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Introduction 

The Baltic Sea is a unique water body in many aspects. Owing to its brackish 
water, location at high latitudes, extremely sensitive ecosystem and strong 
anthropogenic pressure the International Maritime Organization has ascribed it, 
among other decisions, a status of a particularly sensitive sea area (Leppäranta and 
Myrberg, 2009; Harff et al., 2011). Its dynamics often combines features of a large 
lake with those characteristic of a large estuary or even a small ocean (BACC 
Author Team, 2008). Understanding the complexity of its driving forces and the 
intricacy of its reaction to various drivers has been a challenge for several 
generations of scientists (Leppäranta and Myrberg, 2009). 

In spite of the relatively small size of the Baltic Sea, its coasts exhibit extensive 
variability. Moreover, the pool of its coasts represents a substantial part of various 
coastal types of the World Ocean (van Rijn, 1998; Woodroffe, 2002; Knauss, 2005; 
Holton and Hakim, 2012). As the amplitude of tides is very small in the Baltic Sea, 
the development of its coasts is mainly controlled by waves and to a lesser extent 
by the local water level. The impact of these hydrodynamic drivers is at times 
modulated by winds (aeolian transport) and (the presence or absence of) sea ice, in 
a few occasions also by a direct effect of ice on sediment or vegetation. In this 
thesis I focus on the quantification of the wind wave impact on coastal processes. 

The vulnerability of different sections of the Baltic Sea coasts to various drivers 
and especially to wind waves is radically different. These coasts can be divided 
into two large categories. Bedrock-based shores are characteristic of its western 
and northern parts. Such coasts, frequently of so-called skären type (Harff et al., 
2011), start from south-eastern Sweden, spread over the entire Sea of Bothnia and 
Gulf of Bothnia, extend until the north-eastern Gulf of Finland and are at certain 
locations complemented by limestone cliffs at Estonian coasts and along the 
islands of Gotland and Åland. These coasts are extremely steady with respect to 
any driving forces. Sedimentary segments of this coastline are usually short, often 
pocket beaches in bayheads that are almost sheltered from wave action. These 
beaches are not considered in this thesis. 

The presented studies focus on the core features of alongshore sediment 
transport and their potential impact on the evolution of long interconnected 
segments of sedimentary coasts of the Baltic Sea. Such coasts predominate along 
the southern and eastern margins of this water body, from the southern tip of 
Sweden over Denmark, Germany, Poland and the Baltic states. While most of the 
coasts of the southern and south-eastern Baltic Sea are relatively straight 
(Eberhards, 2003; Zhamoida et al., 2009; Zhang et al., 2010; Pranzini and 
Williams, 2013), the shores of Estonia are heavily fragmented. Numerous islands, 
peninsulas and bays deeply cut into the mainland restrain alongshore sediment 
transport into small and almost disconnected compartments (Soomere and Healy, 
2011), each of which can be considered independently of the others. 
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The evolution of sedimentary coasts of Denmark, Germany and Poland has been 
extensively described in scientific literature (e.g., Clemmensen et al., 2001; Meyer 
et al., 2008; Reimann et al., 2011). The southern Baltic Sea coasts are exposed to 
erosion due to climate conditions (BACC Author Team, 2008) and specific 
geological structure, sediment accumulation can occur only in some shorter 
sections, mostly in bayheads and along some spits (Pranzini and Williams, 2013). 

However, very limited information is available about the key features of the 
functioning of the longest connected domain of the Baltic Sea sedimentary coasts. 
This domain stretches from the Sambian (Samland) Peninsula over the Kurzeme 
(Courland) Peninsula up to the eastern coast of the Gulf of Riga (Figure 1). It 
develops under the largest intensity of wind waves in the Baltic Sea (Schmager et 
al., 2008; Soomere and Räämet, 2011). Almost all its sections suffer from overall 
sediment deficit (Eberhards and Lapinskis, 2008; Žaromskis and Gulbinskas, 2010; 
Kartau et al., 2011; Pranzini and Williams, 2013). 

The length of erosion-dominated areas considerably exceeds the length of 
accumulation sections in this domain (Eberhards, 2003; Eberhards et al., 2009; 
Kelpšaitė et al., 2011). Weak uplift of the Earth’s crust in a part of this domain 
(Ekman, 2009) is superimposed with climatically controlled sea level rise (Harff 
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and Meyer, 2011). The accelerating sea level rise is leading to gradually increasing 
relative sea level in the southern part of this domain already today (Dailidienė et 
al., 2004; Rosentau et al., 2007) but it is likely that the relative coast downlift will 
spread to the north in the near future (Johansson et al., 2014; Zhang et al., 2014). 

The domain in question is thus very sensitive to any changes in the 
hydrodynamic loads (Eberhards et al., 2006) and potential impacts of 
anthropogenic interference. It is particularly susceptible to climate change, 
especially to sea level rise. Even its relatively healthy sections (in terms of 
sediment budget) or landforms that usually show accumulation (e.g., the Curonian 
Spit) may be heavily damaged in certain storms (Žaromskis and Gulbinskas, 2010). 
For example, large parts of the Latvian coast are estimated in terms of risk of 
erosion as either “very vulnerable” or “vulnerable”. Such risk of erosion is most 
common along both the Baltic Proper coast (69%) and the coast of the Gulf of Riga 
(66%) (Eberhards, 2003; Eberhards et al., 2006). 

Sedimentary coasts of the eastern Baltic Sea 

Most of the Baltic Sea coasts are inherited from the Quaternary period. The coasts 
of the study area and the Polish and partly German shorelines have largely been 
shaped by the Scandinavian ice sheet and during its retreat. The seabed in the 
coastal zone generally consists of sand, shingle and gravel (Pranzini and Williams, 
2013). Sedimentary coasts of the eastern Baltic Sea stretch from the Sambian 
Peninsula over the shores of Lithuania and Latvia to the eastern coast of the Gulf of 
Riga (Figure 1). During the last millennia, this domain has undergone remarkable 
changes. For example, the Curonian Spit has apparently been formed from 
sediment eroded from the Sambian Peninsula (Žaromskis and Gulbinskas, 2010). 
The coasts to the north of the Curonian Spit have been distinctly straightened under 
the impact of various hydrometeorological drivers (Knaps, 1966; Gudelis, 1967; 
Ulsts, 1998; Eberhards, 2003; Eberhards et al., 2006). Similar changes (albeit less 
radical) have occurred in the Gulf of Riga and Pärnu Bay (Kartau et al., 2011). 
These processes have formed the two main types of coasts in this domain. The 
erosional coasts often host a characteristic scarp or bluff, usually in relatively soft 
cliffs. The depositional coasts have typically a gently sloping profile (Gudelis, 
1967; Eberhards, 2003; Eberhards et al., 2006). 

This extensive system of coastal areas with various properties is usually 
interpreted as a highly interconnected and more or less continuous sedimentary 
system (Žaromskis and Gulbinskas, 2010). An idealised view, developed more than 
half a century ago, is that the general movement of sediment is counter-clockwise 
along the entire south-eastern coast of the Baltic Proper (Knaps, 1966; Gudelis et 
al., 1977) and further along the southern and eastern margins of the Gulf of Riga. 
This motion has an obvious discontinuity and a partial disruption at Cape Kolka 
(Žaromskis and Gulbinskas, 2010). At times and/or in places this long-term pattern 
is not completely continuous and may contain sections with oppositely directed 
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littoral flow1 (Knaps, 1982). Variations in the nature of the coast add complexity to 
the evolution of the entire system. For example, large parts of the underwater slope 
along the Latvian shores are covered with boulders, pebbles and coarse sand. Only 
a few places (the Curonian Spit, southern part of the Gulf of Riga and a short 
coastal section to the south-east of Cape Kolka) host substantial amounts of fine 
sediment (Ulsts, 1998). 

Among the multitude of ways of sediment transport in the marine environment, 
wave-driven alongshore drift is usually thought to be the predominant one in the 
coastal environment (Carter, 2002). This drift includes the direct wave-driven 
relocation of sediment grains and the impact of strong currents created when waves 
break in the surf zone. These two mechanisms are often decisive for the sediment 
transport and morphological development at the coast (Fredsøe and Deigaard, 
1992). Waves evidently play an even larger role in such processes in the almost 
tideless Baltic Sea. 

The Baltic Sea is a practically closed system for wind waves. It receives very 
limited wave energy through the Danish straits (Figure 1). Differently from many 
open ocean areas, the proportion of intense swells is very low (Soomere, 2008) and 
almost all wave energy is supplied to the coasts of this basin by relatively short and 
steep windseas. The wave climate in the Baltic Sea is still very complicated and 
has high temporal and spatial variability. As the fetch length in the Baltic Sea is 
relatively small, both the reaction and decay time of wave fields are quite small 
(Soomere, 2005). The duration of severe wave storms is usually below 8 h 
(Broman et al., 2006). 

The major contributor to the complexity of the wave climate and to the specific 
features of wave-driven transport is the highly anisotropic angular distribution of 
moderate and strong winds in the Baltic Sea area. This distribution has two distinct 
peaks in a large part of the Baltic Proper. The most frequent wind direction is from 
the south-west but north-northwestern (NNW) winds may be even stronger 
(Soomere and Keevallik, 2001). 

The described directional structure of the Baltic Sea winds gives rise to the 
anisotropic wave climate in this basin. This becomes evident in two aspects. 
Firstly, the distribution of wave approach directions has also two clear peaks 
(Räämet et al., 2010) (Paper V). Secondly, the combination of the predominant 
wind pattern and the geometry of the Baltic Sea suggests that the fetch length for 
strong winds is the longest in the eastern part of the Baltic Proper. Consequently, 
the highest and longest waves occur along Polish coasts, the Latvian Baltic Proper 
coast, coasts of Saaremaa and Hiiumaa and at the entrance to the Gulf of Finland 
(Räämet, 2010). This conjecture means that changes in strong wind directions 
(Soomere and Räämet, 2014) may result in very large changes in littoral flow, 
comparable to or even exceeding those caused by an alteration of the wave height. 

                                                      
1 The process whereby beach material is gradually shifted laterally as a result of currents 
and waves meeting the shore at an oblique angle; also called littoral drift. Following Carter 
(2002), the terms “alongshore transport” and “alongshore flux” are used to denote the 
wave-driven movement of material in the surf and swash zones. 
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As the Baltic Sea is relatively small and the wave fields are here totally created by 
local winds, even a change in the trajectories of cyclones crossing the sea (Sepp et 
al., 2005) may lead to great changes in the wave approach direction. The potential 
results of such a change are analysed in Paper V. 

The impact of waves may be substantially modulated by variations in water 
level. These modulations have different nature in different parts of the Baltic Sea. 
While along the Swedish eastern coasts high waves usually occur during low water 
levels, in the study area high waves are often accompanied by a high water level. 
The largest variations in the water level along the eastern Baltic Sea coast are 
caused by storm surges (Suursaar and Sooäär, 2007). The severest surges in this 
area are created by cyclones coming from the North Atlantic and propagating from 
west to east. Such cyclones support strong westerly winds over the entire Baltic 
Sea region and in many cases push large amounts of water from the North Sea into 
the Baltic Sea (Leppäranta and Myrberg, 2009). The highest storm surges at the 
eastern coast of the sea (Eberhards, 2003) develop when a strong storm approaches 
after a sequence of previous events that have already increased the volume of water 
in the Baltic Sea (Johansson et al., 2001). The joint impact of storm waves and high 
water levels is crucial in morphological models (Deng et al., 2014) and in 
predictions of the coastal flooding risk (Soomere et al., 2013) but immaterial from 
the viewpoint of studies presented in this thesis. 

Modelling of the evolution of southern and eastern Baltic Sea coasts 

A relatively large pool of studies exists about the evolution and modelling of the 
southern Baltic Sea coasts. As discussed above, the major factors that influence the 
coasts in this region are severe storms possibly accompanied with a high water 
level (Zeidler et al., 1995), unfortunate combinations of which may lead to 
catastrophic erosion events (Furmańczyk et al., 2012). The majority of winds come 
from the south-west but they have limited impact on the shoreline because of 
relatively short fetch and the exposure of the coast mostly to the northerly 
directions. This feature means that severe storms from the north-west and north-
east are the major events that shape this coast (Furmańczyk and Dudzińska-Novak, 
2009). The actual changes in the shoreline and dune erosion are governed by a 
multitude of factors, including the sea-level, its rise, coastal depositional 
morphology (Hoffmann and Lampe, 2007), total storm energy and duration. In 
some cases wave direction is the most important variable along with the significant 
wave height and sea level during the storm (Furmańczyk et al., 2011). 

Most of the Polish coastline is classified as stable as it has revealed only minor 
changes during the last 100 years. The total length of erosion-prone areas is, 
however, longer than the length of accumulation areas (Pranzini and Williams, 
2013). These processes are asymmetric: after severe storms the beach area is 
gradually restored but the natural process of rebuilding functions approximately 
five times slower than the erosion (Pranzini and Williams, 2013). Part of the 
coastline is protected or stabilised by various coastal protection structures but these 



14 

may enhance erosion in the neighbouring areas. This effect is often avoided by 
applying soft protection measures (like beach nourishment) that have become 
popular in German and Polish coastal areas (Hanson et al., 2002; Pranzini and 
Williams, 2013). 

Modelling efforts for the southern Baltic Sea coasts involve calculations of the 
closure depth. It has been estimated for the Pomeranian Bight with methods similar 
to those employed in this thesis. Theoretical estimates of the closure depth were 
amended using empirical data and applied as a first approximation in the analysis 
of coastal evolution (Schwarzer et al., 2003). Several calculations of alongshore 
sediment transport using different methods have also been made for the southern 
Baltic Sea. A coupled model with different approaches and empirical formulas was 
used to calculate the total alongshore sediment transport of the wave dominated 
coasts of the Pomeranian Bight (Zhang et al., 2013). The outcome of efforts 
towards analysing and predicting the long-term impact of beaching waves on the 
evolution of coastal morphology are presented in (Zhang et al., 2010; Deng et al., 
2014) for several sections of the southern Baltic Sea. 

The existing observational evidence about the properties of alongshore sediment 
flux in the study area (Ulsts, 1998; Eberhards, 2003; Eberhards and Lapinskis, 
2008) is complemented by very few theoretical estimates of the wave properties 
and current-driven sediment transport. The direction of the nearshore current in the 
surf zone driven by the release of momentum of waves (Longuet-Higgins and 
Stewart, 1964) usually coincides with the average direction of the wave energy 
flux. As wave directions normally match the course of strong winds in the Baltic 
Sea basin, the predominant direction of wave-driven alongshore sediment transport 
in the surf and swash zones can be estimated based on the similar direction of local 
wind-driven nearshore currents. The strongest currents among these, for example, 
near the Latvian Baltic Proper coast are excited by (south-)westerly and northerly 
winds (Eberhards, 2003). As the predominant wind directions near Ventspils in 
1980–2000 were from the south-west, west and south, Eberhards (2003) concluded 
that the associated wave fields supported littoral flow to the north. Similarly, 
calculations of wave-driven transport for a few locations along the Latvian Baltic 
Proper coast using the Coastal Engineering Research Council method (see Chapter 
2) suggested that littoral drift is mostly to the north (Ulsts, 1998). 

