term wave hindcast exemplifies how 
differences in atmospheric input translate into the wave model outputs. The presented 
comparison has revealed both overall spatial consistency and substantial regional 
variability in wave statistics. The key differences include temporal resolution, spatial 
resolution and differences in replication in some physical processes, such as ice 
representation and wind-ice interactions (Paper I). These differences are present only 
in wind datasets as our simulations considered only an idealised ice-free sea surface. 
The common hindcast period is 1991–2005. The comparison is only performed in 
Paper I in terms of selected time series and different statistical properties of 𝐻𝐻𝑆𝑆. 

1.5.1 Spatial Patterns in Wave Height Differences 
The differences in wave climate estimates using the two wind forcing datasets are small 
in terms of the mean values of 𝐻𝐻𝑆𝑆 across the entire Baltic Sea, but substantial in terms 
of higher quantiles of 𝐻𝐻𝑆𝑆 in some locations, first of all in the Sea of Bothnia (Figure 9). 
The differences vary by statistical quantile and to some extent they also depend on the 
exposure of the particular location to storm tracks. 

As described in Section 1.4.1, in most of the central and southern Baltic proper, 
the model run using ERA5 wind data yields mean 𝐻𝐻𝑆𝑆 values by 0.05–0.15 m higher than 
simulations using BaltAn65+ wind data (Figure 9). The differences are mostly uniform 
and have a moderate and wide peak in the area to the west and north-west of Gotland. 
A largely uniform difference of about 0.2 m characterises the spatial distributions of the 
90th percentiles. The differences are larger, up to 0.3–0.5 m and concentrated in smaller 
locations in terms of the 95th percentiles. The differences of the 99th percentile are 
much smaller in most of the Baltic proper. They are only substantial between the island 
of Gotland (Figure 1) and the Swedish mainland. 

The largest deviations between the mean value and higher quantiles of 𝐻𝐻𝑆𝑆 are 
detected in the Gulf of Bothnia (Figure 9). The estimates of average 𝐻𝐻𝑆𝑆 using ERA5 wind 
data exceed those evaluated using BaltAn65+ systematically by more than 0.2 m, that 
is, >20% of the typical value. The difference in 90th, 95th and 99th percentiles is 
systematically in the range of 0.3–0.4 m in the entire Gulf of Bothnia and exceeds 0.5 m 
for the 95th percentile and 0.6 m in the very north of the Bay of Bothnia. As simulations  
in Paper I ignore the presence of sea ice (that is only reflected to some extent in the 
physics of atmospheric models as discussed above), it is likely that these deviations 
mirror substantial differences in wind properties in the Gulf of Bothnia (Paper I). 
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1.6 Wave hindcast during selected storm events 
The fastest wave-driven sediment transport occurs during very strong storms that bring 
massive amounts of wave energy to the shore. It is therefore crucial that the wave 
model used for sediment transport analysis adequately replicates the strongest storms 
in the areas of interest. 

To estimate the ability of the two model runs in this context, Paper I provides insight 
into the accuracy of representation of time series of wave properties against instrumental 
recordings in a selection of severe storms where the simulated 𝐻𝐻𝑆𝑆 exceeded 7 m in the 
Baltic proper and 5 m in the Gulf of Finland (Figure 10). Such events are considered as the 
harshest in the Baltic Sea as 𝐻𝐻𝑆𝑆 > 7 m has been instrumentally recorded only five times 
up to 2017 (Björkqvist et al., 2017). 

Figure 9. Difference of wave heights in simulations forced with ERA5 and BaltAn65+ wind data 
1991–2005 in terms of mean 𝐻𝐻𝑆𝑆, 90th, 95th, and 99th percentile of 𝐻𝐻𝑆𝑆. Positive values indicate 
areas where the use of ERA5 wind data leads to larger values of 𝐻𝐻𝑆𝑆. Modified from Paper I. 
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Figure 10 shows that both models capture the magnitude and timing of 𝐻𝐻𝑆𝑆 
adequately in such storms. This is true for both sequences of multiple storm peaks on 
16–19 December 1999, captured by the Pohjois-Itämeri wave buoy. The outcomes of 
both runs follow the general pattern of wave growth and decay well, with high 
correlation coefficients. The run forced with ERA5 wind data slightly overestimates the 
observed highest peak by ~1 m (blue above black), while the simulation forced by 
BaltAn65+ wind data replicates values of 𝐻𝐻𝑆𝑆 closer to the maximum observed value. 
The rmsd values are nearly identical for both runs. Simulations with both wind forcings 
hindcast the peak to occur marginally earlier compared to measurements. Therefore, 
the better match of the recorded statistical properties with the outcome of wave 
simulations forced with ERA5 wind data does not mean that this model always better 
captures wave heights in all locations. Interestingly, the recorded wave heights tend to 
fall in between the projections from the two models.  

The situation is similar in the case of a single, well defined wave storm peak in 
December 1999 in the Baltic proper (Figure 10b). Both simulations successfully reproduce 
the overall shape of the course of 𝐻𝐻𝑆𝑆, with the timing and the rate of increase and 
decrease in this quantity corresponding well to the recorded storm passage. On this 

Figure 10. Comparison of 𝐻𝐻𝑆𝑆 reconstructed using the ERA5 and BaltAn65+ wind data during 
storms that created 𝐻𝐻𝑆𝑆 > 7 m. a) Pohjois-Itämeri (Figure 3), December 1999, b) Pohjois-Itämeri, 
December 1999 (detail), c) Pohjois-Itämeri, storm Rafael in December 2004, d) Pohjois-Itämeri, 
storm Gudrun in January 2005, e) Suomenlahti (Figure 3), November 2001, f) Suomenlahti, storm 
Antti in November 2012. Black: measured data, blue: simulations using ERA5, red: simulations 
using BaltAn65+ wind data, 𝐷𝐷max is the maximum difference between the modelled and recorded 
𝐻𝐻𝑆𝑆 within the shown time interval and 𝑅𝑅 is the correlation coefficient Recorded data are from the 
SMHI database. Modified from Paper I, with small changes in the represented time periods and 
associated changes in statistical properties. 
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occasion the simulation using ERA5 wind data shows a closer alignment with the 
properties of the peak, underestimating the maximum 𝐻𝐻𝑆𝑆 by 0.71 m compared to 
1.46 m in the simulation using BaltAn65+ wind data. The time series of 𝐻𝐻𝑆𝑆 replicated 
using ERA5 wind data also has a lower rmsd deviation from the recorded values and 
a slightly higher correlation coefficient with these values. Moreover, the simulation 
with the BaltAn65+ forcing appears to smooth the storm peak to some extent.  

1.7 Concluding remarks 
The dual-forcing simulations performed in Paper I provide interesting insights into how 
even small differences in the atmospheric input data can affect the wave hindcasts in 
the Baltic Sea. While the use of ERA5 wind data tends to yield slightly higher estimates 
for average and extreme wave heights (in terms of higher percentiles) in offshore 
locations, the use of BaltAn65+ wind data produces larger wave heights in nearshore 
regions, most notably in the Gulf of Finland. It is hypothesised in Paper I that these 
aspects reflect the better ability of the ERA5 wind data to capture storm evolution in 
the offshore, with the higher spatial resolution of the BaltAn65+ wind data set having a 
better ability in complex coastal settings. Also, both sets of wind data perform equally 
well in reproducing the timing and magnitude of the most severe storms even though 
simulations using ERA5 seem to provide a slightly better match with recorded data. 

The most intriguing outcome is that all addressed statistical properties of 𝐻𝐻𝑆𝑆 differ 
considerably in the entire Gulf of Bothnia between the two models. Paper I only 
describes this feature and does not explore its reasons. 

The most important feature for this thesis is that the outputs of performed 
simulations have only minor differences in the nearshore of the Gulf of Riga and along 
the sedimentary eastern Baltic Sea coast from Cape Kolka to Cape Taran (Figure 9, see 
Figure 1 for locations). Even though there are almost no instrumentally recorded wave 
data from these coastal segments, the match of the outputs of the two simulations that 
have been quality controlled in many other locations, can be interpreted as showing 
that both are reliable in the nearshore of these coastal segments. This conjecture 
suggests that results of simulations in Papers III–V based on time series of wave 
properties hindcast using the ERA5 forcing adequately reflect reality. 
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2 Wave Climate of the Gulf of Riga 
2.1 Introduction and Physical Setting 
The Gulf of Riga is a semi-enclosed basin in the eastern Baltic Sea (Figure 11). It is much 
smaller than the Gulf of Bothnia or Gulf of Finland, covering an area of approximately 
17,913 km² between Estonia and Latvia, and having a generally regular, oval-like shape. 
With the average water depth of 21 m and maximum depth of 52 m (Seifert et al., 
2001; Suursaar et al., 2002; Feistel et al., 2005) it has mostly relatively smooth 
bathymetry, except for the northern part. 

The gulf is connected to the Baltic proper via the Irbe Strait (Figure 11). Even though 
this waterway is ca 27 km wide, it inhibits the propagation of most Baltic proper wave 
systems, including long-period swell from most directions, into the gulf. The much 
narrower Suur Strait allows very limited wave propagation from the Moonsund 
(Väinameri Sea, Figure 11). All this reinforces the dominance of locally generated 
wind-sea conditions in the gulf (Eelsalu et al., 2014). Thus, the wave climate in this 
basin can differ substantially from that in the Baltic proper or in the previously 
discussed Gulf of Finland that is widely open to the northern Baltic proper. 

The prevailing wind directions in the gulf region, similar to the northern Baltic proper 
are from the south-west and north-north-west (Soomere and Keevallik, 2001). They 
both have relatively long fetch in the gulf. South-west winds are more frequent but 
north-north-west winds, although less frequent, tend to produce the highest individual 
wave events in the area (Davidan and Lopatukhin, 1982; cited in Eelsalu et al., 2014). 
Waves excited by south-west winds in the Baltic proper may enter the gulf and 

Figure 11. Map of the study area and the location of visual wave observation (blue pentagons) 
and instrumental measurement (red triangles) sites in the Gulf of Riga and near its entrance 
(Harilaid). The green pentagram GoR1 denotes an open location of the Gulf of Riga at 23.87°E, 
57.7°N that is used as a reference point for modelled data (no measurements are from this 
location). The boxes indicate nested grid areas used in the model. The numbers below the names 
of the grids show the resolution in degrees and the number of grid cells in the West-East and 
North-South directions. Graphics by Maris Eelsalu. Modified from Paper II. 
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contribute to the formation of the local wave climate in the north of the gulf. 
The combined effect of the anisotropic wind climate and small size gives rise to rapidly 
varying wave conditions that have a memory of only a few hours. Some areas, such as 
Pärnu Bay (Figure 11), are sheltered from waves from most directions and generally 
experience mild wave conditions. These features complicate calibration and validation 
of wave models in this region. 

While wave properties and wave climate changes in the offshore of the Baltic Sea 
can be quantified using satellite altimetry (Kudryavtseva and Soomere, 2016, 2017), 
the small size of the Gulf of Riga does not allow this. The limitation is that satellite 
altimetry can provide reliable wave heights only at a distance of >0.2° from the land 
(Queffeulou, 2004). This limits the applicability of satellite altimetry to a narrow portion 
of the central basin far from the mainland and islands, such as Ruhnu or Kihnu (Figure 11). 

This chapter follows Paper II. It provides first a short insight into the outcome of the 
analysis of historical visual wave observations. The existing instrumental measurements 
are used to validate high-resolution wave hindcasts performed using the SWAN model 
described in Chapter 1. The central purpose is to create a thorough description of the 
wave climate (including its extremes) in the Gulf of Riga in the period 1990–2021 and to 
provide input data for the analysis of wave-driven sediment transport along the shores 
of the gulf (Paper III, Paper IV and Paper V). 

2.2 Data Sources and Methodology 

2.2.1 Visual Wave Observations 
Visual wave observations have been an important source of information about the core 
properties of wave climate (Gulev and Hasse, 1998, 1999) even though they suffer from 
significant limitations (Guedes Soares, 1986). In particular, wave observations from the 
shore are complicated when used to compare with instrumentally measured or 
modelled data because of low temporal resolution, gaps in records due to poor visibility, 
observer subjectivity, systematic underestimation of wave heights, etc. (Soomere, 
2013). For the listed reasons, visual wave observations should be used with care but 
they may still be a valuable tool to derive a first-order estimate of the most robust 
properties of the wave climate. 

Long-term visual wave observations have been performed in the Gulf of Riga at two 
locations: the island of Ruhnu and the Sõrve Peninsula (Figure 11) in accordance with 
the Soviet maritime meteorological protocols (Guidelines, 1985, cited by Soomere and 
Zaitseva, 2007). Wave properties, usually certain measures of wave height, period and 
direction, were typically recorded 1–4 times a day 1954–2011 at Ruhnu and 1957–1992 
at Sõrve. 

The main outcome of these observations (Paper II) was consistent with the above 
qualitative description of wave fields in the Gulf of Riga. The wave climate in this gulf is 
milder than in the nearshore of the Baltic proper at the shores of Latvia and West 
Estonian Archipelago. Wave periods in the gulf are shorter than in the Baltic proper. 
Seasonal variation of typical wave heights has the same magnitude as in the Baltic 
proper. Finally, wave climate in different parts of the gulf is remarkably different: 
the long-term observed wave height at Ruhnu is about twice as high as at Sõrve. 
The latter feature is consistent with asymmetry of the local wind climate: as winds 
predominantly blow from the south-west or north-north-west, high waves often reach 
Ruhnu but infrequently the observation location at Sõrve. 
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2.2.2 Instrumental Wave Recordings 
The performed wave simulations were validated against the output of four short-term 
instrumental wave measurement campaigns conducted between 2006 and 2021 at 
Kõiguste, Kihnu, and Matsi by Estonian Marine Institute (EMI) using an ADCP (Suursaar, 
2013, 2015) and near Skulte by the Latvian Institute of Aquatic Ecology (LHEI) using a 
so-called SmartBuoy (Figure 11). For comparison of wave properties, in the eastern 
Baltic proper, wave data recorded using an ADCP near Harilaid (Figure 11) were also 
used. The devices collected 𝐻𝐻𝑆𝑆 and 𝑇𝑇𝑝𝑝 at hourly intervals. The number of single recordings 
used in comparisons varied from 1941 at Matsi to 6736 near Skulte (see Table 1 in 
Paper II). As simulations in Paper II ignore the presence of sea ice, comparisons of 
simulated and recorded wave properties are performed only for ice-free times and thus 
against a somewhat smaller set of recordings at Kõiguste and Kihnu. 

2.2.3  Wave Model Configuration 
Wave conditions were simulated using the third-generation SWAN model (Booij et al., 
1999), applied in a nested grid system introduced in Chapter 1 and Paper I. Information 
about the full spectrum of waves from the outer grid covering the entire Baltic Sea at 
~5.5 km (3 nmi) resolution (Figure 2a) was used as boundary conditions for the 
intermediate grid that covers the Gulf of Riga and its vicinity at ~1.85 km (1 nmi) 
resolution (the largest box named GoR in Figure 11). The same technique was 
employed to generate boundary conditions for the nearshore grids with a resolution of 
~560 m or finer (e.g., 280 m of the grid named Laim around Kõiguste in the north of the 
Gulf of Riga in Figure 11). 

As described in Chapter 1, this model forced with ERA5 and BaltAn65+ wind data led 
to almost coinciding results in the Gulf of Riga and its vicinity (Figure 9). For this reason 
wave simulations in Paper II were performed using the ERA5 data set only. While 
generally robust, the ERA5 product may underrepresent small-scale features such as 
convective gusts, which can be locally important in semi-enclosed seas. As in Paper I, 
simulations assumed constant sea level and neglected sea ice and marine currents. 
While consistent with observational records (which exclude ice periods), this practice 
likely results in overestimation of winter wave energy (Najafzadeh and Soomere, 2024). 
The model covered the period 1990–2021, producing hourly outputs of 𝐻𝐻𝑆𝑆 and mean 
and peak wave periods (𝑇𝑇𝑚𝑚02, 𝑇𝑇𝑝𝑝) as well as directional spectra. 

