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1.  INTRODUCTION 

1.1 Background 

 
Wind waves gain energy, propagate, undergo linear and non-linear 
transformation, and finally dissipate over a wide range of spatial and temporal 
scales. As they do so, a non-homogenous distribution of wave energy is formed, 
leading to zones of increased and decreased energy, while at the same time the 
wave energy is transported in various propagation directions.  The wave fields 
usually have a large gradient (in any bulk spectral parameter) along physical 
boundaries, like coastlines, marginal ice zones and shoaling zone.  

Spatial variability of wave energy in near-coastal areas is scientifically and 
technically an important phenomenon, which can be resolved to a certain extent 
in a feasible manner by the method of multi-scale modeling. A multi-scale 
model in a geographical space of an oceanographic variable (herein the wave 
action spectral density) attempts to resolve the underlying natural variations by 
increasing the density of computational points in areas of interest. Technically 
this is achieved by nesting techniques or unstructured meshes. It is also 
necessary that the model’s physical and numerical features are suited for 
capturing the mechanisms of wave transformation on desirable scales, herein the 
coastal waters. 

The need for multi-scale modeling is becoming more and more important, 
since maritime activities near the coast are increasing as so the awareness of 
environmental aspects. Furthermore, people settling to live in coastal areas are 
faced with a flooding danger in lowlands and need accurate forecasts. These can 
be provided by means of high resolution validated models. Specifically, 
numerous multi-scale wave modeling studies have been conducted worldwide, 
in order to provide wave conditions for coastal engineering activities and 
navigation (Anselmi-Molina et al., 2012; Inghilesi et al., 2012; Rusu and 
Soares, 2013), to estimate the wave induced flow, water level rise, overtopping 
(Dietrich et al., 2012; Choi et al., 2013; Zou et al., 2013) and sediment 
resuspension (Jones et al., 2012; Dalyander et al., 2013). Moreover, multi-scale 
wind wave modeling has an important role in cross-disciplinary studies (Stevens 
and Lacy, 2012; Zhang et al., 2012) and just lately, the demand for the 
utilization of wave energy itself has lead to numerous high resolution model 
studies (e.g. Neill and Hashemi, 2013; Stopa et al., 2013 and many others). The 
field of multi-scale wave modeling however is underdeveloped for the 
applications in the Baltic Sea in any aspects listed above. The author can only 
name the following researches. Recently Tuomi et al. (2012) used a 0.25 
nautical mile grid to study the fetch limited wave growth from an irregular 
coastline. Soomere (2005) used the same resolution nested in coarser WAM 
model to study the wind wave statistics in Tallinn Bay. Known unstructured 
approaches are by Chubarenko et al. (2012), who analyzed the wave regime of 
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the Vistula lagoon using the SWAN model, with grid size as low as 100 m. 
Kurennoy and Ryabchuk (2011) modeled the Neva Bay wave climate.  

1.2 Motivation and objective 
 
Accurate knowledge of near-shore wave spectrum, its spatial variations and 
implications to other processes is poorly studied and known in the Baltic Sea. 
Though, a considerable number of academic studies by other authors and 
engineering projects have indicated the need for detailed knowledge of Baltic 
Sea near shore wave fields. Lagemaa et al. (2011) pointed out the need to take 
into account wave induced set-up in extreme weather conditions, while Lilover 
et al. (2011) suggested estimating the Stokes drift near shore to explain the 
measured current variability.  Patterns of suspended particulate matter (Haran et 
al., 2010) and species distribution in the Baltic Sea coastal waters depend on the 
wave fields (Westerbom and Jattu, 2006; Kolesova et al., 2010; Kovtun et al., 
2011), whereas movement of shoreline responds to the joint influence of waves, 
currents and water level (Tõnisson et al., 2012). Other examples include: 
planning of harbors (Elken et al., 2001), offshore wind farms (Paper II) and 
other infrastructure; assessing backfilling of dredged areas; harbor approach and 
navigation; marine leisure activities and so forth. 

The main objective of this thesis is to study the variability of near-coastal 
wave fields and particularly their impacts to other processes and processes 
influencing wave field evolution by using multi-scale wave modeling as a 
method and Estonian marine waters as a study site. The specific aims are: 
 

 To analyze the sensitivity of significant wave height on temporal 
variations in water level. 

 To quantify the magnitude of depth-induced wave breaking in severe 
weather conditions. 

 To analyze the sensitivity of spectral peak period on two whitecapping 
formulations. 

 To study the effect of arrays of small obstacles to wave field evolution. 
 To quantify wave generated near-bed flow due to orbital motions of 

waves and mean flow generation due to gradients in wave energy. 
 To quantify the wave induced setup during cyclone Gudrun in 2005. 

 
This thesis is structured as follows. In Chapter 2 a general overview of the 
Baltic Sea wind and wave climate is presented. It is followed by materials and 
methods used in this study in Chapter 3. In Chapter 4 sensitivity of model 
results to model settings is analyzed. Influence of obstacles to wave field 
evolution is studied in Chapter 5. In Chapter 6 wave induced setup and flow is 
analyzed. Main conclusions are summed up in Chapter 7. 
 



11 

2. OVERVIEW OF BALTIC SEA WIND AND WAVE 
VARIABILITY 
 
The Baltic Sea is as a large (spans from 90-300 E and 530-660 N, total area of 
435 000 km2) seasonally ice-covered water body containing several 
topographically and geographically defined sub-basins (Fig. 1). The mean water 
depth is 55 meters and the maximum water depth reaches 459 meters in the 
Landsort Deep. The longest possible fetch is about 700 km in the Baltic Proper, 
500 km in the Gulf of Finland (along the major axis and continuing in the Baltic 
Proper), 300 km in the Gulf of Bothnia and Bothnia Sea and 150 km in the Gulf 
of Riga. While the Gulf of Riga and Bothnia Sea are connected to the Baltic 
Proper by shallow and narrow straits, which limit wave growth and propagation, 
the Gulf of Finland has no specific physical border with the Baltic Proper. 
Therefore long and high waves are steered to the Gulf of Finland under certain 
meteorological conditions.  Ice plays an important role in the fetch geometry of 
the Baltic Sea (Fig. 2). In typical winters the Gulf of Riga, Gulf of Finland, Gulf 
of Bothnia and Bothnia Sea are almost totally ice-covered and the Baltic Proper 
is ice-free, but in severe winters only the central part of Baltic Proper remains 
ice-free (Vihma and Haapala, 2009; Fig. 2).  

 
Figure 1. Baltic Sea bathymetry (Seifert et al., 1995), smoothed with 6 km filter. Red 
numbers corresponds to author’s original publications study sites. 
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Figure 2. Hindcasted significant wave height at  
1985-02-18 12:00 UTC (SWAN model, 1.85 km)  
in ice-covered Baltic Sea. Wave vectors in ice covered  
regions are not representative.  