The transport may be, however, reversed at certain locations. For example, at 
the Lithuanian–Latvian border the simulated net alongshore sediment flow was 
mostly directed to the south (Ulsts, 1998). These results did not match the outcome 
of observations that mostly signified sediment transport to the north (Ulsts, 1998). 
A set of calculations with a better resolution (about 25 points from the Sambian 
Peninsula to Cape Kolka) showed more realistic properties of littoral flow 
(Eberhards, 2003). However, these calculations had also too low resolution for 
making definite conclusions about details of alongshore transport. Several attempts 
to model the properties of sediment transport have been undertaken for shorter 
coastal segments (Zemlys et al., 2007). A few studies have tried to link wave 
properties (or their changes) with the associated changes in coastal processes, 
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usually for limited coastal sections (Hanson and Larson, 2008; Kelpšaitė et al., 
2009, 2011; Tõnisson et al., 2011). 

The objectives and outline of the thesis 

Many properties of single coastal segments of the Baltic Sea have been studied in 
detail (see Harff et al., 2011; Pranzini and Williams, 2013 and references therein). 
Still, the functioning of single segments of its sedimentary coasts, the division of 
longer segments into almost disconnected structural units, interconnections of the 
neighbouring units via littoral flow, the reaction of the entire system of 
sedimentary coasts to climate variability and climatic changes are almost unknown. 

The studies presented in this thesis target the longest interconnected system of 
sedimentary coasts of the eastern Baltic Sea (from the Sambian Peninsula to Pärnu 
Bay) from its functional and structural perspectives. The particular objectives are 
as follows: 

 to quantify the magnitude of wave-driven impact on this sedimentary 
coastal stretch in terms of the approaching wave energy and associated 
parameters of equilibrium coasts; 

 to establish the key structural features of the entire domain such as the 
major divergence and convergence areas, associated reversals of 
alongshore sediment flux and almost disconnected regions in terms of 
sediment flux; 

 to identify possible major changes in the course of coastal processes owing 
to changing forcing in this domain and to develop a rough estimate of 
structural stability of the major landform in this area, the Curonian Spit. 

To fulfil the objectives, it is first necessary to quantify the impact of the major 
driver of alongshore sediment transport in this domain, the two-peak wave system, 
in terms that can be used in the analysis of coastal processes. For this purpose I 
employ high-resolution time series of nearshore wave properties calculated by Dr. 
A. Räämet using the WAM model and adjusted geostrophic winds for 1970–2007. 
The necessary quantification is performed via the evaluation of the time series, 
average and extreme levels of the energy flux brought to the coast by wind waves 
and via further calculation of the basic properties of idealised coastal systems such 
as the closure depth and its variations along the coast (Paper I, Paper II described in 
Chapter 1). 

This work is followed by the construction of a more detailed picture about the 
magnitude of and alongshore variations in the wave-driven bulk and net sediment 
flux. Particularly interesting are zero-crossing points of the alongshore variations in 
the net sediment flux (Paper III). Finally, I address the match of the established 
structural features of alongshore sediment transport (Paper IV) and analyse their 
sensitivity to different methods for their calculation and to the possible rotation of 
the wave climate (Paper V). I only analyse wave-driven alongshore transport in this 
thesis and leave out the possible effects of cross-shore transport. 
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Approbation of the results 

The basic results described in this thesis have been presented by the author at the 
following international conferences: 

Viška M., Soomere T., Nikolkina I., Räämet A. 2014. Variations of wave-
driven sediment flux along the eastern Baltic Sea reflecting the choice of wind 
data. Oral presentation at the 6th IEEE/OES Baltic International Symposium (26–
29 May 2014, Tallinn, Estonia). 

Viška M., Soomere T. 2014. On sensitivity of wave-driven alongshore 
sediment transport patterns with respect to model setup and sediment properties. 
Poster presentation at the 2nd International Conference on Climate Change – The 
environmental and socio-economic response in the Southern Baltic region (12–15 
May 2014, Szczecin, Poland). 

Viška M., Soomere T. 2013. Spatio-temporal variations in the wave-driven 
alongshore sediment transport along the eastern Baltic Sea coast. Poster 
presentation at the 9th Baltic Sea Science Congress (26–30 August 2013, Klaipėda, 
Lithuania). 

Eelsalu M., Soomere T., Viška, M. 2013. Closure depth along the north-eastern 
coast of the Baltic Sea. Poster presentation at the 9th Baltic Sea Science Congress 
(26–30 August 2013, Klaipėda, Lithuania). 

Viška M., Soomere T. 2013. Long-term variations of simulated sediment 
transport along the eastern Baltic Sea coast as a possible indicator of climate 
change. Oral presentation at the 7th Study Conference on BALTEX (10–14 June 
2013, Borgholm, Island of Öland, Sweden). 

Viška M., Soomere T. 2012. Decadal variations of simulated sediment transport 
patterns along the eastern coast of the Baltic Sea. Oral presentation at the 11th 
Colloquium on Baltic Sea Marine Geology (19–21 September 2012, Helsinki, 
Finland). 

Viška M., Soomere T. 2012. Hindcast of sediment flow along the Curonian Spit 
under different wave climates. Oral presentation at the 5th IEEE/OES Baltic 
International Symposium (08–11 May 2012, Klaipėda, Lithuania). 

Viška M., Soomere T., Kartau K., Räämet A. 2011. Patterns of sediment 
transport along the Latvian and Estonian coasts along the Baltic Proper and the 
Gulf of Riga. Oral presentation at the 8th Baltic Sea Science Congress (22–26 
August 2011, St. Petersburg, Russian Federation). 
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1. Quantification of the role of waves in the Baltic Sea 

Reaching the objectives of this thesis requires extensive and detailed information 
about several wave properties (wave height, period and propagation direction) 
along the entire eastern coast of the Baltic Sea. A number of recent studies have 
focused on the basic properties of the Baltic Sea wave climate for various open sea 
and nearshore areas. They have employed instrumental measurements (Broman et 
al., 2006; Soomere et al., 2012), visual wave observations (Zaitseva-Pärnaste et al., 
2009, 2011) and numerical simulations (Suursaar et al., 2008; Suursaar, 2010; 
Soomere and Räämet, 2011; Tuomi et al., 2011). Unfortunately no long-term 
instrumental wave measurements have been carried out in the vicinity of the 
eastern coast of the Baltic Sea (Soomere and Räämet, 2011; Tuomi et al., 2011). 
The required information cannot be extracted from historical visual wave 
observations (Soomere, 2013), first of all because of their low resolution in both 
space and time. 

For the listed reasons the analysis below is largely based on the outcome of 
numerical simulations of the entire Baltic Sea wave fields. I use the results of 
simulations performed for 1970–2007 and shortly presented in Section 1.1. The 
data set of time series of nearshore wave properties extracted from these 
simulations is extensively used in Papers I–V. 

Section 1.2 gives a short overview of the concept of equilibrium beach profile. 
Section 1.3 depicts its governing parameters and methods used for express 
estimates of their values from certain properties of the wave climate. Section 1.4 
describes a potential link of the alongshore changes in the overall wave intensity 
with the major erosion and accumulation regions (Paper I). Paper II illustrates 
spatial variations in the closure depth of equilibrium profiles along the eastern 
Baltic Sea, shows that a common express method for the estimates of the closure 
depth often fails in the Baltic Sea and presents a modified express method that is 
suitable for the open Baltic Sea coasts. 

1.1. Modelling waves in the Baltic Sea 

Simulations of the intensity of wave impact, characteristics of equilibrium beach 
profiles and properties of alongshore sediment transport presented in this thesis 
rely on time series of wave properties calculated using the third-generation spectral 
wave model WAM Cycle 4 (Komen et al., 1994). The simulations performed by 
Räämet (2010) are extensively discussed in scientific literature (see Soomere and 
Räämet, 2011, 2014 and references therein) and I only shortly depict here their 
basic features. 

The wave model WAM was originally constructed for calculations of wave 
properties in open ocean conditions but with appropriate wind information and 
spatial resolution it gives equally good results also in coastal areas (Roland and 
Ardhuin, 2014). Its applications in the Baltic Sea (Soomere et al., 2008; Räämet, 
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2010; Weisse and von Storch, 2010; Tuomi et al., 2011) lead to acceptable results 
at much smaller depths than in the coastal ocean basically because the typical wave 
periods are smaller in the Baltic Sea than in the ocean. 

The model was run for the entire Baltic Sea basin with a spatial resolution of 3 
along latitude and 6 along longitude (about 3 × 3 nautical miles) and directional 
resolution of 15° (24 equally spaced directions for wave propagation) for 38 years 
(1970–2007) in idealised ice-free conditions (Räämet and Soomere, 2010). 
Ignoring sea ice is generally acceptable for the southern part of the Baltic Proper 
but might overestimate the wave loads in the northern Baltic Proper and 
particularly in the Gulf of Finland and Gulf of Riga. It is, though, likely that this 
approximation is still adequate for the estimation of the closure depth and wave 
loads along the eastern coast of the Baltic Sea (Paper I, Paper II) as well as for the 
evaluation of alongshore sediment flux in Papers III–V because the strongest 
storms usually occur before the ice cover is formed. 

While this spatial and directional resolution is relatively high for the Baltic 
Proper (Tuomi et al., 2011), it might not be fine enough for smaller sub-basins like 
the Gulf of Riga or the Gulf of Bothnia (Soomere and Räämet, 2014; Tuomi et al., 
2014). As the basic properties of reconstructed wave fields reasonably match the 
observed ones in the Gulf of Finland and in the Darss Sill area (Soomere et al., 
2010, 2012; Suursaar, 2010), it is apparently acceptable to use them also in the 
Gulf of Riga. 

The wind information for the wave model was constructed from the Swedish 
Meteorological and Hydrological Institute (SMHI) geostrophic wind database with 
a spatial resolution of 1 × 1° and temporal resolution of 3 h (6 h before September 
1977). The properties of geostrophic wind are determined by the balance of the 
pressure gradient force and Coriolis effect and thus express large-scale motions in 
the upper atmosphere. On the one hand, even in the adjusted form they almost 
always differ from true wind properties since no other forces (like friction) are 
taken into account (Holton and Hakim, 2012). On the other hand, geostrophic 
winds represent global wind patterns and are thought to replicate well the changes 
in the entire climate system, including long-term variations in synoptic-scale 
storminess (Alexandersson et al., 2000) that largely governs the Baltic Sea wave 
properties. Consequently, their use makes it possible to identify the basic trends 
and decadal changes in wave properties (Soomere and Räämet, 2014) that may 
otherwise be masked by uncertainties and inconsistencies in higher-resolution 
modelled wind fields (Keevallik and Soomere, 2010). It is not unusual that wind 
information available from coastal measurement sites does not properly represent 
actual properties of marine winds and that researchers substitute the true marine 
wind by properly adjusted geostrophic winds (Myrberg et al., 2010; Lehmann et 
al., 2014). 

The reliability and accuracy of these wave calculations are discussed in several 
papers (e.g., Räämet et al., 2009; Soomere and Räämet, 2011). In general, the 
simulated wave properties acceptably replicate the time series of measured wave 
data (Räämet et al., 2009) and mimic the statistical properties of the wave fields at 
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several observation sites quite well (Soomere and Räämet, 2011). For calculations 
of alongshore potential sediment transport and closure depth I used time series of 
hourly significant wave height2, peak period3 and mean wave direction at the 
closest grid cells to the coastline. 

1.2. Dean’s equilibrium beach profile and the concept of closure depth 

A coastal engineer frequently needs to obtain a rough estimate of potential impact 
of waves upon a coastal section or to quickly assess the sediment budget of a 
coastal segment. For this purpose normally long-term measurements of waves or 
equally long monitoring of sediment transport are required. The problem can be 
greatly reduced for beaches that are close to an equilibrium state, in other words, 
for beaches that only reveal small-scale and temporary changes in their cross-
section. It was recognised in the 1980s that a specific shape of many open ocean 
beaches is constantly maintained by ocean waves. This shape is called the 
equilibrium beach profile (Dean, 1991). It was further established that cross-
sections (profiles) of many sedimentary coasts are qualitatively similar although 
they are exposed to radically different wave conditions and have different sediment 
properties (Dean and Dalrymple, 2002). This similarity extends to semi-sheltered 
basins: most of the Estonian beaches have the same qualitative features 
(Didenkulova et al., 2013) and belong to the class of almost equilibrium beaches 
(Soomere and Healy, 2011) 

The most important simplification for coastal engineering is that both the 
instantaneous properties and features of long-term evolution of such beaches are 
largely governed by a small number of parameters. The most common equilibrium 
beach profile can be described as   bAyyh  , where  yh  is the water depth along 
the profile at a distance of y from the waterline. The profile scale factor A depends 
on the grain size of bottom sediments. The exponent b can vary over quite a large 
range (Dean, 1991; Komar and William, 1994; Kit and Pelinovsky, 1998; 
Didenkulova et al., 2013). The most widely used value 32b  corresponds to so-
called Dean’s equilibrium beach profile and reflects constant wave energy 
dissipation per unit water volume in the surf zone (Dean and Dalrymple, 2002). 

The concept of the equilibrium profile has a large number of applications. For 
example, the core assumption of Bruun’s Rule is the existence of such a persistent 
shape of the beach profile (Bruun, 1962). This rule explains how small changes in 
the mean sea level can result in relatively large changes in the location of the 
waterline. Although it is only conditionally applicable in areas with extensive 

                                                      
2 Significant wave height was defined in the past as the average height of the highest one-
third of waves that occurred in a given time period. In contemporary wave models it is 
calculated as the fourfold standard deviation of the surface elevation (Massel, 1989). 
3 The peak period represents the period of waves that correspond to the largest values of the 
directionally averaged wave spectrum; in other words, the wave components with the 
highest energy. 
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sediment transit such as the Curonian Spit (Jarmalavičius et al., 2013), it serves as 
a conceptual basis for many morphological models applied to the sedimentary 
Baltic Sea coast (Deng et al., 2014). An inverse Bruun’s Rule can be used to 
determine the amount of sediment, eroded or accreted from the shore using 
waterline position changes (Kask et al., 2009; Kartau et al., 2011). 

Dean’s equilibrium profile is defined by two quantities: the profile scale factor 
A and the depth h* down to which the profile extends. This depth, called the 
closure depth, indicates the water depth until which storm waves substantially and 
regularly affect the shape of the coastal profile. It is an important and widely used 
concept in coastal engineering and a fundamental variable in the modelling of 
coastal evolution due to sea-level change and alongshore sediment transport (Dean 
and Dalrymple, 2002; Robertson et al., 2008). It is generally defined as the depth 
where repeated survey profiles pinch out to a common line (Kraus, 1992). Dean 
(2002) observed that closure depth is more a concept than an unambiguously 
defined quantity, but it helps to calculate equilibrated beach widths and to plan 
beach nourishment. 