2.3 Wave Model Validation 

2.3.1 Instrumental Wave Recordings 
To evaluate the quality wave information hindcast using the SWAN model, the 
modelled 𝐻𝐻𝑆𝑆 and 𝑇𝑇𝑝𝑝 were compared in Paper II with the recordings of the described 
instrumental measurements from five sites using wave data from the 1 nmi grid and  
for some locations also from the local 560 m grid. The main statistical properties of 
wave climate were also compared against similar properties retrieved from visual 
observations. The analysis focused on both the temporal and spatial performance of 
the model. 
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The simulations reasonably replicated time series of recorded 𝐻𝐻𝑆𝑆 at all locations. 
The timing of individual storm events was captured adequately. The model tended to 
overestimate the peaks at Harilaid, which is a relatively exposed offshore location in 
the Baltic proper near the entrance to the Gulf of Riga, but underestimate the peaks 
near Skulte in the interior of the gulf (Figure 12; see locations in Figure 11). The bias 
varied from 0.02 m at Skulte up to 0.35 m at Harilaid 2006–2007, the rmsd from 0.19 m 
at Skulte up to 0.41 m at Harilaid 2006–2007, and the Pearson correlation coefficient 
varied from 0.89 at Kõiguste up to 0.92 at Kihnu, Matsi and Skulte, and 0.93 at Harilaid 
2006–2007 (see Table 2 of Paper II). 

The model performs best at open or semi-exposed locations such as Kihnu and 
Matsi, where the correlation coefficient exceeds ~0.9 and rmsd stays below 0.35 m. 
A less perfect match of recorded and modelled data is evident at shallow, nearshore 
stations like Kõiguste and Skulte. The probable reasons for this feature are insufficient 
resolution of bathymetry, local sheltering and unresolved fine-scale wave processes 
(Paper II). The match of recorded and modelled wave periods is basically the same as in 
the Baltic proper and Gulf of Finland (Paper I), where the period data provided a 
reasonable, but worse match with the measurements than 𝐻𝐻𝑆𝑆. Therefore, the presented 
statistical quantities also signal that the simulations adequately replicate the course of 
the main wave properties. 

Figure 12. Time series of recorded (blue) and modelled (red) 𝐻𝐻𝑆𝑆 at Harilaid 2006–2007 (upper panel) 
and near Skulte 2020–2021. From Paper II. 
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A selection of scatter plot diagrams of recorded and modelled 𝐻𝐻𝑆𝑆 for two locations 
(Figure 13) confirm that the match of these quantities in the nearshore of the Gulf of 
Riga is basically of the same quality as in offshore locations (Chapter 1; Paper I). While 
most of the pairs of wave conditions lie reasonably close to the diagonal of the plot at 
Kihnu (Figure 13), there are a few single time instants when the model did not 
reproduce recorded 𝐻𝐻𝑆𝑆 values in the range of 1.0–2.2 m. 

In a similar manner, a few modelled 𝐻𝐻𝑆𝑆 values in the range of 2.4–2.8 m were 
overestimated by more than 0.5 m in recordings. Such deviations between recorded 
and modelled wave properties are characteristic in regions of the Baltic Sea with 
complex geometry and bathymetry (Björkqvist et al., 2018a). 

The match is clearly worse for the Skulte data. As demonstrated above, the model 
tends to systematically overestimate 𝐻𝐻𝑆𝑆 in this location. While usually the match is 
better for reasonably high waves (𝐻𝐻𝑆𝑆 > 0.5 m, Paper II), heights of larger waves are 
even more overestimated by the model at this location (Figure 13). 

This observation is further demonstrated by the histograms of 𝐻𝐻𝑆𝑆 (equivalently, 
empirical distributions of the occurrence of different wave heights) at these two 
locations (Figure 14). It is natural that very low waves are about 1/4 of all recorded 

Figure 13. Comparison of the recorded and modelled 𝐻𝐻𝑆𝑆 at Kihnu (left) and Skulte (right). The colour 
indicates the total count of values within each square. From Paper II. 

Figure 14. The empirical probability of occurrence of recorded (blue) and modelled (red) 𝐻𝐻𝑆𝑆 at Kihnu 
and Skulte. The modelled data sets only represent the time interval covered by observations. From 
Paper II. 
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wave conditions at Kihnu where the measurement site close to the shore is sheltered 
from waves from some directions. In other words, the model fails to replicate the 
correct frequency of the lowest wave heights. It is thus natural that the model projects 
larger frequencies of more energetic wave conditions while the rate of this 
“overperforming” is more or less constant in other parts of the wave height record. 

The situation is different at Skulte where the model similarly underpredicts very low 
waves and overpredicts the frequency of waves with 𝐻𝐻𝑆𝑆 0.25–0.5 m and 0.5–0.75 m. 
The reason(s) for this mismatch remained unknown in the analysis provided in Paper II 
where it was hypothesised that it may mirror ERA5’s smoothed wind fields and 
insufficient accuracy of the nearshore bathymetry at this location. 

The match of recorded and simulated wave periods is also different at Kihnu and 
Sõrve. Different from the above, the match is almost perfect at Skulte and poor at 
Kihnu in terms of the empirical probability distribution of peak periods (Figure 15). 
Part of the difference at Kihnu may stem from the technical limitations of the ADCP 
device: its pressure sensor does not recognise shorter waves when deployed at greater 
depths. For this reason, wave periods below 3 s are not represented in the instrument 
output at Kihnu (Paper II). 

Figure 15. Empirical probability distributions of recorded (blue) and modelled (pink) peak periods at 
Kihnu and Skulte. The modelled data sets only represent the time interval covered by observations. 
From Paper II. 

However, Figures 12–14, notwithstanding the mismatch, reveal that the wave 
climate in the Gulf of Riga is primarily dominated by short-period (2–5 s) wind-seas with 
moderate 𝐻𝐻𝑆𝑆. This feature once more confirms that the wave climate in this gulf is 
mostly shaped by local wind forcing. Long-period waves are rare across all stations but 
they still may occasionally occur in this basin, whether in sheltered areas like Skulte or 
in more exposed locations like Kihnu. 

2.3.2 Qualitative Comparison with Visual Observations 
As explained above, a comparison of visually observed wave properties and modelled 
data is not straightforward for several reasons. Interestingly, the match of some 
modelled and visually observed wave properties is not much worse than the match of 
instrumentally recorded and modelled quantities. This applies to wave periods (Figure 16) 
that often do not differ much between offshore and nearshore locations while the 
wave height is usually much smaller near the shore (e.g., Kudryavtseva et al., 2019). 

The outcome of visual observations (Figure 16) reproduces the general shape and 
mode of the relevant distribution generated using modelled data (Paper II). It is expected 
that the match is better at Ruhnu where the observation location is more exposed to 
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predominant wind and wave directions, but the basic shape of this distribution is also 
captured by visual observations at Sõrve (Figure 11). 

The match of empirical probability distribution of observed and modelled wave 
heights is less perfect (Figure 17), most importantly because visually observed wave 
heights contain a very high proportion (33–40%) of very low waves with heights 
<0.25 m. 

This feature apparently reflects underestimation of storm heights in the visual 
observations. The difference in the frequency of very low modelled and observed wave 
heights is smaller at Ruhnu than at Sõrve, but even the overall shape of this distribution 
for modelled 𝐻𝐻𝑆𝑆 is not equalled by the distribution of observed wave heights. 
The mismatch is larger at Sõrve, which is situated in a more sheltered location. A near 
absence of higher waves in the observed data signals that this location is fairly sheltered. 

The presented material suggests that while visual wave observations may provide 
quite important information about some properties of the local wave climate, their use 
for different applications is limited. This conjecture is supported in Paper II by a 
comparison of long-term wave heights in terms of annual mean values. 

While the modelled 𝐻𝐻𝑆𝑆 show coherent courses, with clearly smaller values at the 
sheltered Sõrve location, similar estimates from observations show a fairly limited 
match (Figure 18). However, the difference between the long-term average visually 
observed and modelled wave heights at these two locations is the same. 

To summarise, the presented 32-year SWAN hindcast accurately reproduces wave 
conditions in the open and moderately exposed areas of the Gulf of Riga, with some 
limitations in shallow, bathymetrically complex areas. 

Figure 16. Empirical probability distribution of the frequency of occurrence of modelled and 
visually observed wave periods at Ruhnu and Sõrve (Figure 11). From Paper II. 

Figure 17. Empirical probability distribution of the frequency of occurrence of all modelled 
significant wave heights and visually observed wave heights at Ruhnu and Sõrve. Bars in the 
distributions of visually observed wave properties show the simple arithmetic mean of all 
observations in a single day (Eelsalu et al., 2014). From Paper II. 
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Its overall performance supports its application for long-term wave climate and 
coastal studies in this gulf. The strong agreement between data and observations 
supports the model results’ suitability in both areas for reconstructing long-term wave 
statistics. 

2.4 Properties of the Wave Climate in the Gulf of Riga 
Maps of spatial patterns of the average 𝐻𝐻𝑆𝑆, its higher quantiles and the distribution of 
𝐻𝐻𝑆𝑆 maxima (Figure 19) all show a clear gradient in the Irbe Strait (Figure 11). 
The difference between typical values of average 𝐻𝐻𝑆𝑆 in the eastern Baltic proper 
(~1.1 m) and in the interior of the Gulf of Riga (~0.7–0.8 m) is about 0.3–0.4 m, that is, 
up to half the typical values in the gulf. The typical difference is about 1 m for the 
95th percentile, 1.5 m for the 99th percentile, and 2–2.5 m for the 𝐻𝐻𝑆𝑆 maxima. 
Therefore, the wave climate in the Gulf of Riga is much milder than in the eastern Baltic 
proper and also milder than in the Gulf of Finland.  

Figure 19 also signals that the highest waves generated in the Baltic proper usually 
do not enter the Gulf of Riga even though the Irbe Strait is about 25 km wide and that 
the contribution of wave fields in the gulf from the Suur Strait (Figure 11) is minor. 
Therefore, most of the internal variability in the wave fields in the gulf is created locally, 
by winds over this water body. Only wind-seas and swell waves may to some extent 
enter the northern part of the gulf via the Irbe Strait, In other words, the wave climate 
in the Gulf of Riga is largely decoupled from that in the rest of the Baltic Sea. 

Spatial distributions of the average 𝐻𝐻𝑆𝑆, its higher quantiles and 𝐻𝐻𝑆𝑆 maxima are all 
asymmetric in the south-west–north-east direction, with maximum values concentrated 
in the eastern and north-eastern part of the gulf (Figure 19). The higher the quantile, 
the closer to the eastern shore are located the maximum values. This feature 
apparently reflects the predominance of south-western winds among moderate and 
strong winds during the simulation period 1991–2021. The largest average 𝐻𝐻𝑆𝑆 values 
slightly exceed 0.8 m. 

The southern nearshore and the relatively sheltered Pärnu Bay (Figure 11, Figure 19) 
are much calmer with mean 𝐻𝐻𝑆𝑆 below 0.4–0.5 m. The maxima of the 95th percentile 
more clearly mimic the directional pattern of storm winds in the gulf, with maxima in 

Figure 18. Annual average of visually observed wave height and modelled 𝐻𝐻𝑆𝑆 at Ruhnu and 
Sõrve (Figure 11). From Paper II. 
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the north-east exceeding 1.7 m and remaining below 1.25 m in the south-west of the 
gulf and in the interior of Pärnu Bay. The higher quantiles and the maxima of 𝐻𝐻𝑆𝑆 have a 
similar spatial distribution. The maximum value of the 99th percentile is >2.25 m in a 
large sea area between Ruhnu and Kihnu (see the locations in Figure 11), while the 
maxima of 𝐻𝐻𝑆𝑆 reach 4.5 m near Kihnu. 

Together, the basic appearance of these spatial distributions illustrates how the 
fetch length and predominant directions of moderate and strong winds shape the wave 
properties in the gulf: the pattern of locations of maxima is consistent with the main 
features of the wind regime. The distribution of the 99th percentile of 𝐻𝐻𝑆𝑆, with relatively 
small values in the entire southern part of the gulf, suggests that the simulation period 
did not contain any exceptional north-north-west storms. 

Figure 19. Spatial distribution of modelled wave properties in the Gulf of Riga 1990–2021, 
showcasing the mean (top left), 95th percentile (top right), 99th percentile (bottom left) and 
maximum during storm event on 8–9 January 2005 (bottom right) values of 𝐻𝐻𝑆𝑆. The figures 
reflect simulations at a resolution of 1 nmi. From Paper II. 
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Empirical distributions of the frequency of occurrence of modelled 𝐻𝐻𝑆𝑆 (Figure 20) in 
different locations are qualitatively similar to each other, with clear maximum for waves 
with 𝐻𝐻𝑆𝑆 between 0.5 m and 1 m, and a rapidly decreasing frequency of occurrence for 
higher waves. Based on the above arguments, it is expected that higher waves occur 
much more frequently at Harilaid (Figure 11, Figure 20) in the nearshore of the western 
Baltic proper than in the interior of the Gulf of Finland. Only at Skulte is the distribution 
much narrower than at more exposed locations like Harilaid or Ruhnu (Figure 11, 
Figure 20), and very low waves (𝐻𝐻𝑆𝑆 < 0.5 m) predominate at this location similar to 
the situation in semi-sheltered bays (Soomere, 2005). These contrasts reflect the 
above-discussed spatial differences in wave fields, but also indicate how all the sites are 
influenced by the same wind climate. 

The empirical probability distributions of modelled wave periods (Figure 21) are also 
qualitatively and quantitatively similar across the six selected sites in different regions 
of the gulf. The most frequent periods range between 2 and 5 s while periods >7 s are 
rare even though longer swell waves may occasionally enter the gulf from the Baltic 
proper. This feature clearly distinguishes the wave climate in the interior of the gulf 
from that at stations exposed to the Baltic proper like Harilaid where typical periods are 
3–7 s and periods up to 10 s occur quite frequently. 

The joint distribution of the Baltic Sea wave heights and periods generally has two 
branches. The wave heights and periods of the majority of wave conditions roughly 
match those characteristic of so-called fully developed wave systems with a 
Pierson-Moskowitz spectrum (Broman et al., 2006). Another branch of this distribution 
reflects longer and lower waves that are usually interpreted as remote swells. 
The distribution at Harilaid (Figure 22) closely follows the described shape, with the two 
branches clearly present. 

Figure 20. Empirical probability distribution of modelled 𝐻𝐻𝑆𝑆 at six locations 1990–2021. From 
Paper II. 

Figure 21. Empirical probability distribution of modelled wave periods at six locations (Figure 11) 
1990–2021. From Paper II. 
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The branch that reflects swells is less clearly present at sheltered locations, such as 
Kõiguste (Figure 22) where relatively short but steep waves, represented by combinations 
of mean period and 𝐻𝐻𝑆𝑆 (green dots) located above the curve that represent wave 
systems with a Pierson-Moskowitz spectrum, are much more frequent than at offshore 
locations. The presence of steeper waves than is typical in fully developed seas is also 
relatively frequent at the location GoR1 (Figure 11) where the proportion of long and 
low waves is smaller than at other locations (Figure 22). This feature suggests that this 
location usually hosts young wind-seas. The nearshore location Skulte also has a 
relatively large proportion of comparatively steep waves (apparently wind-seas) and 
long-period waves with 𝐻𝐻𝑆𝑆 mostly below 0.5 m. As their periods are usually less than 
4 s, it is likely that they reflect waves created within the Gulf of Riga (Paper II). 

The diagrams in Figure 22 make it possible to roughly evaluate the wave heights and 
periods in the most severe wave conditions. These combinations are reflected by the 
dots that mark the upper right ends of the distributions in Figure 22. These situations 
roughly correspond with the properties of fully developed wave systems with a 
Pierson-Moskowitz spectrum at the particular locations. The relevant parameters are 
heights close to 4 m and period about 7 s at Harilaid, but wave height of ~2.5 m and 
period about 5.5 s at Kõiguste (Figure 11). 