2.1 Wind conditions over the Baltic Sea 
 
The Baltic Sea lies in temperate latitudes and therefore is largely affected by the 
westerly airflow. This leads to a wind rose, where approximately 50 % of the 
time the wind blows from sector 180-2700  (S. SW, W) at coastal stations of 
western Estonia (Jaagus and Kull, 2011). As the scale of weather patterns 
usually is much larger compared to the Baltic Sea sub-basin dimensions, the 
dominating wind direction has a quite uniform spatial distribution, as can be 
seen for example in fig. 5 by Karagali et al. (2012). In the Gulf of Finland the 
wind mainly blows from southwest according to Launiainen and Laurila (1984) 
and the same holds for the Bothnia Sea, while the prevailing direction is south 
in the Gulf of Bothnia (Tuomi et al., 2011 and references therein).  The wind 
direction in storm conditions (winds with sustained speed over 15 m s–1) usually 
is between 1800-3600 due to the movement of cyclones (Jönsson et al., 2003). 

Wind speed in the Baltic Sea area has a clear annual cycle, with monthly 
mean wind speeds above the yearly average in autumn-winter and below in 
spring-summer. Although the annual cycles are mainly related to synoptic-scale 
activity, they are additionally affected by the surface layer stratification, which 
is most stable during spring and early summer, reducing the near-surface wind 
speeds (Niros et al., 2002). Depending on the sub-basin and time period chosen 
for analysis, and also the instrument height, the yearly average wind speeds over 
the Baltic Sea are 6-8 m s–1 and monthly values deviate about it up to 1.5 m s–1 
(e.g. Suursaar et al., 2006a; Niros et al., 2002). During the passage of deep 
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extra-tropical cyclones the 10 minute sustained wind speed has reached 29 m s–1 
at coastal stations facing the Gulf of Riga and Baltic Proper (Suursaar et al., 
2009) and probably over 30 m s–1 in the open sea. In 1967 an overall maximum 
sustained wind speed of 35 m s–1 was measured (as it pertains to instrumental 
measurement history) at weather stations near the entrance of the Gulf of 
Finland and in the Tallinn meteorological station (Suursaar et al., 2006b).  

2.2 Baltic Sea wave variability 
 
Instrumental wave measurements in the Baltic Sea started in the 1970s, while 
only visually observed wave properties were available before (Tuomi et al., 
2011). Instrumentally measured maximum significant wave height was 8.2 m in 
the northern Baltic Proper, 7.4 m in the southern Baltic Proper and 5.2 m in the 
Gulf of Finland (Tuomi et al., 2011). In the Bothnia Sea the measured 
maximum significant wave height reached 6.5 m (Tuomi et al., 2011) and in the 
Gulf of Bothnia 3.1 m (Finnish Meteorological Institute report series, 2012). For 
the Gulf of Riga long-term instrumental wave measurements are missing but 
during a 130 day long field campaign Suursaar et al. (2012) measured 
significant wave heights up to 2 m in northern part of the Gulf. Following the 
seasonal course of wind, all the maximums have been measured either in 
autumn or winter. According to a 7 year long model hindcast by Tuomi et al. 
(2011),  the maximum significant wave height can reach over 9 m in the 
southern and northern Baltic Proper (modeled maximum was 9.7 m during 
storm Gudrun in 9 January 2005), 7 m in the Bothnia Sea and 6.5 m in the Gulf 
of Bothnia. The results of a hindcast by the author (unpublished) showed 
maximum significant wave height of 9.95 m. It is quite interesting to see that in 
the fetch-limited and shallow Baltic Sea the maximum significant wave heights 
(Fig. 3) are up to half of what has been measured and modeled in the World 
Ocean (Hanafin et al., 2012). Needless to mention, the modeled values and 
especially maxima are greatly influenced by the source term settings of the 
model, input winds and numerical schemes. 

It is evident that the wave field has quite large spatial variability, yet the 
seasonal changes are even larger. Roughly speaking, monthly mean and 
monthly maximum wave heights in autumn-winter are twice as big compared to 
spring-summer months (Tuomi et al., 2011; unpublished author study) but the 
exact months for maxima and minimums themselves can vary between different 
sub-basins. For example, in the northern Baltic Proper, the maximum measured 
significant wave height occurs in December (at the time period between 2001 
and 2007) and the seasonal minimum is in June and August, according to Tuomi 
et al. (2011). On the other hand, in the Gulf of Finland the minimum is in April, 
which can be explained by the presence of ice cover 

The geometry of the Baltic Sea together with prevailing wind directions 
frequently lead to situations where the wind direction and peak wave direction 
differ from each other up to 500 in deep water These slanting fetch cases are 
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well documented for the Gulf of Finland (Pettersson et al., 2010), but other 
areas of the Baltic Sea have also fetch restrictions in the upwind direction. 
 

 
Figure 3. Maximum modeled significant wave height in the Baltic Sea between 1965-
2005. Simulated with 1 nautical mile SWAN model forced by Luhamaa et al. (2011) 
winds and ice fields from Rossby Centre SMHI. 
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3. MATERIALS AND METHODS 

 

3.1 Study areas 
 
The studies for this thesis were located (Fig. 1) in the Estonian Archipelago Sea 
(Paper V), Gulf of Finland (Paper IV), Baltic Proper (Paper II) and Gulf of Riga 
(Papers I and III). In the Gulf of Riga the focus was on the Suur Strait (Paper 
III) and Pärnu Bay (Paper I). The Suur Strait is a relatively narrow and shallow 
strait connecting the waters of the Väinameri and the Gulf of Riga. The Suur 
Strait is the narrowest (6 km) in the Virtsu-Kuivastu region (see fig. 1 in Paper 
III for further details). Its maximum depth is 21 m and the sill depth is about 5 
m near the southern side of the Väinameri basin. It is open to waves from the 
south. Pärnu Bay is a wider (up to 12 km in narrowest part) and shallow basin in 
the NE part of the Gulf of Riga. The water depth in the bay interior is less than 
10 m and the sea-bed is gently sloping. At the head of the bay lies Pärnu town, 
being vulnerable to flooding from sea. The bay is fully open to waves from SW.  

The Küdema Bay (Paper V) is situated on north-western side of Estonia's 
largest island Saaremaa (see also fig. 1 in Paper V for further details). The mean 
width of the bay is 3 km (west–east direction) and its length is 8 km (north–
south direction), with a mean depth of 7.5 m. In northern side of the bay the 
water depth is 20 m at only about 400 m from the coast, so the high waves from 
NNW may penetrate into the bay.  

Tallinn Bay (Paper IV) is sheltered from waves by two islands and numerous 
shallows. Despite that, NNW winds push high waves into the bay and even W 
waves propagate to the bay between the mainland and Naissaar Island. 
Compared to the previous three study sites, the central leg of Tallinn Bay is 
deep (40 m).  

The study sites of Paper II are situated on two shallows (see fig. 1 in Paper II 
for further details). The water depth at the shallows is 10-20 m, while the 
surrounding depth on the seaward side is 40 m near the shallows.  Wave 
conditions were the most energetic in these locations compared to other study 
sites. 
 