The concept of closure depth has been developed for beaches that are composed 
of relatively fine movable and non-coherent sediment (sand, gravel, shingle) so that 
waves can freely reshape the nearshore profile. Beaches that have part of their 
bottom composed of hard ground (e.g., limestone beaches in some sections of the 
northern coast of Estonia) cannot be described in terms of the theory of equilibrium 
beaches. The parts of the bottom consisting of hard ground (e.g., solid rock) are not 
only resistant to wave action but can also influence sediment movement in other 
parts of the beach by changing wave shoaling, refraction and dissipation patterns or 
directly restricting sediment movement (Robertson et al., 2008). 

The closure depth, in essence, characterises the wave regime in a particular 
coastal section. Its possible variation as a function of sediment grain size is often 
considered as immaterial. Defined as the maximum depth at which the waves 
effectively shape the coastal profile, it basically depends on the roughest wave 
conditions that persist for a reasonable time at a given site (Hallermeier, 1981). 
Seawards from the closure depth, waves may still at times affect sediment 
movement but are not able to maintain a specific profile (Dean and Dalrymple, 
2002). Therefore, the closure depth is mostly a function of the local wave climate. 
This feature makes it possible to replace repeated profiling of the beach by 
estimates derived from wave measurements or numerical modelling of the wave 
climate. 

Hallermeier (1977, 1981) derived an empirical relationship for the closure depth 
as a function of wave properties assuming that it is related to sediment 
resuspension energetics. He also assumed that there is an unlimited amount of 
loose sand along the beach profile and wave energy is the main hydrodynamic 
factor driving the sand movement (Hallermeier, 1977). A convenient measure of 
the wave climate was the significant wave height 137.0H  that was exceeded during 
12 h in a year, that is, with a probability of 0.137% (Hallermeier, 1981). The 



21 

relevant approximation of the closure depth in terms of a quadratic function of this 
quantity is 









 2

2
137.0

137.0 5.6828.2*
sgT

H
Hh , (1) 

where 819.g   m/s2 is acceleration due to gravity and sT  is the typical peak period 
that corresponds to the largest significant wave height that occurs for 12 h/yr. The 
original version of this approximation (Hallermeier, 1981; USACE, 2002) to some 
extent overestimates the closure depth because the response of beach profiles is 
usually relatively slow and the duration of the highest waves is sometimes too short 
for the formation of the equilibrium profile down to the closure depth (Robertson et 
al., 2008). This approximation is often used in coastal engineering as a 
conservative estimate in the design of beach refill under the assumption of 
unlimited availability of sand. To reach a more exact match with the field data, 
Birkemeier (1985) modified Hallermeier’s equation (1) to: 
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This expression is used in Papers I and II. 

1.3. Closure depth for the eastern Baltic Sea coasts 

Papers I and II address the methods for the determination of typical values of the 
closure depth for the sections of the eastern Baltic Sea coast, which are exposed to 
predominant waves. This depth serves as a key property of each single beach 
profile as well as of longer coastal segments. It not only directly characterises the 
overall intensity of wave impact for a particular coastal section (and thereby the 
potential for coastal erosion) but also portrays the range of alongshore variations in 
the relevant wave loads. 

For the analysis of the closure depth I employed wave time series calculated 
using the wave model WAM (see Section 1.1) for a selection of nearshore cells, 
each of which corresponds to an about 5.5–6 km long coastal section. These cells 
were chosen in the immediate vicinity of the waterline in Paper I and at water 
depth ranging from 7 to 48 m (18 m on average) in Paper II (Figure 2). While in 
Paper I the goal was to quantify the alongshore changes in the wave properties and 
associated parameters of the equilibrium beach profile and to avoid the potential 
distortion of wave fields in nearshore areas with complex geometry, Paper II aimed 
at the development of a proper express formula for the closure depth for 
engineering applications in the Baltic Sea. Therefore several grid cells in Paper II 
differ from the cells that are used in Paper I. Doing so results in minor differences 
of the numerical values of the closure depth along the Lithuanian coast and the 
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Baltic Proper coast of Latvia but in more substantial deviations along the eastern 
part of the Gulf of Riga. 

I used two different approaches to calculate the closure depth in Paper I and 
Paper II based on Eq. (3) (see Section 1.4). Firstly, the values of 137.0H , the 
corresponding typical wave periods and the annual values of the closure depth for 
each section were evaluated separately for every year in the time interval 1970–
2007. The long-term closure depth was estimated as an average of the annual 
values. Secondly, the (long-term) closure depth was evaluated directly from the 
entire dataset comprising 333 096 hourly values of the wave height and period at 
the selected grid cells. The difference between the results was notably small. For 
single sections it was less than 4% and as low as about 2.5% on average. The 
modest difference suggests that the overall storminess level during the simulation 
period remained fairly constant. 

As expected, the closure depth is largest (almost 7 m) in regions that are fully 
open to the predominant south-westerly winds and where the overall wave intensity 
is largest in the Baltic Proper (Figure 2). These areas occur along the north-western 
(NW) coast of the Courland Peninsula. The Gulf of Riga coast (except for a few 
locations) has a closure depth well below 5 m. This reflects a somewhat milder 

 
 Closure depths along the eastern Baltic Sea coast and in the Gulf of Riga 

evaluated using Eq. (3). The quantity 1370.H  was calculated over the entire time interval of 
wave simulations for 1970–2007 (Paper II) adjusted by M. Eelsalu. 
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wave climate in the Gulf of Riga compared to that in the Baltic Proper (Eelsalu et 
al., 2014). 

The values of the closure depth were compared in Paper I with long-term 
accumulation and erosion rates from the data set obtained by state monitoring of 
geological processes in Latvia (Figure 3). These data exist starting from the year 
1993 or 1994, depending on the particular location. The largest accumulation and 
erosion rates in Figure 3 reflect the impact of large harbours of Liepaja and 
Ventspils. Their jetties and breakwaters block the natural littoral drift and cause 
rapid accumulation to the south and erosion to the north of these harbours. 

Not unexpectedly, the major natural accumulation and erosion domains coincide 
with areas of the largest wave heights and closure depths (Paper I). This 
relationship between wave activity and the development of the coast is, however, 
not statistically significant. Much more interesting relationship became evident 
between the alongshore variations in the closure depth and the presence of 
accumulation or erosion. Only one mostly naturally developing longer coastal 
section exists in the study area between the harbours of Liepaja and Ventspils 
where erosion predominates (Figure 3). Only one longer section where 
accumulation predominates is also known along the NW coast of the Courland 
Peninsula between Ventspils and Kolka. These sections host the largest average 
alongshore gradients for both the wave height and the closure depth along the coast 
of the Baltic Proper (Paper I). 

The estimates presented in Papers I and II are based exclusively on simulated 
wave heights and periods and ignore the dependence of alongshore sediment flux 

 

 Spatial variation in the threshold for the highest 0.137% significant wave height 
(red), the closure depth calculated from Eq. (2) (blue) and from Eq. (3) with 7562 .q   
(green), and the erosion (negative values) and accumulation (positive values) rate along 
the eastern Baltic Sea (purple) from 20°E, 55°N on the Sambian Peninsula up to Pärnu 
Bay with a step of about 3 nautical miles (5.5 km). Short dashed lines reflect the mean 
slope of the alongshore variation in the highest 0.137% of waves (Paper I). 
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on the wave approach direction. The results suggest that the alongshore variations 
in the wave height, combined with the basic information about the direction of 
littoral flow, may still be used for the approximate identification of the major 
accumulation and erosion domains. Namely, these coastal sections that host the 
largest alongshore increase in the wave height (or closure depth, Figure 4) in the 
direction of littoral flow should reveal erosion features. Contrariwise, accumulation 
is expected to occur in sections where the wave height decreases along the coast in 
this direction. In other words, the location of extensive domains of accumulation 
and erosion can be extracted already from the analysis of wave heights, provided 
the predominant wave approach direction is known. 

1.4. Express method for estimation of the closure depth in the Baltic 
Sea 

The estimates of the properties of the highest waves often contain extensive 
uncertainties (e.g., Soomere et al., 2012). These properties may also largely vary 
along the coast. It is thus desirable to develop simple express estimates of the 
closure depth based on commonly used average wave parameters. The simplest 
approximation for the closure depth is a linear function of certain wave properties. 
The closure depth is usually expressed using either the annual mean significant 
wave height meanH  or 137.0H : 

 

 The estimates of the closure depth along the coasts of the Baltic Proper, the Gulf 
of Finland and the Gulf of Riga calculated using Eq. (3) with 511 .q   (green), Eq. (4) 
(red), Eq. (1) (black) and Eq. (2) (blue). The quantity 1370.H was calculated over the entire 
time interval of wave simulations for 1970–2007 (Paper II). 
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meanc HqHqh 2137.01  . (3) 

The commonly used values are 511 .q   (Birkemeier, 1985) and 5711 .q   
(Hallermeier, 1981; USACE, 2002). 

Houston (1996) extended Eq. (3) towards the use of long-term significant wave 
height meanH  and 75.62 q . This extension is very convenient to use but not 
necessarily correct for areas with a specific wave climate. Equation (3) with 

75.62 q  is valid only for short relatively sheltered sections of the Baltic Sea coast 
located in bayheads and has to be adjusted for the open sea coasts (Paper II). The 
use of 75.62 q  implicitly assumes a constant ratio 5.4137.0 meanHH  of the 
extreme to average wave heights. This ratio has been established for wave fields 
with a Pierson-Moskowitz spectrum that are common for the observed wave 
statistics along the US coasts (Houston, 1996). But in semi-enclosed seas like the 
Baltic Sea, where swells are almost absent and the wave height is mainly governed 
by local storms, this ratio may be different. One specific feature of the Baltic Sea 
wave climate is that the average wave conditions are relatively mild but very rough 
seas may occur episodically in long-lasting severe storms (Soomere, 2005; Broman 
et al., 2006; Soomere et al., 2012). Waves in such storms are much higher than 
expected from the mean wave conditions. The main reason is the complicated 
geometry of the Baltic Sea. 

The described difference leads to a marked difference between the factor 2q  
used in Eq. (3) for the open ocean coasts and its analogue for the Baltic Sea. The 
typical ratio of extreme wave heights to average wave heights along the eastern 
Baltic Sea coast is 5.5137.0 meanHH  (Paper II). This result suggests that an 
appropriate express formula for the closure depth in the Baltic Sea conditions is 

mean.
B
c H.H.h 25851 1370  . (4) 

This modified expression gives more realistic results for semi-sheltered domains of 
the Baltic Sea (Soomere et al., 2008; Kartau et al., 2011) (Figure 4). 

Equations (1) and (4) were used for calculating the closure depth in Paper II and 
Eqs. (2) and (3) were used in both Paper I and Paper II. As expected, the 
calculations with Eq. (1) gave fairly larger values than Eq. (2) (Figure 4). Equation 
(3) is acceptable for bayheads of deeply indented bays where the wave field 
contains an appreciable amount of remote swells (Paper II). 
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2. Simulated sediment transport  

As discussed above, wave-driven sediment transport is the predominant mode of 
sediment motion along the eastern Baltic Sea coast and the leading constituent of 
the evolution of sedimentary coasts in this domain. Based on this perception, the 
calculations in this and the following chapter rely on the assumption that sediment 
flow near the waterline is driven exclusively by waves. The properties of this 
transport are evaluated using the most popular, worldwide used Coastal 
Engineering Research Council (CERC) method (USACE, 2002). This method is 
based on the assumption that wave-driven alongshore sediment transport is 
proportional to the wave energy flux (equivalently, wave power) per unit of length 
of the coastline. The calculations implicitly include two main modes of transport – 
bed load and suspended load. 

Section 2.1 gives a brief overview of the simulation area (Figure 5) and the 
basics of the existing evidence of sediment movements derived from theoretical 

 

 Scheme of calculation points of the wave model and corresponding coastal 
sections along the study area (Paper III). 
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estimates and historical observations. Section 2.2 introduces the CERC method that 
is used in sediment transport calculations in Papers III–V. Section 2.3 presents an 
upgrade of this approach that makes it possible to fully account for the joint impact 
of shoaling and refraction of waves in the nearshore. This upgrade (Paper IV) is 
crucial for the Baltic Sea region where waves often approach the coast under large 
angles. Results of sediment transport calculations are described in Section 2.4. The 
alongshore transport is characterised by the annual net and bulk transport rates and 
varies considerably depending on the particular implementation of the CERC 
approach. Paper IV identifies the reasons for the discrepancy between the outcome 
of simulations and the observed magnitude of sediment flow. 

2.1. Sediment transport along the eastern Baltic Sea coast 

The presented simulations cover an about 700 km long coastal stretch from the 
Sambian Peninsula in Kaliningrad District (Russia) to Pärnu Bay (Estonia) 
(Figure 5). This stretch consists of several partially connected sedimentary 
compartments (Knaps, 1966; Eberhards, 2003). The sediment is predominantly 
transported counter-clockwise (Knaps, 1966; Gudelis et al., 1977; Eberhards et al., 
2009). For single sediment grains moving in this direction it is a more or less 
continuous sedimentary system (Žaromskis and Gulbinskas, 2010) in which some 
grains may be transported along the entire stretch. The basic process is the 
straightening of the coastline (Knaps, 1966; Gudelis, 1967; Ulsts, 1998; Eberhards, 
2003), while extensive spit formation has occurred in its southern part in the past. 
The associated issues of erosion and accumulation along the study area have been 
widely discussed in the scientific literature (e.g., Gudelis et al., 1977; Eberhards 
and Lapinskis, 2008; Eberhards et al., 2009; Kartau et al., 2011). 

The overall appearance of the alongshore sediment flow along the south-eastern 
margin of the Baltic Sea is well known. Its direction is inherited from the Littorina 
Sea period (Ulsts, 1998). The first known theoretical estimates of the properties of 
the wave-driven alongshore transport in this area were obtained using an improved 
Munch-Petersen formula (Munch-Petersen, 1936; Knaps, 1938, 1966). These 
estimates have later been substantially upgraded (Ulsts, 1998; Lapinskis, 2010). 
Both theoretical considerations and observational evidence confirm that the long-
term net sediment transport is generally counter-clockwise. Littoral drift starts from 
the Sambian Peninsula and continues until Cape Kolka in Latvia. Its capacity (net 
transport up to 1  106 m3/yr in selected sections) was portrayed by Knaps (1966) 
already half a century ago (see Eberhards, 2003 for a historical overview). 

Later studies have added many details to this picture. The nature and typical 
grain size of sediments vary markedly between different sections of the coast 
(Ulsts, 1998; Kalniņa et al., 2000; Saks et al., 2007). The Curonian Spit is entirely 
sandy, while gravel with pebbles and boulders often dominates the western 
Courland coasts. The coasts of the Gulf of Riga usually consist of mixed sediments 
and have much finer-grained sand than the Lithuanian shores. 
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Consistently with the alongshore variation in wave intensity and closure depth 
(Chapter I), sediment transport, coastal processes in general and erosion in 
particular are usually more intense along the open Baltic Sea coast than in the Gulf 
of Riga. Local deviations of littoral flow from the general pattern have been 
analysed using both observational (Gilbert, 2008; Eberhards et al., 2009; Zhamoida 
et al., 2009) and numerically simulated data sets (Ulsts, 1998; Zemlys et al., 2007). 
The direction of the alongshore net transport may be variable, at least within single 
years. There is some evidence about occasional clockwise sediment transport in an 
area to the south of Cape Akmenrags (Stone Cape in some sources) and near 
Klaipėda (U. Bethers, pers. comm. 2013). The segments that host clockwise net 
transport are called reversals below. 