This analysis confirms that the Gulf of Riga is predominantly a short-period wind-sea 
environment, with limited swell influence. Most notably, the periods of swell-type 
waves are smaller than the typical periods in strong wave storms (Figure 22). 
Nonetheless, the presence of long-period waves in certain locations underscores the 
importance of monitoring impactful events for hazard assessment and coastal planning 
decision making, rare as such events may be. 

Figure 22. Joint distribution of modelled 𝐻𝐻𝑆𝑆 and mean period 𝑇𝑇02. The width of classes of 𝐻𝐻𝑆𝑆 and 
𝑇𝑇02 is 0.05 and 0.01 s, respectively. The red line shows the 𝐻𝐻𝑆𝑆 of wave systems with a Pierson-
Moskowitz spectrum for the given 𝑇𝑇02. See locations of sites in Figure 11. From Paper II. 
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2.5 Interannual and Decadal Variability 
The 32-year wave hindcast offers insights into the long-term variability of the Gulf of 
Riga wave climate. The presented material has demonstrated strong spatial contrasts in 
wave properties, most significantly in wave heights, across the basin. This contrast 
persists in a coherent manner over time with respect to wave heights across the 
selected sites (Figure 23). This coherence becomes clearly evident in terms of the 
annual mean modelled 𝐻𝐻𝑆𝑆 over the years 1990–2021. The typical level of interannual 
variability in this quantity is within about ±10% of the multi-year average, with higher 
values in stormy years such as 2008, 2011 and 2020. 

Paper II stresses two important features of interannual variability of annual average 
values of 𝐻𝐻𝑆𝑆. First, temporal patterns are consistent across stations, regardless of their 
exposure, while the amplitude of interannual changes is smaller for more sheltered 
locations, such as Skulte (Figure 11, Figure 23). This feature is interpreted in Paper II as 
indicating that atmospheric forcing is often spatially coherent across the entire gulf. 
Second, the annual average values of 𝐻𝐻𝑆𝑆 do not show any significant (upward or 
downward trend) at any location. These findings support earlier conclusions that the 
Baltic Sea wind climate has remained stationary over the last decades (Rutgersson 
et al., 2014). The simulations described in Paper II are consistent with this conjecture 
and show that the wave climate in the Gulf of Riga has been stable over the past three 
decades even though it contains spatially consistent interannual fluctuations driven by 
regional weather patterns. 

2.6 Concluding Remarks: Wave Simulations for Estimates of Transport 
This chapter has presented a detailed assessment of wave climate characteristics in the 
Gulf of Riga using a 32-year hindcast of wave time series at medium (1 nmi) and high 
(280–560 m) resolution performed with the SWAN model forced by ERA5 wind data 
and published in Paper II. The model was meticulously calibrated against instrumental 
wave recordings in the Baltic proper, Gulf of Finland and Gulf of Bothnia (Figure 3) 
in Paper I (Chapter 1) to capture basin-wide dynamics and methodically validated for 
the Gulf of Riga in this chapter, in order to make clear how it performs in this smaller 
basin and specifically in its nearshore zone. 

Figure 23. Time series of annual mean modelled 𝐻𝐻𝑆𝑆 at Harilaid and at four sites in the Gulf of Riga. 
From Paper II. 
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The model does not account for extensive water level variability in this gulf (up to 
+2.75/–1.2 m) due to local storm surges, seiches and a specific mechanism of filling the
gulf (Jaagus and Suursaar, 2013; Männikus et al., 2019), and ignores the seasonal
presence of sea ice. The year-round open water assumption causes an overestimation
of winter wave energy, particularly in the northern and eastern areas of the gulf
(Najafzadeh and Soomere, 2024).

The outcome of the model has a good match with instrumentally recorded wave 
properties compared to other wave modelling efforts in the Baltic Sea (Björkqvist et al., 
2018b). While the model performed well in the offshore and at exposed sites, the 
match was worse at some nearshore locations. Wave properties in these areas are 
sensitive to the accuracy of representation of the local bathymetry that cannot be fully 
resolved even at ~560 m grid resolution. As a result, local refraction, shoaling or wave 
breaking is not always well captured. As expected, historical visual observations, 
though useful for some qualitative comparisons, e.g., in terms of trends or spatial 
variations in the wave climate, underreport storm events, underestimate wave heights 
and lack the necessary temporal resolution for a more efficient analysis of the wave 
climate. 

This study confirms an earlier conjecture concerning the spatial asymmetry of the 
Gulf of Riga wave climate, showing that the highest wave activity consistently occurs in 
the north-eastern and eastern parts of the gulf owing to the relatively longer fetch of 
the predominant south-western winds. In contrast, southern and eastern sectors of the 
gulf as well as the interior of Pärnu Bay (Figure 11) are relatively sheltered. 

The typical wave periods in the gulf are shorter than in the Baltic proper, with peak 
periods usually 2–5 s. The model showed no significant trend in wave height across the 
1990–2021 period, although interannual variability of ±10% was observed. This supports 
earlier statements of wind field stationarity in the region and suggests that the wave 
climate in the Gulf of Riga has not undergone (yet) any major climate change driven 
alteration.  

Based on the presented comparisons and analysis in Paper I and Paper II, it is 
reasonable to conclude that the validated set of hindcast wave properties in the Gulf of 
Riga and its vicinity, including the Baltic proper shores of Latvia, Lithuania and the 
Sambian Peninsula, provides a valuable foundation for coastal studies, including 
sediment transport modelling in Paper III, Paper IV and Paper V, and vulnerability 
assessment and coastal infrastructure design (Barzehkar et al., 2024). It also contributes 
to further exploration of wave-driven morphodynamic processes of the Baltic Sea, 
and showcases the Gulf of Riga wave climate as spatially variable and relatively 
complex, despite being moderate. Together, these comparisons demonstrate how local 
exposure conditions, shaped by basin geometry and wind alignment, govern the wave 
conditions at each site. They also reflect the broader pattern in the eastern Baltic Sea, 
where wave energy is modulated by both atmospheric drivers and the local fetch 
geometry. 
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3 Alongshore Sediment Transport in the Eastern Baltic Sea 
3.1 Introduction and Context 
Wave-driven alongshore sediment transport is one of the fundamental processes that 
shape the coastal environment. Its contribution particularly impacts the redistribution 
of coastal sediment in microtidal systems like the Baltic Sea where substantial changes 
to the local water level are rare and often synchronised with high waves (Soomere 
et al., 2017; Kudryavtseva et al., 2020; Johansson et al., 2022). This influence covers a 
wide nearshore belt, from the depths where wave-driven near-bed velocity or turbulence 
impacts sediment (Aagaard et al., 2021) up to at the location of the maximum reach of 
waves, affecting erosion, sediment accumulation and the formation of morphological 
features such as beach cusps or spits (e.g., Žaromskis and Gulbinskas, 2010, Ryabchuk 
et al., 2011). On an open coast with clearly predominant wave directions, this transport 
is often unidirectional and modulated by large-scale features like headlands. In contrast, 
sediment dynamics in semi-enclosed basins is shaped by wave fields that are generated 
under shorter fetch and directionally highly variable wind fields acting upon irregular 
shoreline geometry, often resulting in the formation of complex and discontinuous 
transport patterns (Suursaar et al., 2014). 

The Baltic Sea is a classic example of this type of wave-driven impact (Harff et al., 
2017). Previous studies (Viška and Soomere, 2013b; Soomere and Viška, 2014) have 
provided valuable conceptual and regional insights into sediment dynamics on the 
eastern Baltic Sea shores. However, their spatial resolution of 3 nmi (~5.5 km) was 
insufficient to capture the influence of minor headlands, local changes in shoreline 
orientation, or the presence of coastal engineering structures all of which can act as 
barriers to sediment transport. They were therefore unable to resolve the fine structure 
of sediment transport and to identify single sedimentary cells and larger compartments. 
In situ observations and estimates (Ulsts, 1998) have to some extent updated the 
results of historic surveys (e.g., Knaps, 1966) but have rarely captured smaller-scale 
transport variability. 

The Gulf of Riga (Figure 11), located in the eastern Baltic Sea, can serve as an example 
of these complexities. An indication of the unusual properties of sediment transport in 
this gulf came from the observation that changes to the wave-driven alongshore 
transport were different from changes on the open Baltic Sea shores (Viška and 
Soomere, 2013a). A possible reason could be the specific bi-directional wind regime 
described in Chapter 2 that produces the wave climate that is dominated by wind-seas. 
These winds often produce waves that approach some coastline sections at a very high 
angle, generating strong, intermittently reversing alongshore sediment flux. The core 
hypothesis in Paper III, Paper IV, Paper V and Chapter 3 is that despite the low mean 
wave energy in some parts of the region (Chapter 2), these conditions may result in 
strong, but spatially and temporally variable, sediment transport, particularly during 
storms events. 

The main objective of this Chapter is to dissect and analyse the patterns of 
alongshore sediment transport along the eastern Baltic Sea shores. The outcome of the 
high resolution (~560 m) wave modelling framework presented in Chapter 1 and 
Chapter 2 is used to develop a detailed insight into wave-driven alongshore sediment 
transport along the shores of Latvia, Lithuania and the Kaliningrad District, from Cape 
Taran to Cape Kolka (Figure 24) in Paper III, then along the western, southern, and 
eastern shores of the Gulf of Riga from Cape Kolka to the Estonian township of 
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Häädemeeste (Figure 24) in Paper IV, and finally to understand changes in the 
directional distribution of wind and wave fields in Paper V. 

The main tools are the calculation of bulk and net potential sediment transport 
rates, evaluated numerically using the Coastal Engineering Research Center (CERC) 
approach (USACE, 2002). These quantities characterise transport in idealised conditions 
of abundance of non-cohesive sediment with fixed constant grain size along the entire 
study area. These assumptions are usually not satisfied, and the actual transport is 
often several times (or even tens of times) smaller than the potential transport. 
However, qualitative features of the actual transport are usually well reproduced by the 
potential transport. The spatial scale that is used allows for the identification of most 
local transport discontinuities and the mapping of sediment convergence and 
divergence zones. The core result is a new framework for understanding the shorelines 
as a series of disconnected or partially connected sedimentary compartments and cells. 

Figure 24. Study area addressed in Paper III encompasses several SWAN modelling domains at 
varying resolution (Figure 2). The area from Cape Taran to Cape Kolka is covered by two higher 
resolutions grids with spacing of ~560 m. The red line displays grid points extracted for the study 
presented in Paper III. Boundary information for these grids was extracted from simulations at 
1 nmi or 3 nmi resolution described in Chapter 1. Graphics by Maris Eelsalu. From Paper III. 
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3.2 Methodology 
The modelling framework for the analysis of wave-driven potential alongshore 
sediment transport in the Gulf of Riga used in Paper III and Paper IV builds upon  
high-resolution simulations of nearshore wave conditions discussed in Chapter 1 and 
Chapter 2, respectively. Wave simulations were performed using a nested version of 
the SWAN model forced by ERA5 wind data to simulate wave conditions across the 
Baltic Sea. Wave properties in the nearshore of the study area were evaluated with a 
spatial resolution of ~560 m. This enables adequate representation of coastal wave 
properties in the selected study areas, critical for estimating sediment transport. 
The outcome of these simulations is converted into hourly estimates of sediment 
transport using wave conditions at the breaker line and the CERC approach that 
assumes that transport is basically proportional to the rate of beaching of wave energy 
flux. While simplified, this method captures the primary dynamics of directional 
alongshore transport. Along with mapping bulk and net transport, emphasis is placed 
on estimates of alongshore variations in the transport rates and identification of 
divergence zones of net transport that decompose the coast into separated units. 
Different from Chapter 1 and Chapter 2, the analysis in Paper III and Paper IV and this 
Chapter is performed over the 33-year period from 1990 to 2022. 

One of the main tools explained in Paper III and employed systematically in Paper IV 
is the analysis of alongshore variations in the net potential sediment flux (Figure 25). 
These variations mirror the changing volume of sediment transported along the shore. 
A reduction of flux in the transport direction for whatever reason (e.g., a decrease in 
the wave height), reflects a kind of block in this transport (Dette and Asce, 2001). 
This means that part of the sediment arriving at such a location must be deposited on 
the shore, creating an accumulation feature, or diverted offshore. 

In a similar manner, convergence zones of this transport (zero-downcrossings of the 
black line in Figure 25), are the likely intense accumulation areas. In contrast, divergence 
zones (zero-upcrossings of the black line in Figure 25) are stretches of coast where net 

Figure 25. Interpretation of alongshore variations in the alongshore net transport in terms of 
increase and decrease in its intensity and divergence and convergence points of sediment flux and 
likely accumulation and erosion areas. The black curve shows the intensity of transport and 
arrows indicate its direction. Graphics by Maija Viška (Soomere and Viška, 2014). Reproduced 
from Paper III. 
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transport systematically carries sediment away. This process leads to chronic sediment 
deficit and usually to coastal erosion. Such divergence points are usually associated 
with capes or headlands (e.g., Cape Akmenrags (Figure 24) on the western shore of 
Latvia, Viška and Soomere, 2013) but may also exist on almost straight coastline 
segment that exhibits variations in the predominant wave approach direction (Eelsalu 
et al., 2023). 

3.2.1 Study Area 
The eastern coast of the Baltic Sea is a complex and climatically responsive sedimentary 
environment (Figure 24). Its sedimentary shores from Kaliningrad District (Oblast in 
Russian maps) to Pärnu Bay (Figure 26) are the longest interconnected system of 
sedimentary shores in the Baltic Sea. Coastal evolution in this region is dominated by 
wave-induced sediment transport, that depends on the local wave conditions, both 
height and direction, and the associated coastal orientation. 

As the wave forcing and sediment transport properties are greatly different on the 
shores of the Baltic proper and in semi-sheltered sub-basins of this sea (Knaps, 1966; 
Ulsts, 1998; Viška and Soomere, 2013b; Soomere and Viška, 2014), these shores are 
addressed separately. The analysis in Paper III focuses on the Baltic proper shores from 
Cape Taran to Cape Kolka (Figure 24), while Paper IV addresses the interior of the Gulf 
of Riga. This gulf (Figure 26) is at the end of a >700 km long interconnected sedimentary 
system along the eastern Baltic Sea coast. This system stretches from the Sambian 
(Samland) Peninsula in the Kaliningrad District, Russian Federation, to Pärnu Bay in 
Estonia (Figure 26) (Knaps, 1966). Wind waves drive massive amounts of fine sediment, 
estimated at ~700,000–800,000 m³/yr (Knaps, 1966), along the north-western Baltic 
proper shore of the Courland (Kurzeme) Peninsula (Figure 26) towards the gulf. This 
flux discharges into the vicinity of Cape Kolka. Most of it is deposited on the shores of 
this peninsula or in a shallow area to the north of Cape Kolka while only ~50,000 m³ 
continues into the gulf itself (Knaps, 1966; Ulsts, 1998). In this context, the northern tip 

Figure 26. Left: Map of the wave modelling domain of the Baltic Sea and the 2nd level Gulf of 
Riga grid (red). Right: Bathymetry of the Gulf of Riga and the location of three 3rd level grids in 
the gulf. Graphics by Maris Eelsalu. From Paper IV. 
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of Latvia is a one-way gateway of sediment into the Gulf of Riga. The existing estimates 
(Knaps, 1966; Ulsts, 1998) and simulations (Viška and Soomere, 2013b, Soomere and 
Viška, 2014) suggest that this sediment is locked in the Gulf of Riga between Cape Kolka 
and Pärnu Bay (Figure 26). Even though there is no exit for sediment, the gulf is much 
more than a simple accumulation zone. Both in situ estimates and numerical simulations 
signal that sediment transport in this gulf has complicated internal dynamics, with 
several fully or partially disconnected sediment cells or compartments (Knaps, 1966; 
Ulsts, 1998; Soomere and Viška, 2014). 