3.2 Study designs 
 
Effects of surge upon surface wave field dynamics and wave induced set-up at a 
natural beach was studied (Paper I) in Pärnu Bay, the Gulf of Riga.  A triply 
nested SWAN model was implemented in the geographical domain. Each higher 
resolution run received the boundary data from coarser run, while the coarsest 
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run started with zero initial and boundary conditions at  00:00 UTC on 8 
January 2005 (the whole modeling period was from 00:00 08.01.2005 till 21:00 
09.01.2005). The atmospheric forcing used in this paper was based on the 
dynamically down-scaled winds of the ERA-40 data set. The resolution of the 
atmospheric forcing grid was 25x25 km with 3 h time step. Two model runs 
were made, in which surge was neglected and when surge was considered. In 
the first case, no surge was added to water depth. In the second run, 1 m spatio-
temporally constant surge was added to water depth in 400 m grid and time-
varying, but spatially constant, water level was added to water depth of the 100 
m grid. Model integration time steps varied from 10 to 5 minutes. 

For the calculation of wave induced set-up and inundation, the one-
dimensional mode of SWASH was used. The SWASH model got its boundary 
condition in terms of significant wave height and peak period from the 100 m 
SWAN run. The boundary point for SWASH was outside the zone of intense 
breaking.  The boundary condition was acquired at the time instant when 
significant wave height was greatest (considering the whole modeling period). 
The SWASH model was run in non-hydrostatic and depth-averaged mode with 
1 m grid resolution and 0.02 s time-step. Breaking was activated and the 
coefficient for breaking was 0.6. Bottom friction formulation was due to 
Manning (SWASH team, 2013) with a friction coefficient of 0.019. Model was 
run 1.5 hours and the set-up and wave height values were extracted from the last 
five minutes of the calculation. 

The main aim of Paper II was to quantify the absorption and scattering of 
wave energy by an array of grouped obstacles (wind turbines) located on some 
shallows in the Baltic Proper. Steady wind speeds of 8 m s–1 and 15 m s–1 were 
selected in this study and blowing from direction SW, W and NW. The 
modeling of waves was carried out using five or four consequently nested 
models, depending on the exact location. First the whole Baltic Sea with a 2000-
m resolution was modeled. With the boundary conditions from the previous 
model, waters surrounding Hiiumaa were modeled with a 400-m resolution, and 
then 100, 50, and 25 m (optional).  For every forcing situation, two calculations 
were made—first without obstacles and second with obstacles. The obstacle was 
represented as land (0 water depth) and in SWAN the land absorbs all incoming 
wave energy. Changes in significant wave height were assessed.  The diffraction 
was activated only when the highest spatial resolution was used.  

Estimating the proportion of surface waves in the flow field and water 
exchange, and estimating wave-induced shear velocities was the aim in Paper 
III.  A triple-nested wave- model was used for the simulation of waves in the 
Suur Strait. The coarse grid model covered the whole Baltic Sea with a spatially 
constant grid size of 2x2 km. No open boundary conditions were implemented 
for this grid. The model for the Väinameri region had a grid size of 400x400 m, 
whereas the boundary conditions were obtained from the whole Baltic Sea 
model. The high resolution model for the Suur Strait area had a grid step of 
100x100 m. Hydrodynamic model forcing was obtained from the atmospheric 
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model HIRLAM. The modeling period covers time period from 13.11.2008-
07.12.2008. In order to take into account the wave-induced currents, a wave- 
induced force per unit surface area was added to the kinematic wind stress in 
both the x and the y directions. The shear stress calculation methods and wave-
induced force calculation methods are presented in Chapters 3.5 and 3.6, 
respectively. 

The impact of depth induced wave breaking on significant wave height field 
distribution was studied (Paper IV) in the shallow areas of Tallinn Bay. Two 
calculations were made. The first calculation was with depth-induced breaking 
activated and the second one was with depth-induced breaking not-activated. 
The analyzed fields represent saturated wave fields corresponding to a NNW 
storm with wind speed 23 m s–1. Calculations of wave field were carried out 
using a triple nested model. The coarse Baltic Sea model had resolution of 1 ́ 
along latitudes and 2 ́ along longitudes. The medium grid for the Gulf of Finland 
had a resolution of 0.5 ́ along latitudes and 1 ́ along longitudes, with the 
boundary conditions obtained from the coarse Baltic Sea model. The high 
resolution Tallinn Bay model was 0.25 ́ along latitudes and 0.5 ́ along longitudes 
and the boundary conditions were obtained from intermediate grid.  

The spatio-temporal wave regime of a semi-sheltered bay was analyzed 
(Paper V) under spatially homogeneous but temporally variable wind 
conditions. The modeling was done for two three-week long time periods in 
summer and autumn 2005. Since the Küdema Bay is open at the northern side, 
the wave field generated by northerly winds in the Baltic Proper propagates to 
the bay, and therefore it is important to take into account the wave calculations 
of the Baltic Proper. The Bothnia Sea was not taken into account, because it is 
expected that waves in Bothnia Sea do not affect the wave regime in Küdema 
Bay (see Fig. 1). A medium grid between the coarse Baltic Proper area and the 
small Küdema Bay area was also introduced into the computations as a 
transitional area for waves.  Consequently a triple nested model was used, with 
highest resolution of 0.1 nautical miles. Model time steps varied from 30 
minutes on the coarsest grid to 5 minutes in the highest grid.  

In all of the studies, 40 spectral frequencies were distributed logarithmically 
on the frequency range of 0.05–1 Hz. Also wave energies were calculated for 24 
equally spaced propagation directions, whereas 36 directions were used in the 
high resolution grid of Paper I. All studies used a third generation wave model 
with respect to wave-wave interactions (triad and quadruplet), whitecapping, 
wind input, bottom friction and depth-induced breaking. Besides Paper V the 
whitecapping formulation was due to Westhysen et al. (2007). The linear term 
in wave growth (Eq. 7) was deactivated in Papers III and V. The quadruplet 
interaction was approximated using the DIA with default settings. The depth-
induced breaking coefficient was set to 0.73. A semi- empirical expression for 
bottom friction was activated, with the bottom friction coefficient of 0.067 m2s-

3.  One or more intermediate grids separated the coarsest and most high-
resolution grid. This was needed, since when interpolating spectrum data from 
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coarser resolution to a finer resolution, interpolation errors may occur (SWAN 
team, 2013) if the grid sizes vary considerable. This was certainly true in the 
present calculations, as the grid size varied two orders of magnitude between the 
coarsest and finest grid (2 km and 25-m in Paper II). The influence of currents 
on waves was neglected in this thesis. One-way grid nesting was used in all 
studies. SWAN versions 40.41, 40.51 and 40.72 were implemented. 

For obtaining the Baltic Sea water depth, three types of data sets were used. 
The primary one was the digital topography covering the entire Baltic Sea with 
a resolution of 1 nautical mile (Seifert et al., 1995). The high resolution 
topographies in Papers I-V were manually digitized from admiralty charts 
issued by EMB and supplemented by hydrographical surveys by the EMB in 
Paper III. 
 