Eberhards (2003) suggests that several eminent headlands like Cape 
Akmenrags, Cape Ovisrags or Cape Kolka may serve as natural barriers for the 
alongshore sediment flow. These headlands often contain bedrock or Quaternary 
rocks in the nearshore or along the coast, which are more resistant to erosion 
(Eberhards, 2003). The combination of the geometry of the coast and the 
predominant wave direction in the Baltic Proper suggests that Cape Kolka serves as 
the end station of much of the transport and serves as a one-way transit gateway for 
part of it into the Gulf of Riga. Part of the sediment may be deposited in the 
vicinity of Cape Kolka or transported away from the coast at this cape and in the 
vicinity of the above-mentioned headlands (Eberhards, 2003). 

2.2. Coastal Engineering Research Centre approach 

The intensity of wave-driven alongshore sediment transport is commonly 
expressed in terms of its potential rate tQ  (USACE, 2002). This rate expresses the 
volume of sediment (such as cubic metres) carried through a coastal section per 
unit of time. An equivalent of the potential alongshore transport rate is the potential 
immersed weight transport rate tI  (USACE, 2002) 

    tst QpgI  1 , (5) 

where s  and   are the densities of sediment particles and sea water, respectively, 
and p is the porosity coefficient. It is often convenient to use the quantity tI  that 
combines the effect of sediment porosity and specific weight of sediment 
components. The CERC method is based on the assumption that the potential 
alongshore sediment transport is proportional to the alongshore wave energy flux 
(wave power) per unit of length of the coastline tP : 

tt KPI  , (6) 

where K is a nondimensional (CERC) coefficient. In essence, this coefficient 
expresses the efficiency of wave-driven transport in a particular coastal section. It 
indicates the proportion of the approaching wave power that is used to suspend and 
relocate the sediment under the particular beach slope and sediment grain size. The 
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grain size is taken into account through the fall velocity of the grains (Dean and 
Dalrymple, 2002). There is no consensus as to whether K is a constant or possibly 
varies with sand grain size, shape or density, fall velocity, the beach profile, water 
temperature and wave incidence angle (Dean and Dalrymple, 2002). Various 
implementations of this method use numerical values of the coefficient K that vary 
almost by an order of magnitude (USACE, 2002). 

The implementations of the CERC method commonly use either the significant 
wave height bH  or the root mean square wave height rmsbH  at the breaker line. As 
the wave energy flux is a vector, only its alongshore component contributes to 
alongshore transport. The transport rate is proportional to the beaching rate of this 
component. If the wave propagation direction makes an angle   with the normal to 
the coast, the alongshore component of the energy flux is singt EcP   (E is the 
wave energy and gc  is the group speed) and the rate of its beaching per unit of the 
coastline is 

 cossingt EcP  . (7) 

Since the majority of wave-driven sediment transport occurs in the surf zone, 
both energy and group velocity in Eq. (7) are usually chosen to characterise the 
wave properties at the seaward border of the surf zone. At this location waves can 
be reasonably well described as long waves, thus, 
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where the subscript b represents wave properties at the breaking line, bbb dH  
is the breaking index, bd  is the water depth at the breaking line (breaking depth) 
and b  is the angle between the wave crests and the isobaths at breaking. As the 
dependence of the potential transport rate on the variations in the coastal sediment 
texture is insignificant for the Baltic Sea conditions (Soomere et al., 2008), these 
variations are ignored in our calculations. The value 17.050 d  for the median size 

50d  of sediment particles is used for the entire coast in Paper III and several 
different values are applied in Paper IV. The dependence of the coefficient K on 
the wave properties is taken into account using the following empirical expression 
(USACE, 2002): 

fmbb wuK 007.02sin6.205.0 2   , (10) 

where 2bbmb gdu   is the maximum orbital velocity in breaking waves within 
the linear wave theory and     sf gdw 506.1  is an approximation of the 
fall velocity in the surf zone. 
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2.3. Resolving joint impact of shoaling and refraction 

The wave properties are hindcast by the WAM model (Section 1.1) at hourly 
intervals at the closest grid point to the shore, while Eqs. (7)–(10) rely on the wave 
properties at the seaward border of the surf zone. The evaluation of the breaking 
wave properties from the model output is a complicated problem in the context of 
the Baltic Sea where waves may approach the coastline under quite large angles 
(Kelpšaitė et al., 2011; Ryabchuk et al., 2011). This feature means that approaches 
based on the common assumption that the breaking waves are almost incident 
(Dean and Dalrymple, 1991) is not valid at the Baltic Sea coasts. The orientation of 
the coastline also determines the direction and intensity of alongshore sediment 
transport (Lapinskis, 2010). The changes in the approach angle have direct impact 
on the sediment transport patterns and vulnerable areas along the coast. Usually 
sediment transport driven by waves tends to straighten the coastline. Strictly 
speaking, this is true only when waves approach the coast under a small angle. If 
the predominant wave approach angle (e.g., between the wave crests and the 
coastline) is larger than 45°, the coastline may become unstable (Ashton et al., 
2001). The predominance of high-angle waves can create large spits and sand 
ridges. The growth of such structures has recently been observed in the eastern part 
of the Gulf of Finland (Ryabchuk et al., 2011). 

I have used two methods to evaluate the properties of waves at the breaker line 
based on the properties of modelled waves. First, I took only refraction into 
account under the assumption that shoaling is balanced by other processes 
(Paper III). In the other method both shoaling and refraction were taken into 
account (Paper IV). In both methods the modifications to the wave properties are 
estimated based upon the linear wave theory and the assumption that the wave 
energy is concentrated in monochromatic plane waves with the period equal to the 
peak period and the direction of propagation equal to the mean propagation 
direction. Given the uncertainties in the wind data and wave hindcast (Räämet et 
al., 2009), more exact calculations of transport properties based on the full wave 
spectrum or estimates of wave energy loss owing to wave-bottom interactions were 
not reasonable. 

In Paper III only refraction was fully considered in the description of the 
phenomena occurring during the wave propagation from the model point to the surf 
zone. The impact of wave shoaling was included in a simplified manner by 
choosing the breaking index 1b . In this approximation, bb Hd   and the 
breaking wave height is simply equal to the modelled wave height. The change in 
the wave propagation direction is calculated from Snell’s law constc f sin , 
where   is the local angle between the wave crests and the isobaths and fc  is the 
wave celerity (phase velocity). An application of this law requires an approximate 
solution to the dispersion relation at the model grid points. This relation is a 
transcendental equation for the wave number Lk 2  or the wave length L: 
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A solution with an error not exceeding 1.7% (Dean and Dalrymple, 2002) was 
employed in Paper III: 
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The results of calculations using this approach are compared with the outcome of 
simulations that account for both refraction and shoaling in Paper IV and 
Chapter 3. 

Alongshore transport was calculated in Paper IV by using the CERC approach 
and taken fully into account the joint impact of shoaling and refraction of waves 
from the wave model grid cell to the breaker line. This approach has been used in 
the Baltic Sea context only in Soomere et al. (2013) and Deng (2013). These 
sources contain no information about its use in other studies. 

The common assumption in addressing the problem of refraction is that the 
depth isolines are straight and parallel to the average orientation of the coastline 
within each coastal section. If wave reflection, whitecapping, interactions with the 
seabed and nonlinear interactions within the wave field are ignored, the wave 
height at the breaker line bH  is (Dean and Dalrymple, 1991) 
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where the subscripts b and 0 represent wave properties at the model grid cell and at 
the breaking line, respectively. 

Refraction of the waves can be estimated from Snell’s law as above. The phase 
and group speed in a model grid cell are found from the finite-depth dispersion 
relation (11). The breaking wave height bH  is defined using the concept of 
breaking index bbb dH . As the coasts are mostly sedimentary and with gently 
sloping profiles, the use of a constant value 80.b   is justified (Dean and 
Dalrymple, 1991; Dean and Dalrymple, 2002; USACE, 2002). 

As the breaking waves are long waves, their group velocity and phase speed are 
equal bbbgb Hggdc  . Substituting these expressions into Eq. (13) leads to 
the following algebraic equation of 6th order for the breaking wave height bH  
(Soomere et al., 2013): 
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The leading term of Eq. (14) vanishes for incident waves with 00  . Such waves 
only experience shoaling and their breaking height is   512

0
4
0 gcHH bgb   (Komar 

and Gaughan, 1972; Dean and Dalrymple, 1991). This expression is often used for 
almost incident waves for which 1cos b  and 0sin2 b  (Dalrymple et al., 
1977; Dean and Dalrymple, 1991).  

The calculations in Paper IV use an exact solution of Eq. (14). The polynomial 
at its left-hand side has only three non-zero coefficients. Its leading term and the 
constant term have the same sign, whereas the coefficient at 5

bH  has the opposite 
sign. Therefore, this equation has generally two positive solutions (Paper IV). 
Previous attempts to use this equation rely on certain solvers of the algebraic 
equations (Deng, 2013) or just declare that an estimate of the breaking-wave height 
is given by its smaller solution (Soomere et al., 2013). Paper IV provides a simple 
proof that the smaller solution is the correct one. The solution that represents the 
breaking height can be identified by considering the case 900 . For such 
angles, the constant term of Eq. (14) is very small, the smaller real solution tends to 
zero and the larger real solution approaches a constant value gcH fb

2
0

ˆ  . For 
typical Baltic Sea wave fields, this value substantially exceeds the possible wave 
heights. Thus, the smaller real solution represents the breaking height. 

A comparison of the two approaches demonstrates that taking only refraction 
into account overestimates both the breaking wave height and approach angle of 
high-angle waves at the breaker line. The transport driven by waves approaching 
the coast under angles >30° was significantly overestimated and sediment transport 
by waves with an approach angle less than 30° was usually slightly underestimated 
in Paper III. Implementation of the full representation of shoaling and refraction 
gives a more realistic sediment flux (Paper IV). 

2.4. Simulated net and bulk transport 

For the calculations in this and following chapters the study area is divided into 
110 approximately 3 nautical miles (about 5.5 km) long sectors (Figure 5). The 
sectors match the location of the wave model grid points closest to the shoreline. 
The coastline within each sector is approximated by a straight line (equivalently, 
the actual coastline is replaced by a piecewise straight line). The intensity of wave-
driven alongshore sediment transport is assumed to be constant in each sector. 

The calculations are made for 1 h long time intervals according to the resolution 
of simulated wave data (Section 1.1). An estimate of net transport (residual 
sediment motion or the amount of sediment that has been finally moved by waves 
over some time interval  10,tt ) is obtained by integrating tQ  in Eq. (9) over  10,tt . 
The direction from the left to the right hand of the person looking to the sea 
(counter-clockwise for the study area) is regarded as positive. A measure of bulk 
transport (the total amount of sediment moved back and forth) is obtained by 
integrating tQ  over the same time interval  10,tt . To compensate for systematic 
underestimation of the modelled wave height (Räämet and Soomere, 2010), 
significant wave height is used as the input wave information in Paper III. Doing so 
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led to an overestimation of the magnitudes of the alongshore transport rates but 
evidently did not impact their qualitative features. 

The largest simulated rates of bulk transport occur along the NW part of Latvia, 
Courland Peninsula and near the Sambian Peninsula (Figure 6). They reach 
6106 m3/yr on average and 10×106 m3/yr in single years (Paper III). The intensity 
of transport is considerably lower in the Gulf of Riga (around 106 m3/yr), whereas 
slightly larger values are found along the eastern part of the gulf (up to 
2106 m3/yr). As discussed above, these values are clearly overestimated but the 

 

 

 A. Numerically simulated potential bulk transport in the study area for 
17050 .d  , using significant wave height as input for the CERC formula and a simple 

representation of the shoaling. Green: single years, blue: average for 1970–2007; red: 
moving average of the blue line over three subsequent coastal sections. B. Same as A but 
using the full solution of Eq. (14) and root mean square wave height as the input for the 
CERC formula (Paper III). 
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qualitative features of their alongshore variations are adequate. More realistic 
transport volumes were reached in Paper IV. The long-term average bulk transport 
(obtained by using a proper representation of the wave height and taking full 
account of refraction and shoaling) is about 106 m3/yr in some parts of the Baltic 
Proper and close to 400×103 m3/yr in the Gulf of Riga (Figure 6). 

The shores of the Sambian Peninsula and the NW coast of Latvia host clearly 
higher intensity of coastal processes than other segments of the study area. The 
largest local variations in bulk transport occur in the westernmost part of the 
Curonian Spit and around Cape Akmenrags, to the north of which the transport rate 
increases rapidly. 

The alongshore variations in the long-term wave height along the Baltic Proper 
coastline are much smaller than similar variations in bulk transport intensity 
(Räämet and Soomere, 2010). Part of this difference stems from the fact that the 
transport rate is proportional to 52.H . Another reason for large alongshore 
variations in bulk transport is the gradual change in the wave approach angle along 
some segments of the shore. This mainly reflects the geometry of the study area: 
the orientation of the coastline changes more than 60° from the Latvian–Lithuanian 
border to Ventspils. 

Areas with a more or less constant rate of the bulk transport are the Curonian 
Spit, the western coast of the Gulf of Riga and the Latvian section of the eastern 
coast of this gulf. The difference between the typical values of the bulk transport at 
the western and eastern coasts of the Gulf of Riga largely reflects the anisotropy of 
the wave climate of this gulf: most frequent winds blow from the south-west and 
the associated waves propagate offshore from the western coast of the gulf. 

The overall appearance of the simulated net potential alongshore transport 
confirms the well-known predominance of sediment drift to the east, north-east or 
north along the coasts of the Baltic Proper and a counter-clockwise littoral flow 
along the western, southern and eastern coasts of the Gulf of Riga (Pruszak, 2004; 
Eberhards et al., 2009; Žaromskis and Gulbinskas, 2010). 

Variations in the annual mean values of the net transport are much larger than 
similar variations in bulk transport. These values (calculated using the significant 
wave height as input for the CERC formula) vary from close to zero up to about 
3×106 m3/yr for the long-term average and to 8×106 m3/yr for single years 
(Paper III). As discussed in Paper IV, these values are considerably overestimated. 
Realistic maximum values obtained using a proper representation of the wave 
height are up to 700 000 m3/yr in the Baltic Proper and 400 000 m3/yr in the Gulf 
of Riga (Figure 7). The locations of the most intense net sediment transport 
coincide with similar locations of bulk sediment transport – the Sambian Peninsula 
and an area to the north-east of Cape Akmenrags. 

The net transport direction is highly variable along the Baltic Proper coast. 
Several sections host annual average transport to the north over the entire 38-year 
period. These areas are the Sambian Peninsula and a short section of the NW coast 
of Latvia, which have also high bulk sediment transport. The net sediment flux is 
mostly counter-clockwise along the south-western coast of the Gulf of Riga as 
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described also in Eberhards et al. (2009). Several sections of the eastern coast of 
the Gulf of Riga host exclusively transport to the north, whereas in some other 
sections the direction of net transport is variable. 