The location and main features of geometry, bathymetry, and wind and wave 
climates of the Gulf of Riga (Figure 26) are presented in Chapter 2. Different parts of its 
shores have greatly different appearance, and geological and geometric features (Viška 
and Soomere, 2013b). The western (south of Cape Kolka), southern and most of the 
eastern shores (from Riga until Pärnu Bay) have an almost straight or gently curving 
coastline, and in most locations, isobaths to 10–20 m water depth, largely parallel to 
the shoreline. Even though the geological setting varies along the coastal stretch from 
Cape Kolka to Pärnu Bay, these shores have an almost continuous sandy strip and 
favourable conditions for wave-driven alongshore sediment transport. 

In contrast, the shores of Saaremaa and the coastal section to the west and north of 
Pärnu Bay are usually either muddy (in the east) or rocky (shores of Saaremaa, 
Figure 26), with very limited amounts of mobile sediment. This part of the shoreline has 
complex geometry, the bathymetry exhibits many underwater features with sharp 
gradients, and the nearshore contains numerous islets and islands (Tsyrulnikov et al., 
2008). For the listed reasons, the northern and north-eastern parts of the gulf are 
excluded from the analysis in Paper IV that focuses on the western, southern, and 
eastern coasts, which are predominantly sandy and morphodynamically active. 

These shorelines have experienced varying erosion and accretion patterns over the 
past century. Increased erosion has been observed since the 1990s, particularly near 
Roja, Engure, Ragaciems, Saulkrasti, and Cape Kurmrags (Eberhards and Lapinskis, 2008; 
Tõnisson et al., 2013), while accumulation predominates near Jurmala (Figure 26). 

Paper IV explores the wave-driven relocation of mobile sediment along the coasts of 
the Gulf of Riga in terms of net and bulk potential transport. For modelling purposes, 
the coastal stretch from Cape Kolka and Pärnu Bay is divided into three sectors. 
To make the presentation clearer, these sectors are named as follows. The western 
shore from Cape Kolka to Engure is represented by Roja grid, the southern shore from 
Engure to the Gauja River near Saulkrasti mouth by Riga grid, and the eastern shore 
from the Gauja River mouth to Häädemeeste by Salacgrīva grid (Figure 26). 

3.2.2 Wind and Wave Climate Characteristics 
While the general properties of the wind and wave climate in the study area have already 
been discussed in Chapter 1 and Chapter 2, a few regional aspects must be noted here. 
Wind forcing in the eastern Baltic Sea plays a central role in shaping the wave 
conditions that mobilise and redistribute sediment alongshore. The entire region, 
including the Gulf of Riga and West Estonian Archipelago, is primarily influenced by two 
systems of moderate and strong winds that blow predominantly from the south-west 
or north-north-west (Soomere and Keevallik, 2001; Soomere, 2003) (Chapter 1). 
The resulting wave system also has a two-peaked structure with the relative importance 
of north-north-west (or north) winds decreasing from the north to the south (Soomere 
et al., 2024). It is likely that this forcing governs not only wave-driven sediment transport 
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intensity but also its reversals, the location of divergence and convergence zones (Viška 
and Soomere, 2013b; Soomere and Viška, 2014), and thus the formation of 
sedimentary compartments and cells. However, the frequency and intensity of winds 
from different directions has extensive variability, with notable shifts during single 
seasons, especially during winter on the Estonian mainland (Jaagus and Kull, 2011). 

The wave climate in the Baltic proper and even more in the interior of the Gulf of 
Riga is relatively mild but highly intermittent (Chapter 1, Chapter 2). Regionally, 
long-term wind and wave statistics confirm strong interannual variability in wave 
energy delivery (Björkqvist et al., 2018b). Approximately one-third of the annual wave 
energy flux is concentrated in just the 3–4 stormiest days of the year (Soomere and 
Eelsalu, 2014). The entire Gulf of Riga is characterised by the predominance of 
relatively short, locally generated, fetch-limited waves (Chapter 2) that may approach 
the coast at large incident angles. 

While south-western winds are more frequent, the strongest wave events may be 
linked to north-north-west storms, which, though rare, likely generate the most 
energetic sea states in the Gulf of Riga (Davidan and Lopatukhin, 1982, cited in Eelsalu 
et al., 2014). These features give rise to a complicated pattern of variations in the most 
frequently occurring wave directions in this gulf (Figure 27). The variability of potential 
wind (and thus wave approach) directions is particularly large in the interior of the Gulf 
of Riga (Figure 27). The combination of these factors makes the wave approach during 
storm events a disproportionally important determinant of sediment transport and 
makes the eastern Baltic Sea a region that is highly sensitive to directional changes in 
wave forcing (Soomere et al., 2015). 

Figure 27. Mean 𝐻𝐻𝑆𝑆 1990–2022 (color scale) with the most often occurring wave direction, 
defined by count with 10° bins (arrows showing only the direction). 
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3.2.3 Selection of Suitable Grid Cells of the Wave Model 
Estimates of alongshore sediment transport build on time series of wave properties 
simulated using the triple-nested implementation of the wave model SWAN forced by 
ERA5 wind data (Chapter 1, Chapter 2). The two nearshore grids in Paper III (Figure 24) 
and the three innermost grids used for sediment transport estimates in the Gulf of Riga 
(Roja, Riga, and Salacgrīva, Figure 26) have a resolution of ~560 m (0.32 nmi) that 
captures the main features of shoreline variability and nearshore bathymetry. 
The outcome of comparisons of modelled and recorded data, especially for the Gulf of 
Riga (Chapter 2) suggests that, despite uncertainties in modelling shallow wave 
transformation processes, the reconstructed time series of wave height, period, and 
direction are robust enough for adequate potential transport estimates. 

The shoreline of the study area was divided into about 600–800 m long sectors 
depending on the mutual orientation of the shoreline and grid cells (Figure 28). 
The CERC formula relies on the wave height at the breaking line (USACE, 2002). 
To extract representative wave forcing for sediment transport estimates, wave properties 
were sampled from the most nearshore model grid points in which waves were not yet 
breaking even in strongest wave storms that affected the relevant coastal sector 
(Figure 28). A natural criterion for the associated minimum water depth is that the 
selected grid cells should be located beyond the local closure depth – that is, at depths 
where wave motion no longer affects a fixed-shape bottom profile (see, e.g., Soomere 
et al., 2017). The 95th percentile wave height was used to define a proxy of closure 
depth for each coastal segment. The final selection of points (see details in Paper IV) 
ensures that (i) wave properties in this cell can be used to provide adequate estimates 
of the input values for transport calculations including during severe storm conditions 
and that (ii) the selected cells are located at a more or less constant distance from the 
shoreline (Figure 29). The orientation of the isobaths in these cells was chosen to match 
the orientation of the shoreline in the associated sectors of the coast along the 
shoreline normal. 

Figure 28. Examples of wave model grid cells used in the analysis, water depth in these cells and 
the associated orientation of the coastline (bold red line in the cells) near Cape Kolka (left) and 
Salacgrīva (right). The red line indicates the orientation of isobaths in single cells. From 
Paper IV. 
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Changes in coastal orientation that naturally occur, e.g., at headlands or capes 
(Figure 24), obviously impact the sediment transport. Also, engineering obstacles, such 
as groynes or harbour breakwaters affect sediment transport and may induce erosion 
or deposition, or partially or fully block the alongshore sediment flux. Large-scale 
infrastructure, such as the jetties of the Klaipėda Strait (Figure 24) (Paper III) and the 
River Daugava mouth near Riga (Figure 26) (Paper IV), were replicated by the wave 
model. However, most such structures in the study area were too small to be properly 
resolved by the wave model (Figure 29). These cases were treated similarly to natural 
headlands, by means of defining them as sharp changes in the orientation of isobaths in 
the relevant grid cells. These changes were chosen to roughly match the size and 
orientation of the harbour or jetty (Figure 29). 

Even though the model has not necessarily resolved the details of sediment flux at 
such locations, it usually provides information about compartmentalisation effects in 
terms of clear convergence or divergence of sediment flux. Namely, the application of 
the CERC approach in the cells that followed sharp changes in shoreline and isobath 
orientation triggered by the presence of jetties or breakwaters, usually led to 
systematic changes in the transport direction compared to the neighbouring cells. Such 
situations at natural capes or headlands signal that the cape serves as a strict barrier to 
alongshore sediment flux. This is also the case with harbours and breakwaters that 
protrude into water that is deeper than closure depth. Therefore, even though the 
particular values of transport in such locations were unrealistic, the presence of a pair 
of local systematic divergence and convergence areas in such cells correctly indicates a 
major obstacle to sediment transport. Some such locations are removed from the 
depictions of alongshore transport below. It was also concluded in Paper IV that 
structures extending deeper than the closure depth naturally serve as almost complete 
barriers to sediment flux, except during the most extreme conditions where some 
transport may occur. 

Figure 29. Example from the vicinity of the Port of Roja (Figure 26), showing how harbour 
breakwaters are mirrored in the model, creating sharp changes in the orientation of isobaths. 
Cyan boxes represent the selected cells from the model grid, while the red line indicates the 
reflection of the shoreline in the orientation of isobaths. The green contour shows the 10 m 
isobath, and the blue the 20 m isobath. From Paper IV. 
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3.2.4 Sediment transport modelling 
Potential alongshore sediment transport is calculated in Paper III and Paper IV using the 
well-established CERC formula (USACE, 2002). The CERC approach relates the wave 
energy flux approaching the coast at the breaker line to potential sediment transport 
generated by these waves. It remains one of the most widely applied empirical 
formulations for engineering-scale transport estimation in wave-dominated coastal 
zones (Shaeri et al., 2020). 

The general form of the CERC equation used in this study is: 
𝐼𝐼𝑡𝑡 = 𝐾𝐾𝐾𝐾𝑐𝑐𝑔𝑔𝑔𝑔 sin𝜃𝜃𝑏𝑏 cos𝜃𝜃𝑏𝑏, (2) 

where: 
• 𝐼𝐼𝑡𝑡 = (𝜌𝜌𝑠𝑠 − 𝜌𝜌)(1 − 𝑝𝑝)𝑄𝑄𝑡𝑡  is the potential immersed weight transport rate that is

proportional to the central evaluated quantity – instantaneous potential
alongshore sediment transport rate 𝑄𝑄𝑡𝑡 (m3/s)

• 𝐾𝐾 is the so-called CERC coefficient; essentially a nondimensional empirical
coefficient that is typically ~0.77 for medium sand in standard units

• 𝜌𝜌𝑠𝑠 is the density of non-cohesive sediment (kg/m³)
• water density 𝜌𝜌 = 1004 kg/m³
• 𝑝𝑝 is the (nondimensional) porosity coefficient
• 𝐸𝐸 = 1

16𝜌𝜌𝜌𝜌𝐻𝐻𝑏𝑏
2 is wave energy density at the breaker line in terms of significant 

wave height (J/m2) 
• 𝑔𝑔 = 9.81 is acceleration due to gravity (m/s²)
• 𝐻𝐻𝑏𝑏  is significant wave height at breaking (at the breaker line, m)
• 𝑐𝑐𝑔𝑔𝑔𝑔 is group speed of waves at the breaker line (m/s)
• 𝜃𝜃𝑏𝑏 is the angle between the wave vector and shore normal at the breaker line

relative to the shoreline (radians).
Equation (2) signals that wave-driven potential transport is particularly sensitive to 

the angle of wave approach: it increases linearly if the approach angle increases. 
Therefore, obliquely arriving waves with large approach angle 𝜃𝜃𝑏𝑏 may generate very 
strong alongshore transport compared to waves that approach at a small angle. 

The analysis in Paper III and Paper IV uses constant values for porosity coefficient 
𝑝𝑝 = 0.4 and water density 𝜌𝜌 = 1004 kg/m3. These values roughly correspond to  
the typical material of beach sand (quartz) and to the typical surface salinity of  
4.90–5.38 g/kg in the Gulf of Riga (Skudra and Lips, 2017). Even though salinity is higher 
in most of the study area, its particular value enters as a linear coefficient into Eq. (2) 
and small variations of its values do not impact the results. For the empirical 
coefficient 𝐾𝐾 the following direction dependent formulation was used (USACE, 2002) to 
mirror regional characteristics of the Gulf of Riga where large approach angles are 
usual: 

𝐾𝐾 = 0.05 + 2.6 sin2 2𝜃𝜃𝑏𝑏 + 0.007𝑢𝑢𝑚𝑚𝑚𝑚 𝑤𝑤𝑓𝑓⁄ , (3) 

where: 
• 𝑢𝑢𝑚𝑚𝑚𝑚 = (𝐻𝐻𝑏𝑏 2⁄ )�𝑔𝑔 𝑑𝑑𝑏𝑏⁄  is the maximum orbital velocity in linear waves (m/s)
• 𝑤𝑤𝑓𝑓 = 1.6�𝑔𝑔𝑑𝑑50(𝜌𝜌𝑠𝑠 − 𝜌𝜌) 𝜌𝜌⁄  is the fall velocity (m/s)
• 𝑑𝑑50 = 0.17 is the typical grain size (mm)
• 𝜌𝜌𝑠𝑠 = 2650 is the density of sand (kg/m3)
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Wave models provide time series of wave properties at some distance from the 
shore (Figure 28, Figure 29), ideally in locations close to the breaker line. Modelled 
wave heights and propagation directions were linked to breaker-line conditions using 
the method developed by Soomere et al. (2013). This method makes it possible to 
systematically evaluate shoaling and refraction of waves as they propagate from a 
model grid cell to the breaker line, without knowing beforehand the location or depth 
of the breaker line. This method assumes that the seabed is locally flat, isobaths are 
parallel to the shoreline, the wave field is monochromatic and unidirectional, and that 
breaking waves are long waves. Application of this method is essential for properly 
(at least to a first approximation) estimating the breaking wave properties at relatively 
large approach angles, generalising the results of Larson et al. (2010) for larger angles. 

The method relates the modelled wave height 𝐻𝐻0, with its phase and group speed 
and propagation angle 𝑐𝑐𝑓𝑓0, 𝑐𝑐𝑔𝑔0, 𝜃𝜃0, respectively, with the wave height 𝐻𝐻𝑏𝑏  at the breaker 
line via an algebraic equation of 6th degree: 

𝐻𝐻𝑏𝑏5𝑔𝑔 �1 −
𝐻𝐻𝑏𝑏𝑔𝑔
𝛾𝛾𝑏𝑏

sin2 𝜃𝜃0
𝑐𝑐𝑓𝑓02

� = 𝐻𝐻04𝛾𝛾𝑏𝑏𝑐𝑐𝑔𝑔02 (1 − sin2 𝜃𝜃0). (4) 

Equation (4) has two real solutions and the smaller solution gives the breaking wave 
height. The angle 𝜃𝜃𝑏𝑏 is evaluated using Snell’s law sin 𝜃𝜃 𝑐𝑐𝑓𝑓⁄ = const. This pair of 
equations is closed by assuming that the breaking index 𝛾𝛾𝑏𝑏 = 𝐻𝐻𝑏𝑏 𝑑𝑑𝑏𝑏⁄ = 0.8 is constant 
(where 𝑑𝑑𝑏𝑏 is the water depth at the breaker line) and that breaking waves are long 
waves. The latter assumption means that phase speed 𝑐𝑐𝑓𝑓𝑓𝑓 and group speed 𝑐𝑐𝑔𝑔𝑔𝑔 are 
equal: 𝑐𝑐𝑔𝑔𝑔𝑔 = 𝑐𝑐𝑓𝑓𝑓𝑓 = �𝑔𝑔𝑑𝑑𝑏𝑏 at the breaker line. Paper IV stresses that these 
approximations are not perfect as the breaking index may substantially vary and 
breaking waves are often not ideal long waves.  

The potential transport was evaluated in terms of its hourly values. This transport 
can be either negative or positive. The positive direction means transport to the right 
(counter-clockwise) for the observer looking at the sea.  

Two key transport metrics were derived for each shoreline segment: 
• Net transport: the sum of hourly transport values with sign over some time

period, indicating the net direction of movement of sediment during this time
period.