3.3 Description of SWAN wave model 
 
The SWAN wave model forms the core of this dissertation. SWAN (Booij et al., 
1999; SWAN team, 2013) is a third generation phase averaged spectral wave 
model developed mainly at Delft University of Technology. In SWAN the 
waves are described with the two-dimensional wave action density spectrum, 
whereas the evolution of the action density N is governed by the time dependent 
wave action balance equation, which in Cartesian coordinates reads: 
 

  ., σ

S
=

θ

Nc
+

σ

Nc
+NU+c+

t

N totθσ
yxg 








 

 (1) 

 
The first term represents the local rate of change of action density; the second 
term denotes the propagation of wave energy in two dimensional geographical 

space, with gc


 being the group velocity and U


 the ambient current. The third 

term represents the effect of shifting of the radian frequency due to variations in 
depth and mean currents. The fourth term represents the depth-induced and 
current-induced refraction. The quantities σc  and θc  are the propagation 

velocities in spectral space   , , with σ  and θ  representing the radian 
frequency and propagation direction respectively. The right-hand side contains 
the source term totS  that represents all physical processes that generate, 

dissipate or redistribute wave energy in SWAN. In shallow water, six processes 
contribute to totS : 

 
.43 dbbotwcnlnlwindtot S+S+S+S+S+S=S    (2) 
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These terms denote the energy input by wind ( windS ), the nonlinear transfer of 

wave energy through three-wave ( 3nlS ) and four-wave interactions ( 4nlS ), and 

the dissipation of waves due to whitecapping ( wcS ), bottom friction ( botS ) and 

depth-induced wave breaking ( dbS ), respectively.  

 

3.3.1 Source terms 

 
Depth-induced breaking 
 
In SWAN the dissipation of wave energy due to depth induced breaking follows 
the bore based model applied to random waves (Battjes and Jansen, 1978): the 
energy dissipation rate in a broken wave will be estimated from that in a bore of 
corresponding height (a tidal bore is a rapidly moving water mass, which 
travelling against currents will form steep breaking fronts at its leading edge). 
The key element in this model is the fraction of waves which are breaking or 
broken ( bQ ), in terms of the ratio of the root-mean-square wave height actually 

present, to the maximum wave height ( maxH ) which the given depth can 

sustain: dH max , where   is the breaker parameter and d is the total water 

depth (including wave induced setup, if calculated with SWAN, and surge, if 
provided by user). Once the fraction of breakers is known, the mean rate of 
energy dissipation per unit horizontal area can be 

estimated: 12
max01 )8(   HQD btot where  is a constant of order one,  01  

is the mean frequency corresponding to the first moment of the spectrum. The 
dissipation for a spectral component per unit time reads: 
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where totE  is the total wave energy integrated over all directions and 

frequencies.       
 
Bottom friction 
 
Bottom friction in SWAN can be written in the following form: 
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in which Cb is the bottom friction coefficient, g the acceleration due to gravity 
and k the wavenumber corresponding to spectral radian frequency.  
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Whitecapping 
 
By default in SWAN the whitecapping is represented by the pulse-based model 
of Hasselmann (1974). A pressure pulse in this model is the whitecap situated in 
the forward faces of waves, which acts against the rising sea surface, therefore 
exerting a downward pressure on the upward moving water and hence doing 
negative work on the wave. Furthermore, breaking of large scale waves induces 
rapid attenuation of short waves and therefore the dissipation source function 
should depend on frequency relative to peak (Komen et al., 1994). The pressure 
induced dissipation and the attenuation of short waves by passage of large 
whitecaps are sensitive to the extent of whitecap coverage, which itself is 
assumed to depend on the overall steepness of the wave field (Komen et al., 
1994). Combining these three processes, the whitecapping dissipation source 
term in wave number space reads: 

),,(),(  E
k

k
Swc       (5)  

where  and k are the mean frequency and mean wavenumber. Coefficient 
 depends on tunable parameters and the ratio of overall wave steepness to 
steepness of Pierson-Moskowitz (1964) spectrum. 

A second approach to model whitecapping in SWAN assumes that breaking 
only commences once a saturation threshold has been reached, that the breaking 
is local in frequency space and weakly dependent of wave age (Westhysen et 
al., 2007). The nonlinear saturation based dissipation term for deep and shallow 
water by Westhysen et al. (2007) reads: 
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in which )(kB is the directionally-integrated spectral saturation. The threshold 

saturation level rB is set to 1.75*10-3 and the proportionality coefficient dsC  to 

5.0*10-5. When )(kB > rB  waves break and the exponent p is set to a 

calibration parameter p0: ,126tanh3)/( *
*0 














 

c

u
cup in which *u  is 

the wind friction velocity and c is the phase speed of waves. When )(kB  rB , 
there is no wave breaking, but some residual dissipation was necessary. This is 
accomplished by setting p=0.  
 
Wave growth 
 
Wave growth in SWAN is modeled as the sum of exponential growth BE and 
linear growth A : 
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The resonance mechanism by Phillips (1957) e.g. linear growth rate of waves, 

reads in SWAN:   ,))cos(,0max(
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where the 

coefficient H prevents wave growth at frequencies lower than Pierson 
Moskowitz frequency (Tolman, 1992).  The exponential growth due to feedback 
mechanism of Miles (1957) is formulated by Komen et al. (1984) and reads 
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in which a , w  are the 

air and water densities, respectively and   donates direction. The wind friction 
velocity is according to Wu (1982) or alternatively by Zijelma et al. (2012). In 
papers I-IV the saturation based whitecapping was combined with wind input as 
described by Yan (1987), with fitting coefficients adapted to describe wave 
growth in fetch limited conditions (SWAN team, 2013). 

 
Quadruplet interactions 
 
Non-linear four-wave interactions are of paramount importance and form a 
central part of any third-generation wave model. The primary effect of 
quadruplet interactions is to carry energy from higher frequencies to lower, 
while the opposite is true for triads in shallow water.  The mechanism also is 
responsible for self-stabilization of the spectrum. Compared to wind input and 
dissipation source terms, which have many tuning parameters, the four wave 
non-linear interaction term is fully known from first principles (Hasselmann, 
1962). However, computation of the Boltzmann integral involves cycle intense 
loops in numerical programs and therefore it’s not feasible to implement it in 
either operational models or long-term hindcasts. Westhysen et al. (2007) 
pointed that it takes 300 times as much computational effort to compute the 
non-linear interactions by the “exact” method, compared to method described 
by Hasselmann et al. (1985), also known as the DIA. The drawback of using 
only a limited set of wavenumbers is that peakedness of spectrum is 
underestimated and directional spread overestimated above peak frequencies 
(Westhysen et al., 2007). See SWAN team (2013) for mathematical 
implementation. 
 