The ratio of bulk to net transport (Figure 8) additionally confirms the presence 
of almost unidirectional transport direction in several sections of the study area 
(Paper III) such as around Cape Akmenrags or the NW coast of the Courland 
Peninsula. On the contrary, net transport along the Curonian Spit and from the 
Lithuanian–Latvian border to Ventspils is highly variable. Interestingly, in some 

 

 
 A. Numerically simulated potential net transport in the study area for 17050 .d  , 

using significant wave height as input for the CERC formula and a simple representation of 
the shoaling. Green: single years; blue: average for 1970–2007; red: moving average of the 
blue line over three subsequent coastal sections (Paper III). B. Same as A but using the full 
solution of Eq. (14) and root mean square wave height as the input for the CERC formula 
(Paper IV). 

B 
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years the transport may be completely unidirectional. One of these exceptional 
years was 1984 when about 50% of the entire sediment volume brought into 
motion was carried to the north along the coasts of both the Baltic Proper and the 
Gulf of Riga. Bulk sediment transport was at a long-term average level but net 
transport was almost three times as large as the average. 

The results of calculations of wave-driven sediment transport and efforts to 
replicate the evolution of sedimentary coasts are very sensitive to input parameters 
like sediment properties, sinks and sources as well as driving forces like wave data 
and water level information (Deng et al., 2014). The proper value of the CERC 
coefficient can also vary several times for different beaches (Chapter III-2-3 in 
USACE, 2002). The existing implementations of the CERC formula for calculating 
sediment transport in the Baltic Sea area tend to indicate larger values compared to 
observations. Part of the bias can be associated with the low quality of wave 
information (Zemlys et al., 2007; Mėžinė et al., 2013). A substantial part of the 
bias may stem from different interpretations of the wave height in the CERC 
formula (Paper IV). Simplified handling of refraction and shoaling (e.g., when it is 
assumed that 0sin2 b ) also leads to an overestimation of the breaking wave 
height and the approach angle at breaking, consequently, to a large bias of the 
resulting transport rates for waves approaching under angles >30°. 

The sensitivity of numerically simulated potential sediment transport patterns 
and magnitudes to the model properties and input data was analysed in Paper IV by 
(i) including full shoaling and refraction into the model, (ii) adjusting the details of 
wave transformation in the nearshore, (iii) changing the typical grain size and (iv) 

 
 The ratio of net to bulk potential transport at the eastern Baltic Sea coast in 

single years (green line) and on average over 1970–2007 (red line). The black line 
indicates the ratio for 1984 when transport to the north predominated in the entire study 
area. The calculations used the significant wave height as input for the CERC formula and 
a simple representation of shoaling (Paper III). 
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employing different interpretations of the input wave height in different parts of the 
CERC formula (9). 

The use of the method described in Section 2.3 for resolving the joint effect of 
shoaling and refraction (Paper IV) led to more than 30% decrease in both the bulk 
and net transport along the Sambian Peninsula and at the NW coast of the Courland 
Peninsula compared to the use of only refraction in Paper III. In these areas a 
significant amount of waves approach the coast under large angles and taking 
account of both shoaling and refraction is obviously necessary. Similar differences 

 

 

 Simulated potential bulk transport (A) and net transport (B). All lines indicate 
the moving average over three subsequent coastal sections, calculated as an average over 
1970–2007. Blue: 17050 .d   mm, simplified representation of shoaling, significant wave 
height as input for the CERC formula (Paper III). Other colours correspond to the use of 
solutions of Eq. (14). Red lines: significant wave height as input for the CERC formula; 
dotted line (upper): 063050 .d   mm, solid line (middle): 17050 .d   mm, dashed line 
(lower): 0150 .d   mm. Green: 17050 .d   mm; root mean square wave height as input for 
the wave energy but group velocity at the breaker line estimated based on the significant 
wave height. Cyan: 17050 .d   mm, root mean square wave height as input for the CERC 
formula (Paper IV). 
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are rather small, usually below 10%, in other areas. Considerable variations in the 
mean grain size (from 0.063 to 1.0 mm) led to very small changes in the transport 
rates. Importantly, the qualitative patterns of bulk and net transport did not change 
when different calculation methods were used (Figure 9). 

Not unexpectedly, the magnitude of both net and bulk transport exhibited strong 
dependence on the particular interpretation of the wave height. As mentioned 
above, the use of the significant wave height in the entire CERC formula in 
Paper III led to severe overestimation of the magnitude of transport. The use of the 
root mean square wave height led to considerable underestimation of the transport 
rates (Paper IV). A solution was proposed in Paper IV to revert back to Eq. (7) and 
make use of different physical meanings of the wave height in Eq. (9). The two 
meanings are evident in Eq. (7) that expresses the wave energy flux as the product 
of wave energy and group speed. The latter is expressed via the breaking wave 
height using the concept of breaking depth and assumption that waves are long. 

It is natural that the wave energy at the breaking line is expressed via the root 
mean square wave height if the CERC coefficient K is designed for this measure. 
The dependence of the rate of supply of wave energy (group speed) on the 
particular definition of the wave height is not obvious. For remote swells (that 
supply substantial part of wave energy at the open ocean coasts) all definitions of 
the wave height are almost equivalent. However, the largest storm waves start 
breaking at much larger depths than predicted by the concept of breaking index and 
the root mean square wave height. Following this observation, as an alternative, in 
Paper IV the transport rates were calculated by employing different definitions of 
the wave height in different components of Eq. (9). Namely, the root mean square 
wave height was used to evaluate the wave energy at the breaker line but the group 
speed was calculated from the significant wave height. Although such an approach 
is not fully justified, it led to realistic magnitudes of simulated net transport 
(Paper IV). 
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3. Variations in simulated sediment transport 

The results presented in Chapter 2 indicate that wave-driven alongshore sediment 
transport varies considerably both in time and space. The variations in simulated 
bulk sediment transport show the existence of several sections of different transport 
properties. The maxima of sediment transport coincide with the locations where the 
closure depth is largest – around the western coast of the Courland Peninsula and 
the Western Estonian archipelago. This similarity is expected as the basic 
characteristics of coastal processes in this approximation are simply functions of 
the wave energy flux that reaches a particular coastal section during a selected time 
interval (Dean and Dalrymple, 2002). 

The largest variations in alongshore sediment transport along the coastline are 
due to spatially changing wave patterns and joint impact of the coastline orientation 
and wave approach direction. Several sharp local variations could be associated 
with a particular choice of the local geometry and coastline representation and may 
not reflect the real situation. Most of the variations depicted in Section 2.4 are of 
particular value for coastal engineering and management as they reflect the 
divergence and convergence areas of sediment flux and thus can be associated with 
the locations of systematic erosion and accumulation.  

From the viewpoint of establishing the basic patterns of sediment transport, the 
alongshore variations in bulk transport and in the direction of net transport are 
often more important than the magnitude of sediment transport. This viewpoint is 
employed in Papers III and V that focus on qualitative features of alongshore 
sediment transport in the study area, while Paper IV makes an attempt to develop 
realistic magnitudes of the transport. This Chapter explores variations in different 
kinds of simulated sediment transport. Section 3.1 presents the key features of 
long-term and interannual variations in the net and bulk transport integrated over 
the entire Curonian Spit (Paper V). Section 3.2 discusses similar variations for 
three large compartments of the study area. The location and persistence of 
reversals of the overall counter-clockwise pattern are discussed in Section 3.3. The 
areas of convergence and divergence are considered in Section 3.4. 

3.1. Interannual variability 

The nature of long-term changes and the level of interannual variability of wave-
driven alongshore transport are exemplified by analysing these aspects for the 
Curonian Spit (Paper V). This is a narrow (about 98 km long but only 0.4–4 km 
wide) sandy peninsula that has been formed during a few millennia through intense 
sand drift from the Sambian Peninsula (Žaromskis and Gulbinskas, 2010). It 
stretches from the Sambian Peninsula to Klaipėda and separates the Curonian 
Lagoon from the Baltic Proper. This exceptionally fragile structure is under 
continuous impact of natural forces, predominantly of wind and waves, and 
virtually all its sections (even those that usually show accumulation features) may 
be heavily damaged in certain storms (Žaromskis and Gulbinskas, 2010). 
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Bulk sediment transport patterns integrated over all 15 grid cells used to 
represent the spit (Figure 10) show relatively large short-term variability apparently 
reflecting the difference in storminess through the years. The annual values of bulk 
transport exhibit extensive interannual variability. Its extreme pointwise values are 
roughly twice as large as the long-term mean, while the minimum levels are about 
a half of the long-term ones. The level of interannual variability along the coasts of 
the Baltic Proper and the Gulf of Riga is roughly the same (Paper III). 

There are two interesting features in the variations of the annual bulk transport. 
Firstly, bulk transport increases by about 20% during the simulated time interval 
(Figure 11). This trend, however, is not statistically significant. Secondly, its 
course reveals clear, almost periodical cycles with a typical time scale of about 8–
10 years and amplitudes close to about 1/4 of the long-term average. This 
increasing trend matches a similar increase in the wind speed over the northern 
Baltic Proper (Räämet and Soomere, 2011). However, long-term variations in the 
annual mean wind speed do not show any clear cyclic course. Therefore, cyclic 
decadal variations in the overall bulk transport are probably associated with 
changes in wind and wave propagation directions. 

The total net transport integrated over the entire Curonian Spit fluctuates around 
zero. It exhibits very small absolute values, usually a few per cent of the bulk 
transport for each particular year (Figure 12). Therefore, in the existing wave 
climate the long-term net sediment transport has no preferred direction. The 
relative variability of the overall net transport is much larger than the similar 
variability of bulk transport. In single years net transport forms up to 50% of bulk 

 Location scheme of the Curonian Spit. Boxes represent the 15 grid cells used 
in the calculations of sediment flux and the associated coastal sections (Paper V). 
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transport. The temporal course of net transport also shows a cyclic signal with a 
typical scale of about 10 years. 

Importantly, the long-term course of net transport does not follow the increasing 
trend of bulk transport. Net transport increased in the 1970s and 1980s and 
decreased at the same rate from the mid-1990s onwards (Figure 12). This course is 
in phase with the evidence of changes in the annual mean wave height in the 
northern Baltic Proper (Broman et al., 2006; Soomere and Zaitseva, 2007) and in 
anti-phase with similar variations at the Lithuanian coasts (Zaitseva-Pärnaste et al., 
2011). Therefore, a likely reason for such a behaviour of net sediment transport is a 
systematic change in wave direction. Similar changes (but much more gradual) 

 
 Annual mean bulk sediment transport along the entire Curonian Spit (red), its 

five-year average (blue) and linear trend (black line) for 1970–2000 (Paper V). 

 Annual mean net sediment transport along the entire Curonian Spit (red), its 
five-year average (blue) and trendlines for 1970–1993 and 1993–2007 (Paper V). 
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have been reported for wind direction over the Estonian mainland (Jaagus, 2009; 
Jaagus and Kull, 2011) and for the predominant wave approach direction in the 
south-eastern Gulf of Finland (Räämet et al., 2010). A possible reason for the 
change in the sign of the net transport trend could be a major shift in the 
geostrophic air flow by more than 30° from its usual eastward direction to almost 
south-east in the southern Baltic Sea at the end of the 1980s (Soomere and Räämet, 
2014). It may reflect a relocation of the typical positions of cyclones to the east 
over the last decades (Lehmann et al., 2011). 

3.2. Large-scale spatial variations 

Spatial patterns of variations in bulk and net sediment transport can be to some 
extent revealed by analysing these quantities separately in three key parts of the 
study area. As will be shown in Section 3.3, Cape Akmenrags divides the 
sedimentary system of the eastern Baltic Proper coast into two almost independent 
compartments. Furthermore, Cape Kolka separates the sediment at the open Baltic 
Sea coast from sediment volumes of the Gulf of Riga. It is thus natural to look 
separately at the bulk and net transport in three large compartments: (i) from the 
Sambian Peninsula to Cape Akmenrags; (ii) from this cape to the Cape Kolka; (iii) 
sedimentary coasts of the Gulf of Riga. 

As expected, the bulk sediment transport in both compartments of the Baltic 
Proper substantially exceeds similar transport along the entire Gulf of Riga 
(Figure 13). The interannual and decadal variability in the two Baltic Proper 
coastal compartments are almost identical in terms of a slightly increasing trend, 

 
  Bulk sediment transport integrated over three sections of the eastern Baltic Sea 

coast: red – from the Sambian Peninsula to Cape Akmenrags (the southern compartment); 
cyan – from Cape Akmenrags to Cape Kolka (the northern compartment), green – from 
Cape Kolka to Pärnu Bay. All values are smoothed over three subsequent years. The 
yellow line shows half of the transport over the entire eastern Baltic Sea coast (Viška and 
Soomere, 2013). 

1970 1975 1980 1985 1990 1995 2000 2005
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Gulf of Riga

Northern Baltic Proper

Southern Baltic Proper

Year

A
nn

ua
l b

ul
k 

tr
an

sp
or

t,
 1

0  8
 m

3



43 

typical time scales, amplitudes and timing of the higher and lower intensities of 
coastal processes. Interestingly, the bulk transport rate in the Gulf of Riga 
practically does not change over the simulated time interval. Its decadal variations 
in the Gulf of Riga match similar variations in the other two areas until the mid-
1990s and then behave in a different way. 

The described property suggests that the storm impact on different coastal 
sections may have varied to a certain degree. Storm waves in the 1970s and the 
1980s impacted the coasts of the Baltic Proper and the Gulf of Riga in a similar 
way, but the situation has changed afterwards – storms that impacted the Baltic 
Proper coasts had less impact on the Gulf of Riga and vice versa. 

The net sediment transport integrated over these compartments also shows some 
interesting features. Most of this transport occurs in the section from Cape 
Akmenrags to Cape Kolka and forms about half of the net transport in the entire 
study area (Figure 14). The total net transport in the Gulf of Riga is larger than in 
the southern Baltic Proper. 

The temporal course of the net transport in the Gulf of Riga qualitatively differs 
from that along the coasts of the Baltic Proper. A certain similarity between the 
courses of net transport in all three areas is evident until the end of the 1980s. Later 
on the temporal changes in the net transport in the Gulf of Riga have no correlation 
with those in the Baltic Proper. This loss of correlation may also reflect a large-
scale change in the atmospheric conditions that have disconnected the impact of 
storms in the sub-basins of the Baltic Sea from those along the coast of the Baltic 
Proper. 

The relatively large values of the net transport in the Gulf of Riga may be 
interpreted as follows. The coasts of the southern Baltic Proper partly consist of 
relatively soft sediment and have been developing under comparatively harsh wave 
conditions for several millennia. This has been favourable for the creation of a 
coastal shape that is almost in equilibrium with the local wind climate. The coasts 

 

  Net sediment transport integrated over three sections of the eastern Baltic Sea 
coast. Notations are the same as for Figure 13 (Viška and Soomere, 2013). 
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of the Gulf of Riga develop under much lower wave activity that is concentrated in 
clearly shorter waves (Eelsalu et al., 2014) and therefore provide substantially less 
wave energy to shape the coasts. Thus, the coasts of the Gulf of Riga apparently 
are still far from equilibrium and may host higher net transport even under 
relatively low waves. 