• Bulk transport: the sum of the absolute values of hourly transport magnitudes
over some time period, representing the total volume of sediment moved by
waves in any direction during this period.

Hourly estimates were computed across the full 33-year wave hindcast, and these 
values were aggregated monthly, seasonally and annually to analyse both the intensity 
and directionality of transport. Most of the analysis was performed to obtain monthly 
values of net and bulk transport in each selected coastal sector. To further interpret 
transport stability and directionality, the net-to-bulk transport ratio was evaluated for 
each segment in Paper IV. This dimensionless indicator ranges from −1 to 1, where 
values near ±1 reflect strongly unidirectional transport, and values near 0 indicate 
frequent reversals and unstable alongshore flux. It serves as a descriptive measure of 
how coherent or fragmented the sediment transport is across different seasons and 
locations. 
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3.3 Transport Patterns on the Eastern Baltic Proper Shore 

3.3.1 Almost equilibrium segments from Curonian Spit to Cape Akmenrags 
Alongshore sediment transport along the eastern Baltic Sea coast from Cape Taran 
(Paper III) is broadly counter-clockwise (Knaps, 1966; Ulsts, 1998; Viška and Soomere, 
2013b) (Figure 30). It is likely that Cape Taran serves as an almost impassable location 
for wave-driven sediment motion with transport almost entirely to the east along the 
northern shore of the Sambian Peninsula (Ryabchuk et al., 2020) (Figure 30). In reality, 
sediment transport is strongly modulated by numerous coastal protection structures 
(Ryabchuk et al., 2020) and by changes in the orientation of the shoreline (Figure 30). 

Sediment transport reduces along the Curonian Spit. The net transport is 
systematically almost zero along this spit and also between Klaipėda and Palanga 
(Figure 30) (Paper III). This outcome is consistent with the general perception that the 
Curonian Spit is in an equilibrium state with respect to wave-driven transport in the 
current climate (Viška and Soomere, 2012). As expected, breakwaters of the Port of 
Klaipėda (Figure 24) fully stop wave-driven sediment transport (Figure 30). 

Figure 30. Annual wave-driven potential bulk transport (upper panel), ratio of annual net and bulk 
transport (middle panel), and annual net transport (lower panel) along the coastal stretch from 
Cape Taran in Kaliningrad District, Russia, to Cape Akmenrags in Latvia. The positive transport 
direction is counter-clockwise to the east, north-east, and north. See locations in Figure 24. From 
Paper III. 
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By contrast, the rest of the Lithuanian coast, from the vicinity of Palanga and along 
the southern part of the Latvian nearshore to Cape Akmenrags, exhibits more intense 
and directionally variable transport patterns (Figure 30). While bulk transport increases 
by about a factor of two from Palanga (Figure 30) to Cape Akmenrags, frequent 
reversals caused by natural features and the breakwaters of the Port of Šventoji 
(Figure 30) split this coastal segment into several only weakly connected sedimentary 
cells. It is likely that alongshore changes in net transport direction are observed due to 
bi-directional forcing and complex shoreline geometry. 

3.3.2  Intense Transport from Cape Akmenrags to Cape Kolka 
Potential bulk transport is exceptionally intense, with bulk volumes frequently 
exceeding 1–2 million m³/yr, on the rest of the Baltic proper shore of Latvia to the 
north of Cape Akmenrags (Figure 30) to Cape Kolka (Figure 31). Net transport along 
much of the Latvian coast is to the north-east, that is, mostly counter-clockwise but 
with two clearly evident natural divergence points and reversals (that is, clockwise 
transport to the south-west) to the south of these points, The intensity of bulk transport 

Figure 31. Annual wave-driven potential bulk transport (upper panel), ratio of annual net and bulk 
transport (middle panel), and annual net transport along the north-western shore of Latvia from 
Cape Akmenrags to Cape Kolka. See locations in Figure 24. From Paper III. 
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decreases in the northern part of the Courland Peninsula (Figure 26) evidently because 
this coastal segment is sheltered from waves from northern directions by the Sõrve 
Peninsula. However, the intensity of net transport remains very large, on average 
600,000–800,000 m3/yr almost to Cape Kolka, where sediment accumulates before 
entering the Gulf of Riga. These estimates closely match the outcomes of historical 
observations (Knaps, 1966; Ulsts, 1998). 

An important finding in Paper III is the presence of several reversals of the mostly 
unidirectional counter-clockwise transport systems, notably in the vicinity of the Port of 
Šventoji, to the south of Bernati and to the south of Cape Akmenrags (Figure 24). These 
reversals apparently reflect a delicate balance of waves from the two predominant 
directions (Paper V). As the reversals are relatively short, it is likely that even small 
shifts in wind direction can disrupt this balance, leading to the formation of other 
divergence points and/or reversals, and possibly to localised sediment deficit. 

3.3.3 Sediment Compartments 
The presented results highlight several natural and engineered barriers to wave-driven 
sediment transport on the eastern Baltic proper shore. Natural barriers are due to 
persistent divergence zones of wave-driven transport (net transport zero-upcrossings in 
Figure 30 and Figure 31) associated with natural headlands. They are complemented by 
engineered barriers like jetties or breakwaters. Together they separate the study  
area into several fully or partially isolated sediment cells and compartments – coastal 
segments where sediment circulates internally but exchanges with neighbouring areas 
are small. 

The engineered key boundaries are the breakwaters of the Port of Klaipėda, the Port 
of Šventoji, jetties at Pavilosta and the Port of Ventspils (Figure 24). Even though the 
Port of Liepaja is not highlighted as a barrier for net sediment transport, strong erosion 
of the coast to the north of this port (Eelsalu et al., 2025) confirms its impact. 
The natural barriers are persistent divergence points: a headland to the south of 
Bernāti (Figure 24), Cape Akmenrags and a zero-upcrossing of net transport in grid 
point 90 in Figure 31. Persistent local reversals (areas of clockwise transport) are 
highlighted to the south of all three major net sediment transport divergence points. 
Among those, only the divergence point at Cape Akmenrags was identified in earlier 
simulations (Viška and Soomere, 2013b, Soomere and Viška, 2014). 

The Curonian Spit stands out as a near-equilibrium coastal segment. Low and locally 
variable net transport suggests a self-contained re-circulation system with minimal 
sediment exchange – consistent with its morphological persistence despite storm 
exposure (Viška and Soomere, 2012; Šakurova et al., 2023). The vicinity of Cape Kolka 
acts as a terminal sediment sink for sediment transport along the Baltic proper shore of 
the Courland Peninsula, where intense transport from the south accumulates due to 
shoreline curvature and only a small fraction of sand moves further into the Gulf of 
Riga. 

3.4 Spatial Patterns of Alongshore Transport in the Gulf of Riga 
The spatial structure of wave-driven alongshore sediment transport within the Gulf of 
Riga (Paper IV) is highly non-uniform and defined by a large number of factors, 
including shoreline orientation, wave directionality from anisotropic winds, sediment 
availability and presence of natural and artificial boundaries. 
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3.4.1 Western Shore: Almost Unidirectional Transport 
The western shore from the vicinity of Cape Kolka to the Port of Engure is covered by 
the Roja grid (Figure 26). The coastline is mostly gently curving, with only one relatively 
prominent headland at Mersrags. Earlier simulations (Viška and Soomere, 2013b) and 
in situ estimates (Knaps, 1966) suggest largely straightforward nearly continuous 
counter-clockwise sediment transport predominantly directed to the south-east, 
from Cape Kolka towards Riga. Most of the sediment input to Cape Kolka (up to 
800,000 m³/yr, Paper III) is deposited at Cape Kolka and only ~50,000 m³/yr enters the 
gulf (Knaps, 1966; Ulsts, 1998; Viška and Soomere, 2013b). 

Estimates derived in Paper IV confirm this pattern. The simulated massive net and bulk 
transport along the north-western shore of Cape Kolka (Figure 32) drops significantly 
after passing the cape. The net transport is predominantly counter-clockwise, with 
localised variations due to headlands and bathymetric anomalies described in Paper IV. 

Figure 32. Simulated annual wave-driven potential bulk sediment transport (upper panel), ratio of net 
to bulk transport (middle panel) and net potential sediment transport (lower panel) along the western 
shore of the Gulf of Riga. Individual years are shown in green, with selected examples highlighted 
according to the legend. The orange line (average transport 1990–2022) is almost wholly masked by 
the black dotted line (3-grid point running mean of the average transport 1990–2022) in the upper 
and lower panels. The data for grid points that follow the orientation of breakwaters of the Port of 
Engure are omitted. See locations in Figure 26. From Paper IV. 
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The area is also characterised with three transport reversals of various frequency of 
occurrence, unresolved in the earlier coarser resolution studies (Viška and Soomere, 
2013b). They occur between Purciems and Roja in several years, systematically 
between Upesgrīva and Mērsrags, and occasionally along the eastern face of Cape 
Kolka (Figure 32). The presence of the two occasional reversals apparently reflects the 
sensitivity of wave-driven transport to subtle variations in shoreline orientation and 
typical wave approach angle in single years (Paper IV). 

The headland near Mērsrags, however, acts as a key sediment divergence point, 
sharply altering the direction and intensity of transport. It forms a natural almost 
impassable barrier between the sediment compartments to the west and south of this 
headland at an annual scale (Figure 32). The breakwaters at the Port of Roja and the 
Port of Engure have a similar effect on simulated sediment transport. Model grid cells 
adjacent to these features display spikes that indicate discontinuities in transport. 

As explained in Section 3.2.3, the numerical estimates of transport at such locations 
are incorrect; however, systematic changes in the sign (direction) of the transport 
adequately indicate major changes in the sediment flux. Most of these values were 
removed from the analysis of total transport and its annual variations in Paper IV and in 
the rest of this Chapter. As breakwaters of both ports extend beyond the estimated 
closure depth of ~4 m, they act as almost impassable barriers, blocking alongshore 
transport. 

3.4.2 Southern Shore: Variable Transport and Accumulation 
The southern shore (Riga grid, Figure 26, Figure 33), spans from the Port of Engure to 
the Gauja River mouth near Saulkrasti. It is characterised by a gently curving coastline 
with several headlands and massive engineering structures at the Daugava River mouth 
near Riga (Figure 26). 

In contrast to the western shore, sediment transport here is less intense, but more 
directionally consistent, with average bulk transport between 50,000 and 300,000 m³/yr. 
The net transport is mostly counter-clockwise, with no almost impermeable divergence 
locations. Thus, different parts of this shore are connected with each other by 
unidirectional transport. The transport direction varies considerably in single years in 
the area to the north of Ragaciems. A headland at Ragaciems functions as a 
semi-permeable boundary where transport is counter-clockwise in 13 out of 33 analysed 
years (Figure 33). 

Sediment transport is high to the south of Engure, to the south-east of Ragaciems 
and in the vicinity of the Daugava River and Gauja River mouths (Figure 26, Figure 33). 
The relatively low transport on the rest of the shore is apparently associated with a 
short fetch for south-western winds and with smaller approach angle for waves arriving 
from northern directions (Paper IV). Significant accumulation zones are located near 
Klapkalnciems, Jūrmala, and at the mouth of the Daugava River. Thus, the gently 
curving shoreline gives rise to a natural division of the southern shore into several 
interconnected segments while the Daugava River mouth divides this shore into two 
almost totally separated compartments. 
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Figure 33. Simulated wave-driven potential bulk potential sediment transport (upper panel), ratio 
of net to bulk transport (middle panel) and net potential sediment transport (lower panel) along 
the southern shore of the Gulf of Riga. Note the different vertical scales of the upper and lower 
panels compared to Figure 32. The data for grid points that follow the orientation of breakwaters 
of the port of Engure and for the cells between jetties of the Daugava River mouth are omitted. See 
locations in Figure 26. From Paper IV. 

3.4.3 Eastern Shore: Fragmented and Complex 
The eastern shore of the gulf, from the Gauja River mouth to Häädemeeste (Figure 26, 
Figure 34) is covered by the Salacgrīva grid. Despite appearing almost straight on 
large-scale maps, this coastline is the most structurally fragmented sedimentary system 
in the study area, with numerous interruptions to the wave-driven alongshore flux. 

The simulated potential bulk transport increases from ~150,000 m³/yr in the south 
to ~400,000 m³/yr in the north. The actual transport is much smaller because of low 
availability of mobile sediment. The net transport has several reversals, most noticeably 
between Saulkrasti and Cape Kurmrags (Figure 34), aligning with earlier observations of 
sediment flux divergence in this area (Knaps, 1966; Soomere and Viška, 2014). 
The transport pattern also indicates high interannual variability. 
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Figure 34. Simulated wave-driven potential bulk sediment transport (upper panel), ratio of net to 
bulk transport (middle panel) and potential net sediment transport (lower panel) along the eastern 
shore of the Gulf of Riga. Note the different scales in the upper and lower panels compared to 
Figure 32. The data for grid points that follow the orientation of breakwaters of ports of Skulte, 
Salacgrīva, Kuiviži, Treimani and Kosmos are omitted. See locations in Figure 26. From Paper IV. 

Cape Kurmrags most likely functions as a natural barrier to wave-driven sediment 
transport. Minor headlands at Lembuzi and Vitrupe, as well as infrastructure of ports of 
Skulte, Salacgrīva, Kuiviži, Ainaži, and Treimani (Figure 26, Figure 34), further dissect the 
coast into several distinct sedimentary cells. This pattern suggests weak sediment 
connectivity, with cells and compartments remaining largely separated at annual 
timescales. 

3.5 Compartmentalisation and Connectivity 
The presented analysis demonstrates that the sedimentary system of the eastern 
Baltic Sea shores (Figure 35) is divided into a few large compartments and several 
smaller sedimentary cells. Overall, this compartmentalisation reflects both natural 
and anthropogenic controls, and is further shaped by directional wave forcing. 
The boundaries between such units are critical for coastal planning, as changes or 
interventions in one cell may have limited unintended effects beyond its limits. 
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Not all sediment compartments along the eastern Baltic Sea coast are equally 
isolated. Their degree of connectivity depends on the combination of wave directions 
and shoreline orientation as well as on the scale of engineered barriers. It is well known 
that the vicinity of Cape Kolka is as one-way gateway to the Gulf of Riga (Knaps, 1966; 
Ulsts, 1998) and thus divides the system into two parts with one-way impact: while 
sediment is transported from the Baltic proper shores into this gulf, there is no reverse 
transport at any longer time scale. It is also obvious that the massive breakwaters at 
the Daugava River mouth near Riga (Figure 26) and the Klaipėda Strait (Figure 24) 
almost entirely block wave-driven nearshore sediment transport. These barriers have 
been constructed in industrial time and there has evidently been some transport of 
coastal sediment across these rivers in the more remote past. An almost impermeable 
natural barrier has been identified at Cape Akmenrags (Figure 26) in earlier simulations. 
A substantial amount of sediment was transported along this cape in one year of 40 
simulated in Viška and Soomere (2013b) and Soomere and Viška (2014). These four 
locations, that were basically known from previous research, separate the system into 
five compartments. 

Simulations performed in Paper III and Paper IV have highlighted several additional 
obstacles to sediment transport on both the Baltic proper and Gulf of Riga shores. Most 
of them are likely partially permeable and the identified sedimentary cells are thus not 

Figure 35. Transport directions (arrow widths correspond to the rate of potential net transport), 
major interconnected sedimentary compartments separated by major natural divergence points of 
net sediment transport (green rectangles), and large harbours and jetties (black rectangles) that 
split the sedimentary compartments into almost separated cells. Blue arrows indicate counter-
clockwise transport and red arrows show clockwise transport. Parallel narrow blue and red arrows 
denote a variable transport regime in different years. Graphics by Maris Eelsalu. From Paper IV. 
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fully separated from each other. The list includes the breakwaters of the Port of 
Šventoji, Cape Bernati, the jetty at Pavilosta, a small headland to the south of Ventspils, 
and most probably the Port of Ventspils (even though simulations in Paper III do not 
resolve this feature) (Figure 24). It is thus likely that most of the sediment between 
these locations has been trapped during industrial times. 