Triad interactions 
 
In shallow water triad wave interactions becomes the dominant mechanism 
which transfers energy between wave components. The strength of the transfer 
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can be qualitatively estimated from Ursell number: 
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in which 0mH  is wave height corresponding to zero’th moment of spectrum (for 

practical purposes, significant wave height) and 01mT is spectral period 

corresponding to first moment. In SWAN the interactions only occur, 
when 10 Ur . Near unity values indicate strong interaction. The effect of 
triads is to carry energy from the low-frequency part of the spectrum to the 
high-frequency part (sum interactions) and to generate bound long waves due to 
difference interactions (Eldeberky, 1996). 

3.4 Overview of SWASH model 

 
The SWASH model (used in Paper I for wave setup and inundation calculation) 
is based on nonlinear shallow water equations including non-hydrostatic 
pressure and can be applied to simulate non-hydrostatic, free-surface, rotational 
flows (Zijelma et al., 2011). The model accounts for the following physical 
phenomena (SWASH team, 2013):  

 Advection in spectral and physical space: propagation, frequency 
dispersion, shoaling and refraction.  

 Dissipation: wave breaking and bottom friction. 
 Nonlinear wave-wave interactions. 
 Turbulence: subgrid turbulence, vertical turbulent mixing. 
 Interaction with coastline: wave runup and rundown, moving shoreline, 

partial reflection and transmission, diffraction. 
 Wave-induced currents and wave-current interaction, rapidly varied 

flows. 
Surface gravity wave generation by wind is not accounted for at present. 

3.5 Wave induced shear velocity 

 
Water depth, significant wave height and peak period dictates the wave 
generated shear velocities acting on deposited material. In order to calculate the 
wave induced shear velocity at the seabed, the near bottom excursion amplitude 

( bA ) and orbital velocity ( bU  ) are calculated first as follows: 
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where pk  is wavenumber (corresponding to the peak frequency) and pT  is the 
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peak wave period. Shear velocity also depends of the friction coefficient wf , 

which is calculated as follows:  
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where D is the diameter of the particulate matter. The wave induced shear 

velocity ( Wu ) takes the following form: 

 

wbW fUu 5.0 .       (11)  

3.6 Wave induced currents 

 
The two dimensional circulation model based on equations for a shallow sea was 
used to obtain wave induced currents in Paper III. The model has been earlier 
applied and validated for different regions of the Estonian marine waters (Sipelgas 
et al., 2006). In order to take into account the wave induced currents in the 
model, a wave induced force was added to the kinematic wind stress both in x 

and y directions. The wave induced force ( x
waveF , y

waveF ) per unit surface area is 

calculated as the gradient of the radiation stresses (Holthuijsen, 2007).  
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where S is the radiation stress tensor as given by 
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where n is the ratio of group velocity to phase velocity.  
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4. SENSITIVITY OF SPECTRAL PARAMETERS ON 
MODEL SETTINGS 
 

4.1 Surge impacting wave field 
 
Baltic Sea tidal amplitudes in coastal bays are smaller (1-10 cm; Evdokimov, 
1974; Feistel et al., 2008) compared to those in oceanic environments, but water 
level varies over a wide range of spatial and temporal scales. The barotropic 
surge height is mainly determined by wind stress, volume of water in the Baltic 
Sea and regional topography and geometry. Measured historical water level 
maximums are higher on the eastern side of the Baltic Sea compared to western 
side (Averkjev and Klevanny, 2010) and mainly occur during the passage of 
intense cyclones in autumn and winter. One of the most vulnerable areas 
affected by high surge in Estonia is Pärnu (see figs. 1 and 2 in Paper I). The 
town is at the end of a narrow bay, while river separates it into upper and lower 
parts. The ground elevation is less than 5 m everywhere in the lower town. 
More than 40 % of the lower town was flooded during the passage of a severe 
cyclone Gudrun on 9 January 2005, when surge peaked at 2.78 m above mean 
water level. The maximum sustained wind speed measured over the Baltic 
Proper reached 28 m s–1 (gusts 37.5 m s–1) and prior to the maximum surge, the 
wind blew mainly from the sector SW-WSW. The impact of the storm 
generated water level on wave field distribution was already discussed by 
Tolman (1990) for Dutch tidal inlets, but studies showing the surge impact to 
wave field distribution in Baltic Sea are lacking. 

To get an impression of how strong and uniform the wind was, consider a 
snapshot at 06:00 UTC (9 January, 2005), when the modeled wind reached its 
maximum of 25 m s–1 over the Gulf of Riga (Fig. 4a). Note that the wind speed 
reduction near the western side of the Baltic Proper is due to shedding by land, 
but at the eastern side this is probably related to spurious interpolation. 
Nonetheless, this will not impact the wave field. Modeled wind direction 
showed good timing (correlation coefficient, r=0.93) and overlay (RMSD=70) 
with observations, then again the wind speed in the Gulf of Riga was 2-3 m s–1 
lower compared with the measurements. Due to the fetch, duration and depth 
limited conditions of wave growth during the storm, a small underestimation of 
wind has a marginal effect on the wave field. Cyclone Gudrun excited the 
heaviest wave conditions in Baltic Sea in recent history.  Significant wave 
height reached 9.19 m at 03:00 UTC in the southern Baltic Proper in the 
modeled dataset and was over 7 m in the entire eastern Baltic Proper. In the 
Gulf of Riga maximum significant wave height peaked just over 5 m at 06:00 
UTC, and basically the entire basin had significant wave height over 4 m (Fig. 
4b). Under these wind conditions the Gulf’s wave field was depth, fetch and 
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time limited. Although not shown here, the near bottom orbital velocity was 
over 20 cm s–1 in 75 % of the basin, thus likely resuspending most of the sandy 
and soft bottoms of the Gulf. 

 
 

 
Figure 4. Snapshots (06:00 UTC, 09.01.2005) of modeled wind speed and direction (a) 
and significant wave height and mean wave direction (b) during cyclone Gudrun in the 
Baltic Sea.  
 
A time-series comparison of significant wave height calculated with and 
without surge reveals the dependence of significant wave height on surge height 
and growth stage (Fig. 5). It should be noted that the time-series was selected 
from the location, which provides initial conditions for further modeling of 
wave set-up (black dot of Fig. 6b). The difference in significant wave height is 
less than 5 cm when surge and waves are smaller than 1 m and wind speed 
below 10 m s–1. It implies that in “average” weather conditions a coupled wave-
surge model is not necessary. However, as waves and surge grow, the difference 
peaks at 0.4 m. During that period, the difference in significant wave height 
shows large variability in the small bay (Fig. 6c). When surge is considered, the 
significant wave height increases 0.3 m at the entrance where water is deeper 
than 10, but 1 m in the coastal areas. The effect of having time-varying water 
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level does not only manifest itself in altering the dissipation due to depth 
induced breaking (Eq. 3), bottom friction (Eq. 4) and energy transfer due to triad 
interaction (Eq. 8), but also affects the kinematic part of the transport Eq. (1). 
Temporally varying water levels shift the radian frequency. However, this was 
not examined in Paper I. 
 