3.3. Reversals of counter-clockwise transport 

The littoral flow along the study area evidently contains several deviations from the 
overall counter-clockwise pattern. As mentioned before, several eminent headlands 
like Cape Akmenrags, Cape Ovisrags or Cape Kolka may serve as natural barriers 
for alongshore sediment flow (Eberhards, 2003). Part of the sediment brought into 
motion by waves may be transported away from the coast at these capes and 
headlands (Eberhards, 2003). Moreover, the direction of alongshore net transport 
may be variable within single years (Figures 7 and 8). In other words, several 
coastal segments may host clockwise net transport (reversals). Their presence is 
implicitly evident in historical studies by R. Knaps, the outcome of which has been 
presented in (Ulsts, 1998) (Paper IV). 

The presence of a reversal for a single year means that the annual average 
alongshore net transport is negative along a certain coastal segment. This 
observation reduces the problem of identification of reversals to the determination 
of zero-crossings of the annual net transport (Papers III and IV). 

Four such zero-crossings (at the Curonian Spit, near Klaipėda, at Cape 
Akmenrags and to the north of Liepaja) appear at almost the same location in all 
versions of calculations (Figure 9) and for almost all years (Figure 7). Several less 
persistent (possibly short-term) zero-crossings and associated reversals are 
represented in Figure 7 as segments that have almost zero long-term net transport. 
While most of such reversals correspond to local minima of bulk transport 
(Figure 6), one reversal to the north of Riga hosts intense bulk transport. 

A relatively short but persistent reversal is located between Liepaja and Cape 
Akmenrags. Its length varies considerably in time, from about 15 to 50 km as its 
southern border substantially moves in different years (Figure 15). The most 
interesting feature is the highly persistent zero-crossing at Cape Akmenrags. Its 
location varies by only about ±5 km from its average position. It is evident during 
all the simulated years except for the quite unusual year 1984 (Paper IV). 

The zero-crossing points and the related reversals are much less persistent in the 
Gulf of Riga. No such areas seem to exist at its western coast except possibly in a 
few single years. Long-term sediment flux almost vanishes or is reversed at two 
locations at the eastern coast of the gulf – near Saulkrasti and at the border between 
Latvia and Estonia (Figure 15). The simulated net sediment transport shows quite 
frequently occurring short reversals at both sites. In selected years, the reversal 
near Saulkrasti may extend to several tens of kilometres. This matches the results 
of Knaps (1966) where this reversal covers more than 30 km. It occasionally starts 
from Cape Kurmrags and extends to almost Saulkrasti. 
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Another relatively persistent zero-crossing point is often located near Ainaži. 
The associated reversal is quite short, normally <15 km. Knaps (1965) suggested 
that the long-term average sediment flow is to the north. Eberhards (2003) 
provided evidence about an oppositely directed sediment motion based on a set of 
underwater sandbars that are visible to the south of Ainaži on orthophotos made in 
1982 and 2007. Therefore, the data simulated in Paper III for this region for 1970–
2007 likely reflect the correct average direction of sediment flow to the south. The 
role of a persistent area in the northern part of the Curonian Spit is discussed in 
Section 4.1. 

The described pattern of the overall counter-clockwise net transport and of its 
reversals seems to be generally stable. It may, however, undergo substantial 
changes in single years. For example, in 1984 the annual average transport was 
directed to the north (Figure 8). While this direction was usual for the coast of the 

 

 Location of the most persistent reversals (magnitude in red) and zero-crossing 
points of annual net sediment transport (divergence points – red circles; convergence 
points – green circles; see explanation in Section 3.4) in different years. Direction (arrows) 
and magnitude (numbers at arrows, in 1000 m3) indicate the net sediment transport 
calculated using 17050 .d   mm, Eq. (14) and root mean square wave height as the input 
to the CERC formula. Modified from Paper III. 
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Baltic Proper, it was exceptional along the south-western coast of the Gulf of Riga 
(Paper III). This hindcast matches the observational evidence about northward 
transport of large sediment volumes in that year (Ulsts, 1998). 

3.4. Divergence and convergence of alongshore sediment flux 

The physical meaning of zero-crossings, reversals and large alongshore gradients 
of sediment flux in the functioning of the overall counter-clockwise net sediment 
transport as well as their consequences for coastal engineering and management 
become evident from the analysis of the nature of alongshore variations in net 
sediment transport (Figure 16). These variations reflect typical areas of erosion and 
accumulation. 

If sediment flux is constant along a certain coastal segment, this segment hosts 
pure transit in the context of the presented analysis and its sediment volume is 
constant. Sediment flux is convergent if net sediment transport decreases along 
some segment. In this case waves bring to each part of the beach more sediment 
than is carried further downdrift and such a beach experiences accumulation. 
Contrariwise, sediment flux is divergent if net sediment transport increases along a 
certain segment. The beach then experiences sediment deficit and eventually 
erosion (Hanson and Larson, 2008). Differently from the analysis in Paper I (where 
alongshore variations in the closure depth were not really associated with the 
direction of littoral flow), the divergence and convergence of sediment flux are 
intrinsically related to the direction of net transport. 

The most probable and systematic (but not necessarily the most intense) 

 

 The relationship between the intensity (green line) and direction (horizontal 
arrows) of alongshore net sediment transport and areas of likely erosion and accumulation. 
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accumulation and erosion areas are the above-discussed zero-crossing points of the 
net sediment transport. Two types of such points are possible. The zero-
downcrossing points in Figure 16 indicate the convergence (accumulation) areas of 
sediment flux (that are regularly filled by sediment) and zero-upcrossing points – 
the divergence (likely erosion) areas that are often stripped of sediment. Most of 
such points are located in the Baltic Proper. Only some points occur in the Gulf of 
Riga and are evident just in certain years (Figure 15). Particularly interesting 
aspects for applications are: (i) the range of changes in the locations of such points 
(which defines the spatial extent of reversals, Figure 15) and (ii) variations in these 
locations in different years (which defines how often reversals occur). The relevant 
intervals cover the areas where an intense accumulation or erosion may take place 
in the existing wind climate and for the existing configuration of the coastline. 

The locations of zero-crossings of the net transport may vary considerably in 
different years (Figure 17). Some zero-crossing points keep their location over 
many years, while other similar points exert large shifts along the coast (Paper III). 
There exist two pairs of persistent (albeit moving in space) zero-crossing points in 
the study area. The convergence point with the largest amplitude of relocation over 
years is located in the Curonian Spit region. Its functioning, role and stability will 

 

 Numerically simulated location of zero-crossing points in the net sediment 
transport along the study area in 1970–2007: circles – convergence points; squares – 
divergence points (Paper III). 
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be analysed in detail in Sections 4.1 and 4.2. An associated divergence point is 
located in the vicinity of Klaipėda. The presence of one convergence and one 
divergence point between Klaipėda and Liepaja (both have a limited range of 
relocation) apparently reflects local changes in the coastline orientation. As they 
are evident only in selected years, their role in the large-scale sediment transport 
pattern is obviously minor. A point of divergence near Cape Akmenrags is 
extremely stable. Two other zero-crossing points to the north of this cape are 
present in selected years. 

The zero-crossing points at the coasts of the Gulf of Riga are only evident in a 
few years. They were more frequent in the 1970s. This tendency may indicate 
certain changes in the wave climate in this region (Eelsalu et al., 2014). 

The net transport around zero-crossing points of divergence is, on average, 
directed away from such points. Consequently, sediment is normally not carried 
through such points and they serve as a sort of invisible barrier for sediment 
transport (although some sediment may pass through such areas in single storms). 
The almost permanent presence of a zero-crossing point of divergence of the 
sediment flux near Cape Akmenrags suggests that barely any sediment is 
transported around this cape. This point is evident almost every year except in 1984 
(Figure 8) when none of the zero-crossing points were registered and in 2004 when 
only some points were present. In essence, it divides the eastern coast of the Baltic 
Proper into two almost separated sedimentary compartments. This conjecture is 
true for the current wave climate and may change in other wind and wave climates. 

The ratio of net to bulk transport also characterises the intensity of transit of 
sediments through each sector compared to the back-and-forth motions (Figure 8). 
Similarly to the above, it highlights four divergence and convergence areas that are 
regularly present. These are two divergence points near Klaipėda and Cape 
Akmenrags and two convergence areas at the Curonian Spit and to the north of 
Liepaja. These areas are almost insensitive to the particular implementation of the 
CERC approach (Paper IV). 
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4. Future projections and ground truth 

The results presented in Chapters 2 and 3 show that the overall counter-clockwise 
pattern of net sediment transport along the eastern Baltic Sea coast and in the Gulf 
of Riga is modulated by several persistent reversals. As demonstrated in Section 
2.4 and Paper IV, the four most persistent zero-crossing points of net sediment 
transport and the associated reversals are almost insensitive to various 
implementations of the CERC model and the input data. It is thus likely that these 
features have an important role in the functioning of the entire sedimentary system 
in question. 

The role of these zero-crossing points and likely consequences of potential 
changes in their driving forces are analysed on the example of the Curonian Spit 
(Paper V). This landform hosts an interesting convergence area of sediment flux 
that has shifted along the spit through the years. Its presence is evidently connected 
with the long-term stability of this spit and its loss (under possible changes in the 
wind and wave climate) can lead to instability of the entire spit. Sections 4.1 and 
4.2 present an analysis of the likely reasons for the stability of the Curonian Spit 
and its possible changes considering probable future climate changes. 

The invariance of the overall transport pattern and its reversals with respect to 
many factors suggest that this pattern has been present for a long time. Most 
probably, it has exerted a certain impact on the sediment structure in the adjacent 
nearshore. The comparison of major features of the nearshore geological 
composition of the study area and simulated sediment transport is given in Section 
4.3. 

4.1. Functioning of the Curonian Spit 

Further evolution of vulnerable sections of the southern and eastern Baltic Sea 
coasts eventually occurs in the changing climate, in particular, under gradual water 
level rise (Dailidienė et al., 2006), apparent increase in storminess (Alexandersson 
et al., 2000) and shortening of the duration of the ice cover (Sooäär and Jaagus, 
2007). The consequences of combinations of these factors are of great concern for 
the coastal nations (Zeidler, 1997; Eberhards et al., 2006). Orviku et al. (2003) 
expressed the opinion that the gradually increasing pressure may already have 
overridden the mostly stable development of the eastern Baltic Sea coasts. Sandy 
coastal landforms that develop under direct impact of waves eventually exhibit the 
fastest changes. In this respect it is most interesting and important to understand 
processes that shape the Curonian Spit, the most unique and fascinating coastal 
landform of the eastern Baltic Sea. 

The wave climate in the nearshore of the Curonian Spit is somewhat milder than 
in the Courland Peninsula. The long-term significant wave height is approximately 
0.9–1 m in the open sea (Räämet and Soomere, 2010) and 0.7 m in the nearshore 
(Kelpšaitė et al., 2008, 2011; Zaitseva-Pärnaste et al., 2011). Wave fields in this 
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area as well as in other parts of the Baltic Sea show strong seasonal and interannual 
variability. The waves are, on average, the highest from September till January and 
the lowest in May. Similarly to the rest of the eastern Baltic Sea, the empirical 
distribution of wave propagation directions has two peaks for each sector of the 
Curonian Spit (Figure 18, Paper V). The exact direction and height of these peaks 
varies to some extent along its coast. In the northern part of the spit waves mostly 
approach from the west-southwest and slightly less from the NNW. These peaks 
have almost equal heights at the southernmost part of the spit but correspond to 
somewhat different directions. The nearshore of the south-eastern sections of the 
spit is to some extent sheltered by the Sambian Peninsula. 

This complicated system of approaching waves, changing along the spit (and 
likely also in time), gives rise to an interesting phenomenon – a sort of dynamical 
equilibrium for the spit. The analysis in Sections 3.3 and 3.4 shows that most of the 
spit occasionally constitutes a reversal area of sediment transport. This reversal is 
usually located in the northern part of the spit between Nida and Klaipėda. Its 
borders vary considerably in different years (Figure 19). Only in single years it 
may be replaced by northward sediment flux. Differently from Cape Akmenrags, 
its northern border (a zero-crossing point of divergence next to Klaipėda) probably 
does not serve as a robust barrier for sediment motion. Such an “intermittent” 
transport regime seems to be an intrinsic part of the dynamical equilibrium of the 
spit. The overall appearance of the reversal indicates that in the long-term 
perspective the divergence area around Klaipėda suffers from sediment deficit. 

The most interesting feature is the cyclic movement of the southern border of 
the reversal – a zero-crossing point of convergence – along the Curonian Spit 
(Figure 19). The location of this point varies in different years from the western 

 

 Wave propagation directions at different sections of the Curonian Spit. The 
bars correspond to the southernmost part of the spit. The distributions for subsequent 
sections along the spit from south to north are vertically shifted by 0.1 units of the vertical 
axis (Paper V). 
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end of the spit at Zelenogradsk up to the Klaipėda strait. The range of the locations 
covers the entire length of the Curonian Spit, whereas this point moves along the 
spit cyclically every three to five years. 

The associated convergence area of sediment flux literally brings sediment to 
nearly all parts of the spit over the years, ensuring systematic sand refill of almost 
the entire spit. This movement is evident in all simulations with different choices of 
parameters in the CERC formula, showing that the spit regularly receives sediment 
along its entire length. These results suggest that the Curonian Spit is evidently in 
an almost equilibrium state under the simulated wave climate even if some of its 
parts might at times suffer from erosion (Gilbert, 2008; Zhamoida et al., 2009). The 
simulations, however, do not fully reveal the situation in the northern part of the 
spit, which is occasionally affected by a frequent zero-crossing point of divergence 
located near Klaipėda. This point is still mostly stable and its vicinity often 
experiences accumulation (Žaromskis and Gulbinskas, 2010). Regular erosion that 
has been observed at and to the north of Klaipėda (Gilbert, 2008) is consistent with 
the relocation range of this zero-crossing point of divergence. 

4.2. Stability of the Curonian Spit under rotating wave climate 

The analysis in Section 3.1 and Paper V has shown that the long-term average 
(averaged over the years 1970–2007) net transport over the entire Curonian Spit is 
very small, about a few per cent of the similar average of the bulk transport. This 

 

 Relocation of the zero-crossing point of convergence of net sediment flux (red 
rhombi) and its three-year average (blue line) along the Curonian Spit in 1970–2007. The 
green dashed horizontal lines indicate the location of the western (Zelenogradsk) and 
northern (Klaipėda) ends of the spit and the position of Nida on the spit. Modified from 
Paper III and Gilbert (2008). 