The analysis performed in Paper IV signals that the studied part of the Gulf of Riga 
coastline can also be divided into several sediment (transport) compartments that are 
almost fully separated either by persistent divergence zones, major river mouths, 
or large artificial structures (Figure 35). The western shore includes two broad 
compartments with largely unidirectional transport and few major interruptions. One 
of them is divided into two by the breakwaters of the Port of Roja. The southern shore 
is more connected but still split into two independent compartments by the River 
Daugava mouth. In contrast, the eastern coast is fragmented, composed of several 
smaller compartments separated by transport reversals and engineering structures. 
The degree of morphodynamical dependence varies: western and southern 
compartments tend to function as continuous transport corridors, while the eastern 
compartments behave as semi-isolated cells. 

3.6 Temporal Dynamics of Sediment Transport 

3.6.1 Temporal Variability in the Gulf of Riga 
The presented results reflect the situation in a stationary wind and wave climate. 
However, wind and wave properties exhibit clear changes in the study area at different 
time scales (Kelpšaitė et al., 2011; Zaitseva-Pärnaste et al., 2011; Bierstedt et al., 2015; 
Soomere et al., 2015). These changes, either in wave height or direction, naturally 
translate into variability of wave-driven sediment transport (Soomere et al., 2015). 
Paper IV demonstrates that a complex interplay between the wind regime and shoreline 
orientation leads to several interesting features in the Gulf of Riga in terms of 

Figure 36. Average annual (solid lines with markers) and storm season (thin dashed lines) potential 
bulk sediment transport 1990–2022 for each coastal sector and the Gulf of Riga as a whole. From 
Paper IV. 



67 

interannual variations and decadal-scale trends in bulk and net potential transport 
rates 1990–2022 in the three addressed coastal segments.  

Both bulk and net sediment transport along the entire studied part of the Gulf of 
Riga coastline showed pronounced year-to-year variability without any consistent 
long-term trend (Figure 36). This variability apparently reflects the episodic nature of 
changes to the wave forcing. A statistically significant decrease in bulk transport across 
the entire domain occurred during the period 1990–2005, with an average decline of 
−5,590 m³/yr (𝑝𝑝 = 0.018). Much of this decrease was driven by an even steeper
statistically significant decrease on the eastern shore (−10,600 m³/yr, 𝑝𝑝 = 0.0008).
The decrease on the southern and western shores was smaller and not statistically
significant. This decrease was followed by a non-significant upward trend in the entire
domain 2005–2022.

The eastern shore exhibited the highest bulk transport ~352,000 m³/yr on average 
per grid cell. In several years, particularly in the early 1990s and mid-2010s, estimated 
bulk transport peaks exceeded 450,000 m³/yr. Interannual variations in so-called storm 
season transport (from July to June of the subsequent year, Figure 36) are particularly 
large on the eastern shore. The western shore showed smaller average values 
(~226,000 m³/yr) of bulk transport, with no statistically significant trend, with moderate 
interannual variation and no systematic directional evolution over the study period. 

The southern shore had the lowest average bulk transport (~119,000 m³/yr) and the 
least interannual variation. No statistically significant trend was detected here either. 
The much lower values of transport suggest that the southern coast experiences 
relatively steady and lower-intensity wave-driven transport even though the intensity 
of wave forcing is not necessarily smaller compared to the western segment of the shore. 

Net sediment transport, representing the directional balance of alongshore fluxes, 
showed more pronounced variability than bulk transport across all three coastal 
segments (Figure 37). This variability was especially strong during storm seasons, which 
often enhanced or even reversed the dominant annual transport. 

On the eastern shore, net transport was consistently positive in terms of both annual 
and storm season estimates, except for 2001 when the annual transport had a very 
small negative value. Single annual and storm season values strongly varied, mostly 
coherently with each other. Net transport along the western shore exhibits basically 
the same features: mostly positive with a few exceptions and strong interannual 
variability. Different from the situation on the eastern shore, estimates of transport for 
storm seasons frequently fluctuated around zero, most likely reflecting the varying 
balance of south-western and north-north-western winds. Also, estimates for storm 
seasons often differed significantly from similar estimates of annual net transport, 
apparently underlining the sensitivity of this segment to wind direction in single 
autumns and winters. In contrast, the southern shore maintained low transport 
volumes and with smaller interannual variability but consistently eastward net 
transport, with average values close to the similar average values over the entire study 
area and with no significant trends. 

Therefore, while the transport along the southern coast remains directionally stable 
and less intense, sedimentary systems on the eastern and western shores are far more 
reactive to interannual and possibly seasonal changes in wind properties. 

A highly interesting feature of the temporal course of wave-driven net sediment 
transport in the Gulf of Riga is that intense counter-clockwise transport over storm 
seasons along the eastern shore is accompanied by low transport on the western shore 
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and vice versa (Figure 37). This pattern of interannual variations is much weaker but 
still evident in bulk transport (Figure 36). The possible explanation of these features is 
that while bulk transport correlates positively with storm activity across the entire 
region, the sign of net transport on the eastern and western coasts may be different 
under the action of the predominant moderate and strong wind events. South-western 
winds drive clockwise transport (to the north) along the western shore and  
counter-clockwise movement (also to the north) on the eastern shore. North-north-
western winds excite waves that carry sediment to the south on both these coasts but 
the resulting transport is counter-clockwise on the western shore and clockwise on the 
eastern shore. This pattern does not extend to the southern shore, where waves 
excited by south-western winds are weak and waves from the northern directions 
approach at a small angle. 

The described feature highlights how coastal orientation and anisotropy of the wind 
regime may shape both the magnitude and direction of regional sediment fluxes so that 
taking the average over longer coastal segments smooths out these regionally crucial 
variations. The interplay of orientation of the coasts and regional wind asymmetry is 
thus critical in explaining the observed spatial and temporal contrasts in the reaction of 
large coastal systems to variations in wind forcing (Viška and Soomere, 2013a). 

Figure 37. Average annual (solid lines) and storm season (thin dashed lines) potential net transport 
per wave model grid cell along the entire study area and southern coast (upper panel) and eastern 
and western shores (lower panel) of the Gulf of Riga in single years 1990–2022. Note the different 
scales in the upper and lower panel. From Paper IV. 
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3.6.2 Contribution and Balance of Directional Forcing 
While the described variations in the net transport are created because of the different 
orientation of coastal segments under the specific anisotropic wind and wave climate, 
Paper V addresses changes in the directional structure of wave-driven forcing and 
attempts to locate where these changes may lead to substantial alterations to 
alongshore transport. The study area is the entire eastern Baltic Sea shore from Cape 
Taran to the entrance of the Gulf of Finland (Figure 38), including the study areas in 
Paper III and Paper IV. 

The entire coastal stretch is divided into 261 sectors with a spatial resolution of 
1 nmi in the Gulf of Riga and along the northern part of the study area and 3 nmi in the 
southern part. The grid cells representing these coastal sectors were chosen using the 
principles described in Section 3.2.3. Time series of wave properties in these cells were 
extracted from simulations using the SWAN model forced with ERA5 wind data over a 
31-year period 1990–2021 and described in Chapter 1 and Chapter 2. The rates of net
and bulk potential transport were evaluated using the CERC formula, with parameters
and approximations as described in Section 3.2.4.

Figure 38. Coastal sections considered in Paper V. Green squares: nearshore grid cells in the Baltic 
proper from a wave model with a resolution of 1 nmi. Light green squares: nearshore model grid 
cells of the Baltic proper with a resolution of 3 nmi. Dark green squares: grid cells in the nearshore 
of the interior of the Gulf of Riga with 1 nmi resolution. The nearshore of southern Saaremaa is not 
considered in Paper V. Graphics by Maris Eelsalu. From Paper V. 
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The directions of waves that drive the majority of alongshore transport in each 
coastal section are described with a resolution of 30° in Paper V. The changes to the 
predominant direction of wave energy flux are thus also resolved with this resolution. 
As the predominant wind directions differ by >100°, this resolution is expected to be 
fine enough to identify coastal areas where a bi-directional sediment transport pattern 
is the predominant feature and to highlight alterations of its directional structure. 
The statistical significance of identified changes – particularly declines in transport driven 
by waves that approach from north-west – was estimated utilizing the Mann-Kendall 
test at a 95% level. 

The core conjecture of Paper V is that the majority of annual alongshore sediment 
transport is driven by almost unidirectional waves approaching from one or two 
directions (that is, from a range of ±15° of one or two main directions). These waves 
usually contribute >60% and often 80–90% of the entire transport (Figure 39). 

The contribution of such wave fields and whether there are one or two wave 
systems that drive the transport highly varies along the study area. Almost 
unidirectional forcing of alongshore transport is common along the northern coasts of 
the West Estonian Archipelago. Its western shores are subject to bi-directional forcing 
by wave fields that approach from the south-west and north-west. Depending on the 
coastline orientation, single sectors may have either counter-clockwise or clockwise 

Figure 39. Ratio of net transport for storm seasons (from July to June of subsequent year 1990–2021) 
driven by waves from a narrow directional range to the bulk wave-driven transport near the West 
Estonian Archipelago (upper panel) and in the nearshore of Latvia and Lithuania (lower panel).  
Blue and green bars: counter-clockwise/clockwise transport, respectively, driven by waves within a 
30° range. Cyan circles on blue line and yellow circles on green line: prevailing counter-
clockwise/clockwise transport wave direction (±15°), respectively. Vertical scale: wave propagation 
direction (180±15° opposite to the approach direction). Horizontal scale: grid cell number in Figure 38. 
Gray line: sum of contributions of two prevailing wave directions to the average annual bulk 
transport. Spatial resolution of lower panel starting from Jurkalne is 3 nmi. For geographical locations 
see Figure 38. From Paper V. 
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transport. Some sectors (e.g., the Sõrve Peninsula on the western coast of Saaremaa, 
Figure 38) have strong unidirectional sediment transport. Even though Paper V did not 
explore the details of alongshore variations in net transport, the described features 
suggest that the western shores of the West Estonian Archipelago contain numerous 
local convergence and divergence areas.  

Consistent with the above, sediment transport along both shores of the Courland 
Peninsula (Figure 26) is unidirectional and counter-clockwise (Figure 39), driven primarily 
by waves that approach from directions 270°–300°. On the contrary, on the coastal 
stretch from the entrance to the Irbe Strait to Palanga (Figure 24, Figure 38), ~80% of 
the sediment transport is almost evenly driven by two wave systems that arrive from 
the directions 255°±15° and 315°±15°. Therefore, the complicated spatial patterns of 
net transport described in Section 3.3 reflect the balance of the impact of these two 
wave systems. 

The same wave systems are predominant from Palanga to the latitude of Nida 
(Figure 38, Figure 39) but their impact varies as the orientation of the shore turns. 
The north of this segment is dominated by western-southern-western winds while the 
shores of the Curonian Spit are more dominated by north-western winds. Waves 
approaching from the north-west generate counter-clockwise transport along the 
northern shore of the Sambian Peninsula (Figure 24). 

Consistent with the above, primarily waves from the west drive counter-clockwise 
sediment transport along most of the eastern shore of the Gulf of Riga. In contrast, 
sediment transport along the western shore is predominantly driven by northerly 
waves that also induce counter-clockwise transport towards Riga. The southern shore is 
developing under joint impact of the two systems of waves. 

3.6.3 Changing Forcing Directions 
Another important outcome of Paper V is the identification of statistically significant 
changes (at a >95% level) in the directional forcing of alongshore sediment transport in 
terms of storm seasons 1990–2021 (Figure 40). These changes have a different nature 
in different coastal segments. On the coast of the West Estonian Archipelago they 
reflect alterations in wave properties arriving from the directions 315±15°° or 345±15°. 
Changes in transport driven by waves that arrive from the range of directions 315±15° 
are most pronounced in the Baltic proper nearshore of Latvia and Lithuania from Oviši 
to Palanga (Figure 40) where two wave systems create a largely balanced alongshore 
sediment system (Section 3.3). Changes in sediment transport in the interior of the Gulf 
of Riga are also mainly driven by alteration of properties of waves from the north-east 
and/or north-west (Figure 40). 

Even though the described changes are somewhat different in different coastal 
segments, they all signify changes in properties of waves from the north-west, 
north-north-west or north (and also from the north-east in the Gulf of Riga) while the 
properties of waves arriving from the other western directions have not changed.  
As these alterations affect the balance of bi-directional sediment transport, it is likely 
that they may lead to significant changes in coastal processes. The reasons for this 
change were not addressed in Paper V. 

No equivalent alteration in transport by waves arriving from other directions offsets 
this decline, leading to growing directional asymmetry. If this process continues, 
formerly balanced sectors – such as the Latvian coast south of Cape Kolka, the Klaipėda 
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region, and parts of the Kaliningrad District – will be dominated by more asymmetric 
transport, heightening erosion risks in previously stable zones. 

The slopes of trends in transport rates vary greatly (Figure 40), being steeper on the 
Baltic proper shores than in the interior of the Gulf of Riga. They are generally larger for 
larger values of transport.  

Importantly, the established changes and trends do not signal a rotation of 
predominant wind and wave directions (Figure 41). The analysis in Paper V confirms the 
wave directions that create most of the counterclockwise and clockwise alongshore 
transport have not changed 1990–2021 (Figure 41). However, the number of days with 
waves from the northern directions has decreased while the number of waves from the 
southwest has not increased at a comparable pace. This observation confirms that the 
described changes in transport result from changes in the speed or frequency of winds 
and waves from one of the predominant directions, specifically, wave energy brought 
to the study area by waves approaching from the north-west, north-north-west or 
north. In other words, this feature highlights directional frequency imbalance, rather 
than directional shift, as the main driver of changes to the transport. 

Paper V also offers an explanation as to why the changes to these (northern) wind 
directions are easier to recognise. Namely, the usual frequency of occurrence of waves 
from these directions is approximately three times less than the frequency of 
occurrence of waves from the south-west and adjacent directions. This difference 
means that any missing or weaker wave events from northern directions have stronger 
relative importance. 

Figure 40. Left: Locations (red markers) in the study area where changes at a ≥95% level of 
statistical significance have occurred 1990–2021 in the alongshore sediment transport driven by 
waves from a particular direction range (colour scale). Right: The slope of trends in net transport 
driven by waves approaching at angles ±15° from directions indicated on the left panel. The trend 
slope is nonzero at a ≥95% significance level at 38 grid points and at a ≥90% level at 82 grid points 
out of 551 points. From Paper V. 
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3.7 Concluding Remarks 
Even though the wave hindcasts in Chapter 1 and Chapter 2 have been shown to 
adequately reflect the reality, it is necessary to interpret the outcome of the presented 
studies with some care. No model is perfect and the conjectures about alongshore 
transport presented above are based on the use of a series of models. The output of an 
atmospheric model is used to force a wave model, simulated wave properties are 
traced until the breaker line and then feed to a sediment transport model. On top of 
that, the presence of sea ice is ignored and the sediment transport model omits 
cross-shore sediment exchange and riverine inputs, focusing strictly on potential 
alongshore fluxes driven by wave forcing, assuming unlimited availability of sediment 
with constant properties. This means that the estimated transport rates can be several 
times larger than actual sediment transport, in particular in coastal segments where the 
supply is limited. 