 
Figure 5. Evolution of water level (measurements) and modeled significant wave height 
in Pärnu Bay on 8-9 January, 2005, during passage of cyclone Gudrun. Spatial location 
where significant wave height is extracted is shown on Fig. 6b. Blue line: storm surge. 
Red line: significant wave height without surge. Green line: significant wave height 
when surge was considered. Adapted from Paper I. 
 
The results of this study are comparable with research done by Liu and Xie 
(2009) who studied the impacts of Hurricane Hugo passing over Charleston 
harbor (1989). Pre-landfall of the hurricane the storm surge was 1 m. When this 
was taken into account in the wave model, it increased significant wave height 
0.3 m in water depths less than 4 m, compared to the situation when water level 
was not taken into account (Liu and Xie, 2009). During landfall the surge was 
2.5 m and the significant wave height increased up to 1 m near the coast, when 
the extra water level was considered (Liu and Xie, 2009). 
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Figure 6. (a) Bottom topography (without surge), (b) significant wave height (at peak 
surge), (c) significant wave height with peak surge minus significant wave height 
without surge, (d) depth induced breaking dissipation divided by bottom friction 
dissipation (when peak surge is taken into account). b,c and d are snapshots at 06:00 
UTC on 9 January 2005. Adapted from Paper I. 
 

4.2 Role of depth-induced breaking 
 
To quantify the impact of depth induced wave breaking, two calculations were 
made. The first calculation was with depth induced breaking activated and the 
second one was with depth induced breaking not-activated. The analyzed fields 
represent saturated wave fields (Paper IV). 

Although Tallinn Bay is well sheltered by two islands (Naissaar and Aegna) 
and many shallows (Fig. 7), high waves may penetrate into the bay in case of 
NNW winds of 23 m s–1 (Fig. 8a). Significant wave height may be as high as 3 
m in the bay interior and up to 4 m to the west of Naissaar Island. Areas north of 
Aegna Island and shallows between Aegna and Naissaar islands exhibit 
significant wave heights less than 3 m. Areas near the peninsulas of Suurupi, 
Kakumäe, Kopli and Paljassaar exhibit significant wave heights less than 2.5 m. 
The lowest significant wave heights, less than 1 m, occurred between the 
mainland and Aegna Island in the case of this forcing.  

The results of the SWAN model with depth induced breaking inactive 
showed an increase in wave height north of Aegna Island and on the north-
western coast of Naissaar Island, near the peninsulas of Kopli, Paljassaar and 
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Kakumäe, and at Naissaar Bank and Uusmadal Bank, as well as at Suurupi (Fig. 
8b; see also Fig. 7 for exact locations). The increase in significant wave height 
north of Aegna was 1.8 m, 1.1 m at Keskmadal Bank, 1.4 m at Naissaar Bank, 2 
m at Kakumäe Peninsula, 1.5 m at Kopli and Paljassaare peninsulas. The 
highest increase occurred near Suurupi Peninsula, where the non-breaking case 
presents significant wave height increase of 2.3 m. Central Tallinn Bay, also 
west of Naissaar Island and other areas, where water depth is greater than 20 m 
showed increase of significant wave height less than 0.5 m when depth-induced 
breaking was switched off.  
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Figure 7. Geographical settling and bathymetry of Tallinn Bay. Adapted from Paper IV. 
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Figure 8. (a) Significant wave height in Tallinn Bay and adjacent sea area in case of a 
23 m s–1 NNW storm. (b) Difference in significant wave height between depth-induced 
breaking not activated and depth induced breaking activated.  

 
Breaking waves appear if significant wave height is at least one fifth of the 

total water depth and the sea is fully covered with breakers (in spectrum)  when 
significant wave height is comparable to half the water depth. This implies that 
breaking is modeled as a distribution function and cumulative effect is 
important. While the dissipation due to bottom friction already starts reducing 
energy at 70 m water depth (Fig. 9), considerable dissipation due to depth-
induced breaking commences from 20 m depths and shallower. The result on 
Fig. 9 represents the average dissipation for particular source function in a given 
depth bin (2 m increase) during peak values of cyclone Gudrun. The area 
covered all of the Estonian coastal waters, and the computational grid was 
unstructured, where the grid size varied from 100 m near-shore to 15 km in the 
central Baltic Proper. The distribution function has two distinct peaks for depth-
induced wave breaking, representative of different wave climates in different 
sub-basins (see Fig. 4b for significant wave height variation). Depth induced 
wave breaking is up to 5 times as intense in the depth range between 4-10 m 
compared to bottom friction. The depth induced breaking dominance over 
dissipation due to bottom friction also becomes evident by inspecting Fig. 6d. 
Therefore, in coastal environments, Sdb can't be neglected. 
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Figure 9. Comparison of dissipation due to bottom friction (blue line) and depth-
induced wave breaking (red line) as a function of water depth.  
 

4.3 Two whitecapping formulations 
 
The model underestimated the peak wave periods in large wave events in Paper 
V, when the default Komen formulation for whitecapping was used. This 
underestimation is known in SWAN. For pure wind sea, the energy density at 
lower frequencies is typically underestimated, whereas energy levels in the tail 
are generally overestimated. Consequently, both the peak and mean periods are 
underestimated (Westhuysen et al., 2007). There are several explanations for 
that. For example, Westhuysen et al. (2007) demonstrates that the peak period 
underestimation by SWAN is partly due to the use of DIA, which is an 
approximation of the complete set of quadruplet interactions. Another 
explanation is based on the definition of the whitecapping source term, which is 
by default represented in SWAN with the pulse-based, quasi-linear model (Eq, 
5). Westhuysen et al. (2007) suggest a new saturation-based model (Eq. 6), 
which leads to more accurate results in terms of spectral period fit. The 
Westhysen et al. (2007) formulation was used in Papers II and III in the case of 
non-stationary wind and the results were satisfying for peak periods. 
Improvements of peak period modeling have been reported by other authors 
also (Mulligan et al., 2008; Teles et al., 2012), when saturation-based 
dissipation is used.  

In Paper V the underestimation of peak periods of small wave events can be 
spurious. As the wind waves were measured with a pressure transducer at a 
depth of 4-5 m from the surface, high frequency waves were cut off. The highest 
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cut-off frequency corresponded to a wave period of 2.6 s. As seen from figs. 6 
and 8 in Paper V, the modeled peak period was usually below 3 s in the case of 
short fetch conditions (S, SSW wind for example), while the measured one was 
usually above 4 s. The fetch length in case of S wind is 5 km, and with wind 
speed of 10 m/s the peak period would be only 2.5 s, as calculated with growth 
laws by Kahma and Calcoen (1992).  In that sense in Paper V only wave events 
corresponding to a long fetch (9 August and 19 November, 2005) can be 
included in the comparison of measured and modeled waves directly.  

In the 9 August case the maximum measured peak period was ~6.2 s and the 
corresponding values for the model in the default case Komen formulation was 
~5.1 s, an 18 % difference. A recalculation of this event with the same wind 
forcing as in Paper V but instead of using Westhysen et al. (2007) model 
increased the modeled peak period to 6 s, thus reducing the relative difference to 
3 %.  Significant wave height also increased by 5 cm. 