1970 1975 1980 1985 1990 1995 2000 2005

5

10

15

20
Klaipeda

Nida

Zelenogradsk

Year

Lo
ca

tio
n 

of
 t

he
 c

on
ve

rg
en

ce
 p

oi
nt



52 

feature also suggests that under the existing wave climate the Curonian Spit as a 
whole is in an almost equilibrium state. The equilibrium is a natural consequence 
of the development of this landform. Such spits often develop in areas where long-
term sediment drift moves large amounts of sand and the coastline suddenly 
changes its direction (Gudelis, 1967; Eberhards, 2003; Žaromskis and Gulbinskas, 
2010). The resulting landform develops a characteristic curved shape. As discussed 
above, almost all sections of the eastern Baltic Sea coast are mostly shaped by 
waves and suffer from sediment deficit. A landform that is under such a strong 
wave impact can only develop in a stable manner if wave action keeps it in an 
almost equilibrium state. Slowly developing landforms like the Curonian Spit 
therefore generally have a shape that is almost in equilibrium with the amount of 
supplied sediment and the local contemporary wave climate, although some of its 
beaches may be damaged in extreme wave storms (Zhamoida et al. 2009; 
Žaromskis and Gulbinskas, 2010). 

The total net sediment transport integrated over the entire Curonian Spit 
fluctuates around zero (Figure 12). Its absolute values are just a few per cent of 
bulk transport. This means that the long-term net sediment transport has no 
preferred direction in the simulated wave climate of today. The particularly small 
ratio of the overall rates of net and bulk transport suggests that this equilibrium is 
almost perfect in the existing wave climate. The same feature, however, signals 
that even a minor change in the wind properties may lead to a substantial 
misbalance in sediment transport and potentially to loss of the stability of the entire 
landform. 

The existing research of the Baltic Sea wave climate (Soomere, 2013; Soomere 
and Räämet, 2014 and references therein) suggests that the wave heights may 
exhibit extensive decadal variations but no major long-term trend. Changes in the 
wave approach direction have an equally large potential to modify even the 
qualitative appearance of coastal processes (Furmańczyk et al., 2011) like the 
direction of littoral flow, rotation of short beaches (Ranasinghe et al., 2004) or 
entire sandy islands following seasonal variations in the predominant wind 
direction (Kench et al., 2009). As mentioned above, in some locations of the 
southern Baltic Sea they may be the major driver of changes (Furmańczyk et al., 
2012). Substantial changes in the most frequent wave approach directions have 
been documented in the Gulf of Finland (Räämet et al., 2010) and a major rotation 
of the geostrophic winds has been identified for the south-western Baltic Sea 
(Soomere and Räämet, 2014). Wind directions may change in the Baltic Sea, for 
example, due to a shift in the trajectories of cyclones (Lehmann et al., 2011; Sepp 
and Jaagus, 2011). Moreover, a systematic change in wind directions has been 
identified for the Estonian mainland (Jaagus and Kull, 2011). As a large part of 
waves approach the nearshore of the Curonian Spit under a relatively high angle, 
possible changes in wave directions may strongly impact the functioning of the 
spit. These considerations suggest that the stability of the Curonian Spit may be 
first affected if the wave approach direction changes. 
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The stability of the Curonian Spit was examined by rotating all wave approach 
directions provided by the WAM model. Relatively small rotations of the approach 
angle did not affect bulk transport significantly. Bulk transport reached its 
minimum when the wave climate was rotated by 5° clockwise. This rotation 
mimics the case when the cyclones would be shifted to the north. 

Net transport changes almost linearly with the rotation of wave approach 
directions (Figure 20). The current wave climate corresponds almost exactly to the 
zero level of net sediment transport. This feature confirms that the Curonian Spit 
has an almost perfect match with the existing wave climate and any considerable 
change in the wave approach directions may accelerate coastal processes in this 
domain. As the ratio of net to bulk transport is almost zero in the existing wave 
climate, even a small wave direction rotation by about 2–3° would lead to quite 
strong residual sediment transport. 

Rotation of the wave climate would also have marked influence on the 
behaviour and even the presence of the zero-crossing point of convergence along 
the spit. As discussed above, in the modelled wave climate for the 38 year period 
of 1970–2007 such a point of convergence has always been located somewhere 
along the spit so that a certain sector of the spit is filled by sand each year. It is 
natural to assume that if the wave climate would only slightly rotate, the spit might 
be somewhat reshaped to match the new climate but would not lose large amounts 
of sediment. 

The limits of stability can be to some extent quantified by analysing the 
behaviour of the zero-crossing point of convergence (Paper V). If this point is 
present at least in a substantial portion of years, the spit would eventually be stable. 
Such limits appear to be surprisingly small. If wave direction was rotated 
clockwise, the long-term average location of the zero-crossing point of 
convergence would move to the eastern end of the spit already for a rotation by 5°. 
This zero-crossing would disappear for most of the years if the directions were 
rotated by more than 10° (Figure 21). Such a rotation would eventually cause 

 Annual mean bulk and net transport per a single coastal section of the Curonian 
Spit for rotated wave climates (Paper V). 
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strong net sediment flux (about 1/3 of bulk transport, that is, at least 15 000–
30 000 m3/yr, Figure 17, Paper IV) to the east in most years. This transport would 
finally result in rapid erosion in some parts of the beach because there would be no 
compensating sediment flux across the Klaipėda strait. 

For counter-clockwise rotation exceeding 10° the zero-crossing point of 
convergence would move to the northern end of the spit and reach the Klaipėda 
region. Differently from the clockwise rotation, strong transport to the north would 
dominate in almost all years in the entire eastern section of the spit. In this scenario 
the net sediment deficit could be compensated with the material eroded from the 
Sambian Peninsula. 

The shape of the spit and its exceptional stability in the existing wave climate 
suggests that the wave climate has been very much the same over a longer time 
interval in the past. An important message from Paper V is that even a small 
rotation in the wave approach direction (caused, e.g., by a temporal shift in the 
trajectories of the cyclones) may strongly impact the future development of the 
Curonian Spit. Substantial damages are likely for a clockwise rotation as virtually 
no sediment enters the system from the north. 

4.3. The match of nearshore geology and sediment flux 

It is natural to expect that the possibly long-term presence of the overall pattern of 
the simulated alongshore sediment transport in the study area becomes evident not 
only in the nature of the coast (distribution of erosion and accumulation areas) but 
also in the geological composition of the nearshore seabed. Comparisons of the 
results of simulations with the reality presented in this thesis are not 
straightforward because of the relatively low spatial resolution of calculations and 
the presence of major human interventions such as large harbours, beach refill 
actitivies (Tõnisson et al., 2013), or historical efforts to immobilise sand along the 
Curonian Spit. 

 
 Annual net transport for single years (green) and long-term average (blue, red) 

for the Curonian Spit for clockwise (left panel) and counter-clockwise (right panel) 
rotation of the wave climate by 10º (Paper V). 
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Some comparisons of simulated results and observed changes have been 
performed near harbours and coastal engineering structures. The volumes of 
material dredged from fairways or harbour basins are compared with sand 
movements along the coastline (Eberhards, 2003; Eberhards et al., 2009). 
However, these comparisons are not straightforward. The material removed may 
consist of former sand masses or reflect morphological structures like tombolos or 
salients that are formed owing to certain local features. 

To minimise the impact of such local features, the comparisons have to reflect 
the impact of long-term processes in areas that are not directly impacted by human 
interventions. Early rough comparisons of the intensity of coastal processes with 
reality have shown at least qualitative match. For example, alongshore variations in 
the closure depth showed some connection with geological processes along the 
coast (Paper I). The increase in the closure depth showed also clear increase in the 
variability of the accumulation and erosion rates (Paper I). 

The net sediment transport pattern along the eastern Baltic Sea coast was 
compared with the geological composition of the study area in Paper IV. 
Geological information was obtained and combined into Figure 22 from various 
nearshore bottom sediment maps (Bottom sediments …, 1996; Bitinas et al., 2004; 
Ulsts and Bulgakova, 1998). Note that sediment classes in each country are slightly 
different and do not fully overlap over the research area. 

A narrow strip of fine-grained, usually sandy sediment is mostly present at the 
waterline along the entire Courland coast starting from the Lithuanian–Latvian 
border until the Irbe strait. This strip simply reflects the tendency for sand to gather 
at the waterline even if there is a general deficit of finer sediment. Thus, the 
presence of this strip, often with very limited sand volume, cannot be associated 
with the specific patterns of alongshore transport. For this reason, Paper IV focuses 
on the geological composition of a wider underwater area. 

The sea bottom of the eastern nearshore of the Baltic Proper is mostly 
composed of gravel with pebbles and boulders, or of sand and gravel with pebbles 
(Figure 22). The coasts of the Gulf of Riga are somewhat different: they are 
composed of more mixed sediment and fine-grained sand than the open coast. This 
difference apparently reflects a difference in the overall activity of sediment 
transport in these basins. 

The nearshore bottom sediments vary from very fine sand and silt to coarse 
sand, gravel and boulders in the research area. The Curonian Spit consists entirely 
of fine sand and also its nearshore area is covered with fine sand. This composition 
has evidently a historical background but could still be linked to the almost 
permanent presence of a zero-crossing point of convergence in this area. 

To the north of Klaipėda the underwater slope is mostly covered by till. The 
above-mentioned sandy strip widens starting from Palanga. Notably, the area of till 
roughly (albeit not perfectly) coincides with the region of frequent presence of 
sediment flux divergence. The neighbouring sandy area (to the north of Palanga) 
matches the location of a similar convergence area. 
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Net sediment transport is often reversed to the north of the Latvian–Lithuanian 
border (Ulsts, 1998). In this segment gravel with pebbles and boulders covers the 
nearshore almost until the waterline. A frequent divergence area is located more to 
the north of this section. There is thus no perfect match of this divergence area with 
the geological composition of the nearshore. 

A frequent divergence area occurs near Cape Bernati, to the south of Liepaja, 
where mostly gently sloping, low sedimentary coasts predominate. This area 
started to suffer from erosion in the middle of the 20th century. The mean retreat 
was about 1.4–3.8 m/yr until the end of the 20th century (Eberhards, 2003). The 
retreat was particularly intense, up to 13 m in three years (1991–1993). The length 
of the eroding section reached about 3 km (Ulsts, 1998). During strong storms like 
in the years 1993 and 1999 the retreat reached 40–50 m in a 1.1 km long section 
(Eberhards, 2003). Future predictions for this area suggest the development of a 5–
12 m high scarp during the next 50 years (Eberhards, 2003). A likely reason for the 
increase in the sediment transport rate is the change in the predominant wave 
approach direction (Eberhards, 2003). This conjecture matches a major change in 
air-flow direction starting from 1988 in the north-eastern part of the Baltic Sea 
(Soomere and Räämet, 2014). 

An occasional convergence area is located in the vicinity of Liepaja (Figure 15). 
Consistently with this observation, an area of fine-grained sand occurs at this city 
(Figure 22). It is, though, occasionally discontinuous to the north of Liepaja. The 
mismatch of the results of simulations (that suggest the presence of finer sediment 
in this area) is evidently because Liepaja Harbour disrupts the natural sediment 
transport. This major structure causes sediment deficit to the north of Liepaja 
where mostly gravel with pebbles and boulders occur on the seabed and 
fortifications built in the 1800s behind the dune crests are already falling into the 
sea (Tõnisson et al., 2013). 

The vicinity of Cape Akmenrags (located between Liepaja and Ventspils) hosts 
a persistent area of divergence. Consistently with this result, the nearshore zone 
contains almost no fine sediment (although the beach is sandy and with growing 
foredunes). Simulations indicate a frequent convergence area to the north of the 
cape. This outcome also matches the presence of a wide sandy or silty strip in this 
region. 

The simulations suggest intense and almost unidirectional (with no clearly 
distinguishable convergence or divergence areas) net sediment transport to the 
north-east of Ventspils until Cape Kolka, where the nearshore seabed mostly 
consists of sand or silt. A fine-grained sandy strip in the nearshore widens starting 
from the entrance to the Irbe strait and reaches a maximum width near Cape Kolka 
(Figure 22). This intense sediment flow along the Courland Peninsula provides 
sediment to Cape Kolka and causes extensive growth of the cape (Ulsts, 1998; 
Eberhards, 2003). 

Part of this sediment is transported further into the Gulf of Riga where sediment 
transport is generally much less intense than at the coasts of the Baltic Proper. The 
flux of sand in the vicinity of Cape Kolka is relatively weak but almost 
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unidirectional (except for the unusual year 1984). The intensity of net transport 
increases in the southern part of the gulf near Jurmala. The nearshore sandy strip 
becomes narrower to the north of Riga but continues until Saulkrasti. An 
appreciably persistent convergence area exists near Saulkrasti. In general, it is not 
clear how precisely the simulations represent the joint impact of the two 
predominant wave systems (caused by south-western and NNW winds) in the 
southernmost part of the Gulf of Riga. Most probably, they drive intense back and 
forth transport between Jurmala and Saulkrasti, with no clearly dominating net 
movement (Ulsts, 1998). Also the Daugava River strongly affects the sediment 
budget in this area. 

Another occasional reversal and a pair of zero-crossing points of divergence and 
convergence appear near Cape Kurmrags and Ainaži. It is likely that at least in 
some years there exists clockwise sediment movement between this cape and 
Ainaži. Sediment movement to the south in this area was also observed by 
Eberhards (2003). 

In conclusion, there is an acceptable (albeit far from perfect) match between the 
major areas of convergence and divergence and the nearshore geological structure 
(Paper IV). 
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Conclusions 

Summary of the results 

The presented studies address the system of sedimentary coasts along the eastern 
Baltic Sea from the Sambian (Samland) Peninsula to Pärnu Bay from a functional 
and structural perspective. This coastal area mostly consists of easy erodible 
sediments that are vulnerable to strong waves and high water levels. The central 
objectives were: (i) to quantify the wave-driven impact on this coastal stretch, (ii) 
to establish the key structural features of the entire domain, (iii) to identify the 
major changes in the course of coastal processes in this domain and (iv) to develop 
a rough estimate of the structural stability of the major landforms. 

Based on a high-resolution long-term wind wave hindcast for 1970–2007 driven 
by adjusted geostrophic winds, spatial variations in the closure depth have been 
established for the entire eastern Baltic Sea coast. The largest closure depths 
(almost 7 m) occur along the north-western coast of the Courland Peninsula and the 
Western Estonian archipelago that are fully open to the predominant south-westerly 
winds. The closure depth is much smaller (below 5 m and down to 2 m in sheltered 
areas) in the Gulf of Riga. Alongshore variations in this depth in naturally 
developing regions are linked to the major areas of predominant erosion. 

It is shown that the typical ratio of extreme (occurring during 12 h/yr) and mean 
wave heights along the Baltic Sea coasts (5.5) considerably exceeds the similar 
ratio along the open ocean coasts (4.5). An upgrade of the widely used express 
formula for the evaluation of the closure depth based on the annual mean 
significant wave height and accounting for this difference is developed for the open 
Baltic Sea coasts. The traditional formula can be used in semi-sheltered bayheads 
where swells form an essential part of total wave intensity. 

The Baltic Sea waves often approach the coast under relatively large angles. A 
method is developed to properly account for the joint impact of refraction and 
shoaling of such waves in the evaluation of wave-driven impact. Implementation of 
the full representation of shoaling and refraction gives considerably improved 
estimates of sediment flux by waves approaching the coast under angles >30°. 