Figure 41. Changes in two selected coastal sectors in the eastern Baltic proper presented in 
Figure 38 over storm seasons 1990–2021. Upper panels: Blue: counter-clockwise (CCW) transport 
driven by waves from a 30° direction range, green: clockwise (CW) transport from a 30° wave 
range. Transport rates (m3/yr) correspond to the right vertical scale. Red line: average net 
transport 1990–2021, left vertical scale. Lower panels: Bars indicate the annual contribution driven 
by waves creating CCW (blue) and CW (green) transport. Gray line: total contribution by two wave 
systems; blue and green line: total number of days with waves creating CCW and CW transport, 
respectively. Green and blue markers: wave direction leading to CCW or CW transport direction, 
respectively, in each storm season. Scale left: ratio; scale right: wave propagation direction and 
number of days. From Paper V. 
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Nevertheless, many presented results and interpretations present an adequate 
picture of sediment transport for many purposes. First of all, many aspects of the 
functioning of coasts and other sedimentary systems are properly represented by 
means of the analysis of changes in the potential sediment flux. Thus, the direction and 
spatial patterns of net transport and flux divergence and convergence zones are 
realistic as they are invariant with respect to the availability and properties of 
sediment. These aspects thus serve as robust indicators of regional sediment transport 
properties in the existing wave climate. In a similar manner, estimates of changes in 
some components of sediment transport or its drivers provide a clear signal of 
environmental changes that may not yet be visible in the functioning of the coasts.  
This conceptual framework provides a useful lens for interpreting both spatial 
variability and long-term stability in transport behaviour. It also highlights where 
shoreline evolution is likely to be locally driven as opposed to where it is more 
influenced by large-scale transport conditions. This information is critical for effective 
coastal zone planning. 
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Conclusions 
Summary of results 
This thesis presents a detailed investigation into the wave properties of the Baltic Sea 
from the viewpoint of wave-induced sediment transport and with focus on the Gulf of 
Finland, the Gulf of Riga and the eastern Baltic proper. The analysis combines 
high-resolution numerical wave modelling for 30+ years, 1990–2021/2022, with potential 
wave-driven alongshore sediment transport estimation, systematically exploring its 
properties and spatio-temporal variations for the last three decades.  

The analysis in Paper I confirms, not unexpectedly, that properly calibrated and 
validated contemporary spectral wave models, such as SWAN, forced by either ERA5 or 
BaltAn65+ reanalysis wind datasets, can effectively reproduce the known spatial and 
temporal features of the Baltic Sea wave climate. The hindcast properties of this wave 
climate at a moderate resolution of 3 nautical miles (about 5.5 km) almost match each 
other in the Baltic proper and Gulf of Riga. The use of ERA5 wind data tends to project 
slightly larger significant wave heights and its higher quantiles in the open parts of the 
Baltic proper and the Gulf of Finland. The difference between the outcomes of these 
two models is substantial in the Gulf of Bothnia where the simulation forced by ERA5 
wind data leads to clearly larger wave heights than the model run forced by BaltAn65+ 
wind data. 

The pattern of differences is more complicated in the Gulf of Finland, where the 
model run forced with ERA5 wind data yields higher waves in the offshore areas while 
the simulation that used BaltAn65+ wind data produces higher values in the nearshore, 
most significantly near the Estonian coasts. Importantly for the analysis of wave-driven 
sediment transport, the two simulations resulted in nearly identical estimates of the 
main properties of the wave climate along the eastern shores of the Baltic proper from 
Cape Taran to the entrance of the Gulf of Finland as well as in the Gulf of Riga. 

More detailed insight into the wave climate of the Gulf of Riga is developed using 
higher-resolution simulations with the same calibrated and validated SWAN model 
forced with ERA winds 1990–2021 performed with a resolution of 1 nautical mile 
(about 1.85 km) for the entire gulf and down to 280 m in single coastal areas. The wave 
model was additionally validated against existing short-term instrumental measurements. 
The output of this simulation confirms and details the main properties of the wave 
climate of this gulf and its single coastal segments. Even though some of the established 
features were qualitatively known from historical visual wave observations and heuristic 
considerations, the wave climate in this gulf is now quantified in detail in terms of 
spatial patterns of averages and higher quantiles of significant wave heights, empirical 
distributions of the frequency of occurrence of wave heights and wave periods, joint 
distributions of properties of different wave conditions, and long-term variations in 
wave heights.  

The Gulf of Riga wave climate 1990–2021 is clearly milder than in the eastern Baltic 
proper and is largely detached from waves in the Baltic proper. It comprises mostly 
fetch-limited relatively short-period waves with the level of interannual variability of 
±10% from the long-term significant wave height throughout the modelled period. 
In spite of various manifestations of climate change in the region, there has been no 
statistically significant trend in annual significant wave height over the 32-year period in 
the Gulf of Riga. 
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The simulated time series of wave properties with a resolution of about 560 m 
1990–2022 were used to evaluate spatio-temporal variations in the potential 
alongshore sediment transport along the eastern Baltic proper from the Sambian 
Peninsula to Cape Kolka, and from Cape Kolka along the western, southern and eastern 
shores of the Gulf of Riga to Pärnu Bay. This analysis revealed that coastal segments 
with seemingly similar appearance, orientation and level of forcing have remarkably 
different properties in terms of sediment transport. While the Curonian Spit and a 
segment to the north of the Klaipėda Strait are in a near-equilibrium state or have 
moderately variable, generally northward transport, the coastal stretch to the north of 
Cape Akmenrags to Cape Kolka hosts massive, mostly unidirectional transport to the 
north. Cape Kolka is an endpoint to this sediment pathway and a one-way entrance to 
the Gulf of Riga. 

The Gulf of Riga, however, is not simply an end station of this transport even though 
there is no exit for sediment at an annual scale. Its different coastal segments have 
greatly different properties. The transport along the western coast from Cape Kolka to 
the Port of Engure is essentially counter-clockwise (viewed from the shore looking 
towards the sea) to the south, with a discontinuity at Mersrags, a natural headland, 
acting as a barrier. The southern part of the gulf to the River Daugava mouth is a largely 
interconnected sedimentary system. The eastern shore of the Gulf of Riga is highly 
fragmented into numerous relatively small sediment cells. This natural large-scale 
pattern is further fragmented into smaller, almost isolated cells by engineered 
infrastructure, such as breakwaters or jetties. This system has extensive interannual 
variations, with statistically significant decline in bulk transport 1990–2005, but no 
evident trend since. The asymmetric wind climate causes a specific pattern in net 
transport on the western and eastern shores: when the predominant winds force 
counter-clockwise transport on the western shore, the same winds drive clockwise 
transport on the eastern shore. 

These regional differences highlight the strong influence of coastal orientation and 
predominant wave directions. The presence of a bi-directional wind climate in the 
region, with primary components from the south-west and north-north-west, also 
becomes evident in terms of wave-driven transport that is dominated by a similar 
bi-directional wave climate. From the entire annual potential wave-driven sediment 
transport along the eastern Baltic Sea coast, including, the Gulf of Riga, usually 60–80% 
is driven by waves arriving from two narrow directional sectors (approximately 
255°±15° and 315°±15°). While no rotation in the prevailing wind or wave directions 
was observed across the hindcast period, a statistically significant decrease in energy 
input of north-north-western waves was detected at 15–20% of nearshore locations. 
This process alters the directional balance of sediment transport.  

The main message for practical applications is that in the eastern Baltic Sea, 
sediment transport is not continuous along the coast. Instead, it is highly variable in 
space and time. It is organised into a sequence of discrete compartments and cells, 
some of which are almost isolated, some one-way connected, and with some 
apparently frequently exchanging sediment. These cells and compartments are shaped 
by local bathymetry (that affects wave propagation direction in the nearshore), 
shoreline geometry and the angular structure of the approaching waves. The eastern 
Baltic proper coast thus displays significant spatial variability and also most likely, 
sensitivity to changes in the balance of local forcing. The Gulf of Riga is a self-contained 
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system with respect to sediment transport. Collectively, the presented results establish 
a consistent framework for understanding the wave climate and potential sediment 
transport in the eastern Baltic Sea. 

Main conclusions proposed to defend 

1. The properly calibrated triple-nested SWAN wave model forced with ERA5 or
BaltAn65+ wind data produces an adequate representation of the Baltic Sea wave
climate, with higher waves in the eastern Baltic proper and milder local wave climates
in smaller sub-basins.
2. The wave climates replicated using these winds exhibit significant differences that
are most pronounced in the Gulf of Bothnia. While simulations driven by ERA5 wind
data project larger wave heights in the offshore of the Baltic proper and the Gulf of
Finland, the use of BaltAn65+ wind data projects larger wave heights in the nearshore
of the Gulf of Finland.
3. Wave simulations driven by ERA5 and BaltAn65+ wind datasets provide nearly
identical estimates of the main properties of the wave climate in the eastern nearshore
of the Baltic proper and in the Gulf of Riga. This consistency makes it possible to use
only one of the wind-forcing datasets in later studies.
4. The ERA5-wind data forced high-resolution SWAN model results, through careful
validation against existing instrumental wave measurements is a suitable tool to
reproduce the main properties of the Gulf of Riga wave climate.
5. The Gulf of Riga is largely detached from wave fields in the Baltic proper. Its wave
climate is substantially milder than in the Baltic proper, mainly wind-sea dominated and
with a low proportion of swells. Wave periods (usually 2–5 s) are shorter and average
and extreme wave heights lower than in the Baltic proper. Spatial distributions of
average and higher quantiles of wave heights are strongly asymmetric.
6. There is no long-term trend in wave energy in the Gulf of Riga. The interannual
variability remains within ±10% of the long-term average wave height 1990–2021.
7. The coastal stretch from Cape Taran to Cape Kolka consists of two  different parts in
terms of wave-driven potential alongshore sediment transport. While the coastal
segment from the Curonian Spit to Cape Akmenrags is either in a near equilibrium state
or exhibits relatively modest net northward (counter-clockwise) transport with minor
reversals in some years, the segment to the north of Cape Akmenrags hosts massive
essentially unidirectional transport towards Cape Kolka. Cape Kolka is a deposition
endpoint with only limited sediment supply into the Gulf of Riga.
8. The Gulf of Riga is a distinct sedimentary system, with limited one-way connection to
the eastern Baltic Sea and with essentially different dynamics. It is divided into several
large almost isolated sedimentary compartments by large river mouths, headlands and
engineering structures.
9. The western shore of the Gulf of Riga is split into two compartments by a headland
at Mersrags. Sediment transport is relatively intense and mainly counter-clockwise.
The southern shore of the gulf is an interconnected system with lower and less
directionally constrained counter-clockwise sediment transport that is fully interrupted
by breakwaters at the Daugava River mouth. The sedimentary system of the eastern
shore is highly fragmented, with mainly counter-clockwise transport but with reversals.
10. Waves approaching the nearshore from one or two narrow directional bands
(255±15° and 315°±15°) account for 60–80% of wave-driven potential alongshore



78 

sediment flux in the entire eastern Baltic Sea from Cape Taran to the entrance of the 
Gulf of Finland. The directional bands have been constant over three decades 1990–2022. 
Wave energy flux arriving from the north-west has significantly decreased in about 20% 
of the eastern Baltic Sea shores. The change stems from weakening of north-western 
winds rather than a rotation of the entire wind-wave forcing. 

Potential implications and further research 
The results described in this thesis demonstrate two aspects that may have substantial 
implications for the planning and management of the coastal zone in the eastern Baltic 
Sea and eastern sub-basins of this water body. First, projections of wave climate (and 
thus also wave properties) reconstructed using different high-quality wind data sets 
may markedly differ in the coastal area even when they match in the offshore. Second, 
the eastern shores of the Baltic Sea have extremely complicated structure in terms of 
alongshore sediment transport patterns, that require serious consideration for planning 
and management. The comprehensive characterisation of the Gulf of Riga wave climate 
supports practical applications ranging from erosion risk monitoring and infrastructure 
planning to sediment budget closure and climate resilience strategies. 

While the difference in projections of wave properties eventually can be resolved by 
means of further improvement of atmospheric models and refinement of bathymetric 
information, the spatial segmentation of the eastern Baltic Sea shores most probably 
reflects the essential structural features that are jointly created by enhanced 
directionality of their forcing mechanisms, the specific geometry of the coastline and 
the many large-scale engineering structures. As a result, the coastline is divided into 
several sediment compartments and cells with distinct characteristics stemming from 
the coastal orientation and the local properties of directional wind wave forcing. 

The refined understanding of wave-driven alongshore transport patterns along the 
eastern Baltic Sea and the Gulf of Riga has clear implications for projections of the 
future of coastal morphology, erosion risk, and regional shoreline management. 
The findings underscore the value of a compartment-based framework to support 
sediment budget monitoring and adaptive coastal planning. On the one hand, this 
fragmentation considerably simplifies the analysis of sediment transport, erosion and 
accumulation processes as alongshore excursion rates are in most cases fairly limited. 
Decomposing the coastline into sedimentary cells and compartments provides a 
powerful basis for spatial planning. On the other hand, this perspective has implications 
for shoreline management in areas where these compartments intersect, particularly at 
partially crossable divergence zones such as Cape Akmenrags or one-way gateways 
such as Cape Kolka. The presented results suggest that management strategies that 
assume consistent directionality of sediment transport may require revision to account 
for the compartmentalised nature of the sedimentary system of the eastern Baltic Sea.  

While it has been known for some time that moderate and strong winds in the study 
area blow from a few predominant directions, it is still instructive as to how consistent 
is directional wave forcing. The situation where 60–80% of all alongshore sediment 
transport is driven by waves from one or two narrow sets of directions highlights the 
vulnerability of several locations of the study area to even moderate shifts in the 
directional wave energy distribution, be it a rotation of the entire wind system or a 
change in the balance of wave energy approaching from different directions. 

Simulations presented in the thesis show that no systemic rotation of wind or wave 
directions occurred over the study period. However, the reduction in the amount of 
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wave energy approaching from the north-west most probably has implications for 
long-term local sediment budgets and potential shifts in the zones of erosion and 
accumulation of sediments. The consequences of this process most likely become first 
evident in the Gulf of Riga, where the compartmental structure of alongshore sediment 
transport forms a challenge in applying a uniform sediment budget approach. In a 
similar manner, it is likely that this process has reduced the clockwise component of 
sediment flux along Baltic proper shores of Latvia and Lithuania. Given the data 
limitations and complexity of possible changes in the pattern of local divergence and 
convergence zones, a compartment-based framework would appear better suited in 
the region. Future studies would benefit from an effort to quantify sediment budgets at 
the level of individual cells and compartments, with specific studies aimed at each of 
them for the purpose of providing measurements of actual, rather than only potential, 
sediment transport.  

While this study has thoroughly described the spatial structure of alongshore 
sediment transport fluxes under typical and basically stationary forcing conditions, the 
compartment behaviour is not yet properly analysed for extreme events. Some barriers 
to transport and identified patterns may be considered as semi-permeable. While the 
32 year long hindcast provided insight into averaged, long-term conditions, the potential 
of transport during individual high water level events still needs to be resolved.  

While this thesis has focused on specific areas of the eastern Baltic Sea, the broader 
implication of the outcome lies in further application of high-resolution wave modelling 
to study compartmentalisation of large sedimentary systems in terms of alongshore 
variations in the potential sediment transport. This method has proven effective in 
identifying spatial patterns and structuring long coastal segments into smaller units that 
may not be visible from large-scale regional assessments alone. While quantitative 
calculations of potential sediment transport do not necessarily directly reflect on 
reality, qualitative analysis of alongshore patterns of net transport often leads to new 
and enhanced understanding. Future work should therefore prioritise refining the 
knowledge of sediment transport budgets within known compartments and across 
their boundaries. 

The presented analysis signals that sediment cell connectivity may be dynamic and 
highly climate-sensitive. Importantly, this process occurs despite relatively stable total 
wave energy levels. Recognising possibly shifting boundaries or their permeability, e.g., 
because of climate driven changes in the directional structure of wave forcing even 
with unchanged energy levels, is vital for understanding coastal responses and ensuring 
effective, compartment-aware management. The complementary use of high-resolution 
modelling and long-term directional trend analysis offers one more option for transitioning 
from reactive coastal management to a proactive, process-based planning paradigm. 