One might argue that since the model was forced with a temporally varying 
but spatially homogenous wind, the wind speed was underestimated at the open 
parts of northern Baltic Proper, thus also contributing to underestimation of 
peak periods. The wind speed during the 9 August storm in the re-analyzed 
dataset by Luhamaa et al. (2011) was not higher than the spatially constant 
wind, which forced SWAN.  Another feature which has to be taken into account 
is the air-sea stability and wind measurement height. The atmospheric surface 
layer during the 9 August storm was unstable, as the water temperature 
(measured at 4 m depth in Küdema Bay) was 18.50C and the air temperature at 
Vilsandi station was 160C. The wind measurements were carried out 16 m 
above sea surface. The model input wind fields usually have to be transformed 
to 10 m elevation and reduced to neutral conditions, since in the model the air-
sea difference is assumed to be zero. Using coefficients from Launiainen and 
Laurila (1984), it is evident that the measured wind at 16 m elevation was 3 % 
faster compared to wind which is transformed to 10 m. Combining this result 
with the reanalysis wind fields, it is unlikely that bulk energy input over the 
whole northern Baltic Proper was underestimated in the 9 August wind event. 
This leads to a conclusion that part of the peak period underestimation in Paper 
V was attributable to the whitecapping formulation. So in other studies (Papers 
I, II, III and IV) the saturation-based whitecapping formulation was used.  
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5. WAVE PROPAGATION THROUGH ARRAY OF 
OBSTACLES 

 
A structure which is installed in water will affect the wave and circulation 
regime and sediment transport. There are plenty of studies published in 
literature assessing the importance of scour. Only a few technical studies assess 
the impact of wind turbines or wave farms upon surface waves near the coast 
(DHI water and Environment, 2007; Millar et al., 2007). The purpose of Paper 
II was to quantify the effect of these structures on wind waves, which are 
propagating towards the coast. The main aim was to find out how much these 
structures will absorb and scatter wave energy. Wind farms are planned to be 
installed in the coastal waters of Estonia near Hiiumaa, in the NE Baltic Sea 
(see fig 1 in Paper II for a detailed map). Water is relatively deep off the coast 
of Hiiumaa, but there are often several shallows, where water depth is less than 
20 m.  

This study (Paper II) focused on two locations – wind farm 1, situated in the 
WSW from the Kõpu Peninsula (see fig. 1 in Paper II) and wind farm 2, situated 
in the NW from Hiiumaa.  Coastal areas that could be under impact are the head 
of Kõpu Peninsula and the northern coast of Hiiumaa. At wind farm 1, 55 
turbines were planned to be installed in parallel rows with a minimum distance 
of 1000 m from each other. The closest turbines at the wind farm 1 will be 5 km 
from the coast (the head of Kõpu Peninsula) and the distant ones 15 km from 
the coast of the Kõpu Peninsula. The nearest coast from wind farm 2 is the 
western part of Tahkuna Peninsula that is 13 km to the SE. The northern coast 
of the Kõpu Peninsula directly south from wind farm 2 is 20 km away.  

For wind farm 1, although there is a fourfold increase of wave heights in 
case of doubled wind speeds (as expected for fully developed waves) and a 
linear increase of wave period, the 450 turn of the wind does not change the 
parameters at any significant level (Table 1). For the SW wind, significant wave 
height was greater only by 0.2 m compared to the W wind at the wind farm 1. 
The peak period was only 0.4 s greater. The resulting wavelengths display the 
same variability. As the fetch length for the W winds is 250 km and for the SW 
winds 650 km, almost the same variability means that the wave field already has 
its full development at 250 km in the Baltic Sea in these wind conditions. 

At wind farm 2, the change in direction of wind from the NW to the N 
reduced significant wave height up to 0.5 m and peak period up to 1 s (Table 2). 
The NW wind generated higher waves since the fetch was longer. However, 
compared to the wave parameters at wind farm 1, the modelled values of wave 
parameters were lower at wind farm 2. This is expected as the fetch length was 
lower in case of wind farm 2. 
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Table 1: Modelled wave parameters at the wind farm 1 location. Hs – significant wave 
height; Peak – peak wave period; Wlen – wavelength corresponding to peak wave 
period. 
  SW 8 m s–1 SW 15 m s–1 W 8 m s–1 W 15 m s–1 

Hs [m] 0.9-0.95 3.2-3.8 0.88-0.94 3-3.6 

Peak [s] 4.7-4.8 8.5-8.7 4.7-4.8 8.1-8.3 

Wlen [m] 33-36 75-110 32-35 70-100 

 

Table 2: Same as Table 1 but for wind farm 2 location. 
  NW 8 m s–1 NW 15 m s–1 N 8 m s–1 N 15 m s–1 

Hs [m] 0.85-0.9 2.8-3.2 0.82-0.84 2.5-2.7 

Peak [s] 4.4-4.6 7.4-7.7 4.1-4.2 6.5-6.7 

Wlen [m] 29-31 62-84 26-28 52-66 

 
In terms of significant wave height, the absolute reduction near the coast due 

to wind farm 1 was not more than 2% (Fig. 10). The 1% isoline was closer to 
the coast in case of the 8 m s–1 wind compared to the 15 m s–1 wind. The 
difference in terms of significant wave height did not exceed 0.5 cm and 1 cm 
near the coast in case of the 8 m s–1 and 15 m s–1 wind, respectively. In the case 
of the 15 m s–1 wind, the 1% reduction line coincided with the 10 m isobath.  
Compared to the impact of wind farm 1, the reduction of significant wave 
height due to wind farm 2 was even more marginal (see fig. 6 in Paper II)  The 
reduction was less than 0.25 % below the 10 m isobath. 

The marginal impact is due to three factors. Firstly, waves meeting an 
obstacle reflect and bend around it. Only large piles change the wave field 
considerably. The diffraction and reflection are deemed as significant for D/L 
>0.1 or D/L >0.2, where D is the diameter of the monopile and L is the 
wavelength. In case of the 8 m s–1 wind, the ratio is between 0.1-0.2 and in case 
of the 15 m s–1 wind, 0.05-0.08 (when the diameter is 5 m, wavelengths from 
Tables 1 and 2). Thus in these particular cases, diffraction and reflection were 
negligible. Secondly, the two turbines are not closer than 1 km to each other (at 
least 10 crests fit between) and therefore very little scatter occurs. And lastly, 
the wind turbines are distant from the coast.  

 



34 

 
Figure 10. The impact of wind farm 1 to significant  
wave height. The contour unit is [%] and a negative  
value shows a decrease of significant wave height.  
Adapted from Paper II. 
 