Alongshore variations in sediment transport along the eastern Baltic Sea coast 
are analysed using the above wave hindcast and the Coastal Engineering Research 
Centre (CERC) wave energy flux model. The long-term average net transport is the 
largest (up to 700 000 m3/yr) along a short section of the Sambian Peninsula and 
along the north-western Latvian (Courland) coast, and much less in the Gulf of 
Riga. Consistently with the existing knowledge, net transport is mostly counter-
clockwise in the entire study area and unidirectional in its several sections. About 
half of the net transport in the entire study area occurs in the section from Cape 
Akmenrags to Cape Kolka. The total net transport in the Gulf of Riga is larger than 
in the section from the Sambian Peninsula to Cape Akmenrags. While the long-
term course of the bulk transport in the Gulf of Riga matches the similar course in 
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the Baltic Proper, the temporal courses of net transport qualitatively differ in these 
coastal stretches. 

The simulations indicate the presence of a number of several divergence and 
convergence areas, associated local and/or temporary reversals of net transport and 
almost disconnected regions in terms of sediment flux. The system contains two 
pairs of persistent zero-crossing points of net sediment transport. They correspond 
to convergence (accumulation) and divergence (erosion) areas. An extremely stable 
divergence point near Cape Akmenrags serves as a natural barrier for sediment 
transport and apparently divides the sedimentary system of the eastern coast of the 
Baltic Proper into two almost completely independent sedimentary compartments. 
Single years with usual levels of wind speed may host totally different patterns of 
sediment transport. The zero-crossing points at the coasts of the Gulf of Riga are 
evident in only a few years. They have been more frequent in the 1970s. 

Cyclic relocation of a highly persistent convergence point over the Curonian 
Spit and an almost zero level of the long-term net sediment transport suggest that 
this landform is in an almost perfect dynamical equilibrium in the contemporary 
wave climate. The total bulk sediment transport along this spit increased about 
20% during the simulated time interval. Its course reveals almost periodical cycles 
with a typical time scale of about 8–10 years and amplitudes close to about 1/4 of 
its long-term average. The overall net sediment transport increased considerably in 
the 1970s and 1980s but decreased at the same rate from the mid-1990s onwards. 
This feature suggests that a systematic change in wave direction may have occurred 
in the nearshore of this spit. 

To analyse the sensitivity of sediment flux to various model implementations 
and different choices of input data, the simulations were repeated with different 
versions of the implementation of the refraction and shoaling impact, interpretation 
of the wave height as the input data for the CERC model and for a range of typical 
grain sizes. It was shown that the qualitative transport patterns and major 
divergence and convergence areas are invariant with respect to the choice of the 
model, interpretation of the wave data and reasonable variations in grain size. 

The analysis of the stability of the Curonian Spit with respect to potential 
rotation of the predominant wave approach direction shows that a rotation 
exceeding 5° clockwise or 10° counter-clockwise may result in complete 
disappearance of the above-discussed convergence area and thus may render the 
current stable evolution of this landform into an unstable regime. 

The established main structural properties of alongshore sediment transport for 
the eastern Baltic Sea are verified against the relevant historical evidence. The 
nearshore geological composition shows evident similarities with the variability of 
simulated sediment transport and its spatial variations. There is an acceptable 
match between the location of major convergence areas and the geological 
structure of the seabed to a distance of a few kilometres from the waterline. The 
match is less evident for divergence areas. 
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Main conclusions proposed to defend 

1. Spatial variations in the closure depth were established for the eastern Baltic 
Sea coast and linked to the areas of predominant erosion and accumulation. 
The largest closure depths (~7 m) occur along the NW coast of Latvia and 
coasts of the Western Estonian archipelago. 

2. An upgrade of the express formula for the evaluation of the closure depth based 
on the annual mean significant wave height was developed for the Baltic Sea 
coasts. The traditional formula can be used in semi-sheltered bayheads where 
swells form an essential part of total wave intensity. 

3. A method has been developed for systematically accounting for the joint 
impact of wave refraction and shoaling of waves approaching the coast under 
large angles in the evaluation of alongshore sediment transport. This method 
essentially improves the estimate for the impact waves that approach the coast 
under angles >30°. 

4. Alongshore variations in bulk and net sediment transport and the main 
structural properties of this transport along the eastern Baltic Sea coast were 
analysed using the Coastal Engineering Research Centre approach. Simulated 
net and bulk transport rates are the largest along the eastern Baltic Proper. 

5. The overall counter-clockwise pattern of net transport along the eastern Baltic 
Sea coast contains several persistent divergence and convergence areas, 
associated local and/or temporary reversals of transport direction. A persistent 
divergence point at Cape Akmenrags (Courland) divides the study area into 
two almost independent compartments. 

6. The qualitative transport patterns (incl. major divergence and convergence 
areas) are invariant with respect to the choice of the model, interpretation of the 
wave data and reasonable variations in grain size. The best match with 
historical estimates is obtained when the root mean square wave height is used 
to characterise the wave energy at breaking and the significant wave height is 
used to evaluate the group speed at breaking. 

7. The Curonian Spit is in an almost perfect equilibrium shape under the existing 
wave climate. A rotation of the wave approach direction leads to an almost 
linear increase in net transport from its present almost zero value. A rotation 
>10º results in complete disappearance of convergence points of sediment 
transport along the spit and apparently in substantial coastal damage. 

8. The established main structural properties of alongshore sediment transport for 
the eastern Baltic Sea were verified against the relevant historical evidence. 
The nearshore geological composition shows evident similarities with the 
variability of simulated sediment transport and its spatial variations. An 
acceptable match was found between the location of major convergence areas 
and the geological structure of the seabed to a distance of a few kilometres 
from the waterline. The match is less evident for divergence areas. 
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Recommendations for further work 

The presented material suggests that many core features of coastal evolution can be 
revealed from spatial variations in wave-driven alongshore transport. This 
encourages performing similar analysis of the structural features of alongshore 
sediment transport for the entire pool of sedimentary coasts of the Baltic Sea. In the 
light of the presented results it is natural to evaluate the properties of wave-driven 
coastal processes based on directional wave information. Doing so allows 
establishing in a straightforward manner the divergence and convergence points of 
sediment flux. These points reflect the most intense erosion and accumulation areas 
and are crucial for coastal management. It is important to identify for each 
substantial sedimentary compartment the long-term patterns and variations in these 
points, sub-compartments and reversals of sediment flux. 

It is natural to perform a first approximation of such an analysis based on the 
assumption implicitly employed in this thesis, namely, that the coastal evolution is 
largely governed by multivariate statistics of wave properties for each coastal 
segment. This assertion is not necessarily true for coastal segments that are 
sensitive to the sequence of different wave events. Also, variations in water level 
may substantially contribute to the coastal evolution. It is thus advisable to link the 
temporal course of wave properties with the time series of water level for more 
realistic calculations of the functioning and vulnerability of the Baltic Sea coasts. 
Similar simulations should be performed with an improved spatial resolution 
(~1 nautical mile) for more exact identification of the relocation range of the most 
persistent points of divergence and convergence and associated reversals. Higher-
resolution simulations might be performed for the Gulf of Riga, with a side goal of 
establishing potential changes in the predominant wind directions and the reasons 
for the mismatch of the temporal course of net transport in the Gulf of Riga and in 
the Baltic Proper. 

A further research subject is to resolve the discussed problems for the main 
scenarios for the future wind climates; to make sure whether some convergence or 
divergence points may be lost in some future scenarios, equivalently, whether some 
coastal segments may become unstable, with serious management implications. A 
key goal of the structural stability analysis of the coasts in likely future climates is 
establishing the limits of climate change that still keep the existing major patterns 
of alongshore transport. Another important challenge is to detect strongly unstable 
coastal sections where a large part of wave energy arrives at an angle >45° with 
respect to the coastline and where rapid excitation of sand spits is possible. The 
long-term course of the overall bulk and net transport along the entire eastern 
Baltic Sea coast should be analysed in the context of possible changes in wave 
approach directions. It is probably necessary to create an ensemble of simulations 
of alongshore transport using different wave data in the contemporary wave 
climate as the existing wave data are highly controversial (Nikolkina et al., 2014). 
Finally, a core challenge is the conversion of the outcome of this thesis into 
supporting material for decision-making in coastal management. 
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Abstract 

The thesis addresses the basic functional and structural properties of wave-driven 
alongshore sediment transport in the longest interconnected system of sedimentary 
coasts in the Baltic Sea basin. The area studied is located at the eastern coast of this 
water body and ranges from the Sambian (Samland) Peninsula to Pärnu Bay. This 
coastal region evolves under sediment deficit and contains extensive sections of 
erodible sediments that are vulnerable to strong waves and high water levels. 

The wave-driven impact on this coastal stretch is analysed using the output of a 
high-resolution wind wave hindcast based on geostrophic winds and the Coastal 
Engineering Research Centre (CERC) wave energy flux model. Spatial variations 
in the closure depth of equilibrium beach profiles are established for the entire 
study area and linked to the zones of predominant erosion and accumulation. The 
largest closure depths (~7 m) are found at the NW coast of Latvia at the Western 
Estonian archipelago. A modified express formula is developed for the closure 
depth evaluation based on the annual mean significant wave height and accounting 
for the specific ratio of extreme to average wave heights in the Baltic Sea. 

Structural features of alongshore transport are studied based on the net and bulk 
transport rates. Their values are largest in a short section of the Sambian Peninsula 
and along the NW Latvian (Courland) coast where net transport is up to 
700 000 m3/yr. Transport is much weaker in the Gulf of Riga. It is shown that the 
classical counter-clockwise pattern of net transport along the eastern Baltic Sea 
coast contains several persistent divergence and convergence areas. Relatively 
persistent reversals of the net transport direction are to the south of Cape 
Akmenrags (Courland) and to the south of Klaipėda.  

A persistent divergence point at Cape Akmenrags serves as a natural barrier for 
sediment transport and divides the study area into two almost independent 
compartments. The established qualitative transport patterns are almost insensitive 
to the implementation of wave transformation in the nearshore, interpretation of the 
wave data and reasonable variations in grain size. The best match with historical 
estimates of transport rates is obtained when the root mean square wave height is 
used to characterise the wave energy at breaking and the significant wave height is 
used to evaluate the group speed at breaking. 

It is shown that the Curonian Spit is in an almost perfect equilibrium shape 
under the existing wave climate. Major changes in the course of coastal processes 
along this spit involve an increase in the total bulk sediment transport by about 
20% during the simulated time interval. Net transport increased in the 1970s–1980s 
but decreased at the same rate from the mid-1990s onwards, suggesting a 
systematic change in wave direction. A rotation of the wave approach direction 
leads to an almost linear increase in net transport from its present almost zero 
value. The location of the most persistent convergence and divergence areas of net 
transport acceptably matches the granulometric composition of the nearshore 
seabed up to a few kilometres from the shoreline. The match is less evident for 
divergence areas. 
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Resümee 

Doktoritöös käsitletakse tuulelainete poolt tekitatud pikiranda transpordi kvantita-
tiivseid ja struktuurseid omadusi. Vaatluse all on Läänemere pikim omavahel seo-
tud setterandade süsteem piki mere idarannikut Sambia (Samlandi) poolsaarest 
Pärnu laheni. Seal domineerib setete defitsiit, mistõttu ulatuslikud rannalõigud 
kannatavad erosiooni all ning on tundlikud kõrgete lainete ja veeseisude suhtes. 

Lainetuse mõju intensiivsuse ja lainete poolt käivitatud settetranspordi omadus-
te ning ruumilise muutlikkuse analüüs tugineb kogu Läänemere lainekliima kõrg-
lahutusega numbrilisele rekonstruktsioonile 1970–2007. Lainetuse arvutustes on 
kasutatud modifitseeritud geostroofilisi tuuli. On arvutatud tasakaaluliste rannapro-
fiilide sulgemissügavuse ruumilised muutused uuringuala ja Eesti ranniku jaoks. 
Saadud hinnangud on seotud peamiste erosiooni ja akumulatsioonipiirkondadega 
Läti avatud rannikul. Suurimad sulgemissügavused (~7 m) on Läti looderannikul ja 
Lääne-Eesti saarte rannavetes. On tuletatud Läänemere ekstreemsete ja keskmiste 
lainekõrguste spetsiifilist suhet arvestav ekspressmeetod, mis võimaldab hinnata 
sulgemissügavust aasta keskmise lainekõrguse alusel. 

Settetransporti käsitletakse Coastal Engineering Research Centre (CERC) lähe-
nemise raames: transport on võrdeline randa saabuva laineenergia vooga. Pikiranda 
transpordi struktuuri on analüüsitud tuginedes neto- ja brutotranspordi ruumilistele 
mustritele. Neto- ja brutotransport on suurimad Sambia poolsaare lääneosas ja Läti 
looderannikul, kus netotransport on kuni 700 000 m3 aastas. Transport on märksa 
tagasihoidlikum Liivi lahes. On näidatud, et klassikaline peamiselt vastupäeva 
liikuv settevool sisaldab mitmeid püsivaid divergentsi- ja konvergentsipiirkondi. 
Settetransport on sageli päripäeva Akmenragsi neemest lõunas Kuramaa rannikul 
ja Klaipėdast lõunas Kura sääre rannikul. 

Püsiv netotranspordi divergentsipiirkond Akmenragsi neeme lähistel kujutab 
endast nähtamatut looduslikku tõket ning jagab kogu vaadeldava piirkonna kaheks 
peaaegu sõltumatuks setete süsteemiks. Kirjeldatud kvalitatiivsed jooned on 
invariantsed mudeli selliste kesksete parameetrite suhtes nagu lainete refraktsiooni 
ja teravdumise arvutusskeem, lainekõrguse interpreteerimine CERC mudelis ja 
setete terasuuruse muutumine mõistlikes piirides. Parima kokkulangevuse 
vaatlusandmetega annab selline mudeli versioon, kus lainekõrgust murdlainete 
vööndi merepoolsel serval kirjeldab ruutkeskmine lainekõrgus, kuid murduma 
hakkavate lainete rühmakiirus arvutatakse olulise lainekõrguse kaudu. 

On näidatud, et Kura säär on praktiliselt perfektselt kohandunud olemasoleva 
lainekliimaga. Kuigi brutotransport piki Kura säärt suurenes ligikaudu 20% võrra 
aastail 1970–2007, kasvas netotransport vaid 1970ndail ja 1980ndail ning kahanes 
alates 1990ndate keskpaigast. Selline muutuste muster viitab lainelevi suuna süste-
maatilistele muutustele. Saabuvate lainete suuna muutumine isegi vaid mõne kraadi 
võrra muudaks oluliselt Kura sääre praegust tasakaalu. Kõige püsivamate diver-
gentsi- ja konvergentsipiirkondade lähistel paikneva merepõhja setete terasuurus 
peegeldab põhiosas demonstreeritud transpordi mustrit. Vastavus on suhteliselt hea 
konvergentsialade jaoks ning tagasihoidlikum divergentsialade puhul.  
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reversals of wave-driven alongshore sediment transport 
at the eastern Baltic Sea coast. Baltica, 26(2), 145–156. 
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