These findings indicate that directional imbalances, rather than changes in the wave 
energy magnitude, may play a central role in shaping the sediment transport regimes in 
the eastern Baltic Sea. This highlights the limitations of static sediment budget models 
and their assumptions of stable and consistent transport pathways. In addition, 
the increasing frequency of storm events and high wave energy conditions that is 
projected to happen in changing climate may further amplify sediment mobility and 
complicate budget estimations. Future studies and management strategies should shift 
towards being more adaptive in response, in order to enable a better identification of 
necessary coastal protection, recovery or mitigation measures across study areas, 
allowing the coastlines to evolve naturally in a sustainable manner. 
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Abstract 

Wave-Driven Sediment Transport along Eastern Baltic Sea 
Shores 
This thesis addresses structural properties of wave-driven alongshore sediment 
transport along the sedimentary coasts of the eastern Baltic Sea and the Gulf of Riga. 
The main tool is the use of potential sediment transport, that is proportional to wave 
energy flux and is evaluated using the Coastal Engineering Research Centre (CERC) 
approach. For this task, the wave climate of the Baltic Sea and its larger sub-basins is 
reconstructed for the period 1991–2021 using carefully calibrated and validated wave 
model SWAN forced with two wind data sets. The model grid is triple-nested, with a 
spatial resolution of 5.5 km for the entire sea, 1.8 km for the Gulf of Finland and Gulf of 
Riga, and 560 m for the study area from the Sambian Peninsula to Pärnu Bay. 

The main properties of the wave climate reconstructed with ERA5 and BaltAn65+ 
winds match well in the open part of the Baltic Sea and in the nearshore for sediment 
transport simulations. Waves hindcast using ERA5 forcing are clearly higher than those 
reconstructed using BaltAn65+ winds in the Gulf of Bothnia and in the offshore of the 
Gulf of Finland but lower in the nearshore of the Gulf of Finland. The likely reason for 
differences is the different spatial resolution of wind data. The wave climate of the Gulf 
of Riga is milder than in the Baltic proper or Gulf of Finland. Wave fields in the Guf of 
Riga are predominantly fetch-limited, with a small proportion of swell, have shorter 
periods (2–5 s) than in the Baltic proper and are often even steeper than so-called fully 
developed wave systems. 

The >700 km long sedimentary system of the eastern Baltic Sea coast from the 
Kaliningrad District to Pärnu Bay in Estonia has mostly counter-clockwise transport with 
several shorter segments of clockwise transport. This system is split into almost 
separated compartments by two natural features (Cape Kolka and Cape Akmenrags) 
and three engineering structures (breakwaters of the Port of Klaipėda, Port of Ventspils 
and at the River Daugava mouth). These compartments are split into several smaller 
sedimentary cells by several natural headlands and breakwaters of smaller ports. 

While the Baltic proper shores of Lithuania and southern Latvia have low net 
wave-driven transport, the north-western shore of Latvia hosts massive transport 
towards Cape Kolka which serves as a one-way gateway for sediment transport into the 
Gulf of Riga. The western and eastern shores of the Gulf of Riga exhibit more intense 
transport than the southern shore. The western and southern shores have a few 
smaller sedimentary cells that host mostly clockwise transport while the sedimentary 
system of the eastern shore is heavily fragmented. Wave-driven transport in the Gulf of 
Riga exhibits extensive interannual variations in bulk and net transport but no 
statistically significant trend 1991–2022. 

At least 60% and often >80% of wave-driven alongshore transport in the entire 
eastern Baltic Sea, from the entrance of the Gulf of Finland to Cape Taran, including the 
Gulf of Riga, is generated by waves approaching from one or two narrow (±15°) ranges 
of directions:  south-west and/or (north-)north-west. These directions have been 
constant 1991–2022, whereas the amount of energy from the north has statistically 
significantly decreased in large segments of the study area. The established structural 
features of wave-driven transport and identified changes in forcing provide crucial 
input for understanding and managing these sedimentary shores. 
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Lühikokkuvõte 

Läänemere idaranniku rannasetete lainepõhine transport 
Töös analüüsitakse piki Läänemere idarannikut ja Liivi lahe rannikutel toimuva lainepõhise 
settetranspordi struktuurseid omadusi. Keskne tööriist on nn potentsiaalne transport, 
mis on võrdeline randa saabuva laineenergia vooga. Seda hinnatakse klassikalise CERC 
(Coastal Engineering Research Centre) meetodiga lainete kõrguse, pikkuse ja levikusuuna 
alusel. Nende lainetuse parameetrite ja Läänemere ning selle suuremate osade 
lainekliima arvutamiseks aastail 1991–2021 rakendati hoolikalt kalibreeritud ja 
valideeritud lainemudelit SWAN ja kaht kvaliteetset tuuleandmestikku, ERA5 ja 
BaltAn65+. Kolmeastmeline mudel kirjeldas Läänemere avaosa lahutusvõimega 5,5 km, 
Soome lahe ja Liivi lahe laineid lahutusvõimega 1,8 km ning Liivi lahe lõunaosa ja Läti ja 
Leedu randasid lahutusvõimega 560 m. 

Eri tuultega rekonstrueeritud lainekliima peamised omadused kattusid hästi  
Läänemere ja Soome lahe avaosas, aga ka Liivi lahes ja Läänemere idaranniku neis 
piirkondades, kus arvutati settetranspordi omadused. ERA5 tuultega hinnatud 
lainekõrgused olid Botnia lahes ja Soome lahe keskosas märksa kõrgemad kui need, mis 
olid arvutatud BaltAn65+ tuulte abil, kuid samas märksa väiksemad Soome lahe 
rannavööndis. Erinevuse tõenäoline põhjus on tuuleandmestike erinev lahutusvõime. 
Liivi lahe lainekliima on märksa mahedam, kui Läänemere avaosa või Soome lahe 
lääneosa lainekliima. Lainetus Liivi lahel on põhiosas värske tuulelainetus. Ummiklaine 
osakaal on väike. Lained on märksa lühemad (perioodid 2–5 s) kui Läänemere avaosas 
ja sageli isegi järsemad kui nn küllastunud lainesüsteemid. 

Näidati et Läänemere idaranniku >700 km pikkuses setterandade süsteemis 
Kaliningradi oblastist Pärnu laheni domineerib setete liikumine vastu kellaosuti 
liikumise suunda. Vaid üksikutes lühikestes lõikudes liiguvad setted kellaosuti suunas. 
Süsteemi jagavad peaaegu sõltumatuteks setteüksusteks Kolka neem ja Akmenragsi 
neem Lätis ning lainemurdjad Klaipėda ja Ventspilsi sadamates ja Daugava jõe suudmes. 
Mitmed looduslikud neemed ja väiksemate sadamate lainemurdjad jagavad need 
üksused omakorda väiksemateks osadeks. 

Setete netotransport Leedu rannikul ja Läti ranniku lõunaosas on tagasihoidlik ja 
Kura säär on praktiliselt tasakaalus. Seevastu Läti looderannikul tekitavad lained väga 
intensiivse transpordi Kolka neeme poole. Seal suurem osa liikuvast liivast settib ja vaid 
väike osa transporditakse ühesuunaliselt Liivi lahte. Transport lõunasse piki Liivi lahe 
lääne- ja idarannikut on vilkam kui lahe lõunarannikul. Lääne- ja lõunaranniku  
setteüksused on suured ja enamasti omavahel ühendatud; transport on peamiselt vastu 
kellaosuti suunda. Seevastu on idaranniku setete süsteem jagunenud paljudeks 
peaaegu sõltumatuteks osadeks, millest mõnedes käib transport kellaosuti suunas. 
Aastate lõikes varieerus transport oluliselt ja brutotransport vähenes 1991–2005, kuid 
kogu arvutuste perioodi 1991–2022 vältel olulisi muutusi ei tuvastatud. 

Lõviosa (vähemalt 60%; sageli üle >80%) lainepõhisest settetranspordist kogu 
Läänemere idarannikul Soome lahe suudmest Kaliningradi oblastini käivitavad lained, 
mis saabuvad ühest või kahest kitsast (±15°) suunast – edelast ja loodest. Need suunad 
aastail 1991–2022 ei muutunud. Küll aga vähenes paljudes Läänemere idaranniku 
lõikudes oluliselt loodest saabuvate lainete energia voog. Lainete käivitatud 
settetranspordi struktuursed omadused ja selged muutused ühest suunast saabuvate 
lainete omadustes on olulised uued aspektid Läänemere idaranniku funktsioneerimise 
mõistmisel ja selle ranniku eri osade haldamisel.  
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YŜ
_���V̂]
'̀(0a�+$7
" #�$ %&� '(#
')
�*+
)$+A&+(-:
')
'--&$$+(-+
')
.�/+
b+!"#
. �*
" ))+$+(�
BC
5
@ 0&$+
1D
6
*�/+
�*+
#�7+
'/+$�!!
#*��+
 (
�!!
!'-�� '(#
')
7+�#&$+7+(�#<
+8-+��
��
�O&!�+
.*+$+
�*+
�$'�'$� '(
')
.�/+
b+!"#
. �*
BC
c
2>4=
7
 #
-!+�$!:
* 0*+$
�*�(
 (
'�*+$
!'-�� '(#>
G*+#+
!'-�� '(#
+/a


 "+(�!:
$+d+-�
.+!!
.�/+
�$'�+$� +#
 (
" ))+$+(�
��$�#
')
�*+
0&!)>
G*+:
�!!
)'!!'.
�
4a" 7+(# '(�!
e+ %&!!
" #�$ %&a
� '(>
G*+
'/+$�!!
#*��+
')
�*+
$+�! #�� '(#
')
�* #
" #�$ a
%&� '(
 #
(�$$'.+$
�*�(
# 7 !�$
" #�$ %&� '(#
 (
�*+
L�!� -
�$'�+$
5 (-!>
f�$ !� "6
%&�
#� !!
-!+�$!:
. "+$
�*�(
# 7 !�$
'(+#
 (
#*+!�+$+"
(+�$#*'$+
$+0 '(#
5
�''7+$+<
422=
6>
G*+
7+" �(
BC
 #
%+!'.
2>=
7<
�("
 #
-!'#+#�
�'
2>=
7
��
�*+
7'#�
'�+(
!'-�� '(
�O&!�+>
g�!7
# �&�� '(#<
. �*
BC
('�
+8-++" (0
2>4=
7
-'/+$
�%'&�
1h3F2i
')
�*+
� 7+
 (
�*+
I&!)
')
J 0�
�0� (#�
hi
��
f�$ !� ">
G*+
�$'%�% ! �:
')
*�/ (0
.�/+#
. �*
BC
j
1
7
/�$ +#
)$'7
4Fi
��
E *(&
"'.(
�'
hi
��
�O&!�+>
e�/+
b+!"#
. �*
BC
j
4
7
'--&$
. �*
�
�$'%�% ! �:
')
�%'&�
1i
�("
BC
j
F
7
�$+
/+$:
$�$+>
G*+
7�M'$ �:
')
.�/+
b+!"#
*�/+
�+�O
�+$ '"#
 (
�*+
$�(0+
')
43=
#<
. �*
�+$ '"#
F3D
#
%+ (0
�*+
7'#�
)$+a
A&+(�
5
@ 0&$+
1=
6>
e�/+#
�$+
�*&#
#:#�+7�� -�!!:
#*'$�+$
 (
h1




����������	
���
���������������������	����
������
���� !�"#� $%&�'(&)*&+,-�./01(/2*1/3+�3'�43.&55&.�678&�9&(/3.0�71�0/:�/+�0/1*�4&70*(&4&+1�0/1&0;�1%&�<*5'�3'�=/>7�,3497(&.�13�1%&�+&/>%23*(/+>�0&>4&+10�3'�1%&�?751/,�9(39&(�6%&(&�1%&�9(&.34/+7+1�678&�9&(/3.0�7(&�@AB�0;�CDED�FG�HI�J�KI �L�I�GH�GM�K��H�NOPHI�QPR!�S!��SI�PHJ�T!PH�U! �GJ�$%&�V3/+1�./01(/2*1/3+�3'�8/0*755-�320&(8&.�678&�%&/>%10�7+.�9&(/3.0�(3*>%5-�471,%&0�1%&�'*55-�.&8&539&.�678&�,3+./W�1/3+0�71�=*%+*�2*1�13�034&�&:1&+1�(&X&,10�0*,%�./01(/2*W�1/3+0�'3(�06&55W.34/+71&.�(&>/3+0�71�YZ(8&�[�\&5075*�&1�75;]�_̂̀@�a;�$%&�0/4*571&.�.717�0&10�9(38/.&�7../1/3+75�.&17/50�13�1%/0�'&71*(&;�b78&�,3+./1/3+0�71�755�0/1&0�(&8&75�1%&�9(&0W�&+,&�3'�163�./''&(&+1�0&10�3'�678&�,3+./1/3+0�[�c/>*(&�̀d�a;�$%&�9(39&(1/&0�3'�1%&�47V3(/1-�3'�678&�e&5.0�754301�&:7,15-�'35536�1%&�9(39&(1/&0�3'�'*55-�.&8&539&.�678&�e&5.0�6/1%�7�f/&(03+Wg30h36/1i�09&,1(*4;�$%&�%/>%&01�678&0�3'�1%/0�0&1�%78&�05/>%15-�53+>&(�9&(/3.0�1%7+�1%&�,3((&093+./+>�'*55-�.&W�8&539&.�0&70�[&:,&91�'3(�<3=̀a;�$%&�31%&(�0&1�3'�678&�,3+W�./1/3+0�%70�9&(/3.0�4*,%�53+>&(�1%7+�1%&�678&0�6/1%�1%&�074&�%&/>%1�2*1�6/1%�7�f/&(03+Wg30h36/1i�09&,1(*4;�j0�1%&�678&�%&/>%1�/0�43015-�2&536�_;k�4�/+�0*,%�0/1*71/3+0]�1%&-�5/h&5-�(&X&,1�678&0�,(&71&.�/+�7�(&431&�7(&7l�9300/25-�/+�1%&�?751/,�9(39&(;�$%&0&�./01(/2*1/3+0�9(38/.&�7�0/495&�&01/471&�3'�1%&�,34W�2/+71/3+0�3'�678&�%&/>%10�7+.�9&(/3.0�/+�1%&�4301�&:1(&4&�013(40;�$%&0&�,342/+71/3+0�5/h&5-�471,%�1%&�3+&0�'3(�'*55-�.&8&539&.�678&�0-01&40�6/1%�7�f/&(03+Wg30h36/1i�09&,W�1(*4;�c3(�&:7495&]�71�m/%+*�&:1(&4&�678&�,3+./1/3+0�6/1%�7�no�,530&�13�@�4�7(&�5/h&5-�13�%78&�7�9&(/3.�3'�d;k�0;�CDpD�qGH�rI! T�RP �PI�GHK�$%&�0/4*571/3+0�0%&.�034&�5/>%1�3+�1%&�/+1&(7++*75�87(/W�72/5/1-�/+�678&�9(39&(1/&0;�$%&�7..(&00&.�1/4&�/+1&(875�s̀s_Â _̂ �̀,3+17/+0�0&8&(75�/495/,71/3+0�3'�(79/.�,5/471&�,%7+>&�/+�1%&�(&>/3+;�t+�97(1/,*57(]�0-01&471/,�,%7+>&0�%78&�2&&+�320&(8&.�/+�1%&�97(74&1&(0�3'�1%&�>&+&(W�75/0&.�&:1(&4&�875*&�./01(/2*1/3+�'3(�671&(�5&8&5�&:1(&4&0�[�m*.(-7810&87�&1�75;]�̂_̂ �̀a;�Y*,%�0%/'10�7(&�5/h&5-�7003,/71&.�6/1%�0/4/57(�0%/'10�/+�1%&�.(/8&(0�3'�671&(�5&8&5]�/+,5*./+>�6/+.�9(39&(1/&0;�u36&8&(]�1%&�0/4*571/3+0�6&(&�9(&0&+1&.�'3(�1%&�%-931%&1/,75�/,&W'(&&�,70&]�&8&+�/'�1%&�/,&�670�7,W�1*755-�9(&0&+1�3+�1%&�0&7;�t+�(&75/1-]�034&�3'�1%&�87(/72/5/1-�63*5.�,34&�'(34�7,1*75�87(/71/3+0�/+�/,&�,38&(;�
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sediment transport analysis for a semi-enclosed basin: a case study of the Gulf of Riga, 
the Baltic Sea. Ocean Science, 21(2), 619–641. https://doi.org/10.5194/os-21-619-2025 
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