The simulation results are directly comparable with other findings from other 
researchers and consultancies. The loss in significant wave height due to Scorby 
Sands offshore wind farm was less than 2%. In the latter case a model which 
was based on an evolution equation solution to the mild slope equation for water 
waves was used. It differs from the spectral wave model. The model grid size in 
their experiment was 3 m. Millar et al. (2007) used the SWAN model in order to 
assess the impact of a wave farm upon wind waves. In their study the interaction 
of surface waves and wave farms were modelled using the so-called 
transmission coefficient. The total reduction of significant wave height near the 
coast was less than 2 cm. The wave damping due to Rodsand offshore wind 
farm was less than 1% for higher waves (DHI water and Environment, 2007). In 
their study the energy loss was calculated with the integral wave model WAMIT 
for a single turbine. The impact of the whole array was further established with 
the spectral wave model MIKE 21 SW. The shortcoming of this simulation 
study lies in the assumption that wind farms do not alter wind speed. In general 
this is not true (Christiansen and Hasager, 2006). 
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6. WAVE INDUCED FLOW AND SET-UP 
 

6.1 Wave induced flow 
 
There is no evidence about what role the waves may have on resuspension and 
what could be the contribution of wave induced currents in the overall water 
exchange in the Suur Strait (Paper III). Surface wave measurements in the Suur 
Strait have not been performed, although the role of waves can be important in 
forcing currents and re-entertaining bottom sediments.  Mulligan et al. (2008) 
have shown the importance of wave induced currents in overall circulation in 
the small and shallow Lunenburg Bay in hurricane scale winds. Using 
observation data and model simulations the role of wave induced and current 
induced shear velocities on resuspension was estimated in Paper III. The 
magnitude of wave generated currents was also assessed.  

Wave induced shear velocity (Eqs. 9, 10 and 11) dominated over current 
induced shear velocity in the Suur Strait, as calculated from simultaneous wave 
and current measurements (fig. 8 in Paper III). Long fetch wave events induced 
sediment resuspension, and the highest shear velocities were obtained during 
strong (15 m s–1) southerly wind events. For the current-induced shear velocity, 
the critical value for resuspension was slightly exceeded only when current 
speeds of up to 0.4 m s–1 generated shear velocities of up to 1.5 cm s–1 in the 
bottom boundary layer, thus topping the critical resuspension threshold for fine 
fractioned sand (Kuhrts et al., 2004). On average the wave induced near bed 
shear velocity was 1 cm s–1 higher than current induced shear velocity. 

The horizontal distribution of wave induced shear velocities (near bed flow 
due to wave orbital motion) at the peak of the strong (15 m s–1) southerly wind 
event showed great variability (Fig. 11). The shear velocities were the highest, 
exceeding 6 cm s–1 just outside the Suur Strait and less than the critical value 
(1.4 cm s–1) in the deepest area of the Suur Strait.  

A comparison of the wind induced currents and wave induced currents 
(resulting from wave radiation stress as calculated by Eqs. 12 and 13) is shown 
on Fig. 12. The wind induced currents were much stronger in the strait area and 
reached 58 cm s–1 there. However in the strait wave induced currents are 
negligible. The wave induced currents played an important role in the flow field 
near the southern coast of Muhu Island, where they were comparable to wind 
induced currents. Thus, the influence of wave stress is insignificant on long-
term water exchange in the Suur Strait, but wave induced currents should be 
considered while modeling the nearshore hydrodynamics with the emphasis on 
sediment transport and drift calculations. 

 



36 

630 635 640 645 650

Distance (km)

6480

6485

6490

6495

6500

6505

D
is

ta
nc

e 
(k

m
)

 
Figure 11. Spatial distribution of wave-induced shear velocities (cm s–1) at the peak of 
the strong southerly wind event on 18 November 2008. Adapted from Paper III. 
 

 
 

Figure 12. Maps of wind induced current speed (left) and wave induced current speed 
(right) in the Suur Strait at 23:00 UTC on 19 November 2008. Adapted from Paper III. 
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6.2 Wave driven set-up 
 
Wave set-up is driven by the cross-shore gradient in radiation stress that results 
from rapid energy dissipation due to wave breaking (Longuet-Higgins and 
Stewart, 1963, 1964). Numerous laboratory experiments have been conducted in 
the past to study the setup and setdown of waves and to confirm the theory of 
Longuet-Higgins and Stewart (Bowen et al., 1968; Bowen, 1969). Setups and 
setdowns were also measured at real field conditions (Guza and Thorton, 1981; 
Holman and Sallanger, 1985; Hanslow and Nielsen, 1993; Lentz and 
Raubenheimer, 1999). Guza and Thorton (1981) concluded that the maximum 
set-up in the surf zone forms 17 % of the significant wave height offshore. 
Recently, modeling and observational studies have been undertaken to quantify 
the role of wave induced setup in the whole sea level rise. Kim et al. (2010) 
predicts a maximum contribution of 40% by the radiation stresses to the peak 
sea level rises. In the Obidos Lagoon in Portugal, the wave induced setup 
explained 20 % of the sea level rise during storms (Malhadas et al., 2009). In 
Paper I the possible wave induced set-up at a natural beach was simulated. 

In Pärnu Bay the largest wave induced set-ups were concentrated not to the 
bay head, but on the sides, where high waves undergo rapid refraction and 
following depth induced breaking (Fig. 6d). The set-up depends not only on the 
significant wave height prior to breaking, but on the gradient of dissipation as 
well. In areas where friction dominates over breaking, the gradient is small. 
Intense wave breaking together with high significant wave height over 2 m 
could exert high set-up at Sorgu Island in the middle of Pärnu Bay (barely 
visible on Fig. 6a). It is a small (500 x 150 m) low-laying island, with typical 
elevations less than 3.5 m. The island makes an example why such a high 
resolution (100 m) grid is necessary in coastal areas - the island was not 
resolved on the 400 m grid. Unstructured mesh approaches (Zijlema, 2010) 
make it feasible to resolve these islands, without compromising computational 
times. 

At the Pärnu city beach, the transformation of sea state with initial conditions 
1.8 m significant wave height and 5.2 s peak period is shown on Fig. 13. This 
represents the moment, when peak surge and highest significant wave height 
occurred almost simultaneously. Significant wave height follows the bottom 
profile very well, with weak dissipation in waters deeper than 6 m. Over the 
first 2500 meters wave height reduces 0.4 m. Afterwards follows a climb on a 
slope, in which shoaling commences. When water depth reaches 2.5 m, 
breaking becomes the dominant mechanism and over the course of next 700 m 
wave height decreases 1.4 m. This resulted in a 0.51 m maximum setup. The 
inundation due to static setup is 130 m, as indicated by the slope colored red. 
The preceding water level rise due to surge caused 600 m of inundation, colored 
blue on Fig. 13A. 
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Figure 13. Wave transformation near shore (Pärnu town beach, cross-shore profile) as 
calculated by SWASH model. Panel A; black line is water depth, when a 2.7 m surge is 
added to topography. Blue slope indicates inundation due to surge and red slope due to 
wave set-up. The horizontal blue and red lines indicate the location of water in case of 
no surge and in case of surge plus set-up, respectively. Panel B: spatial evolution of 
significant wave height (snapshot). Panel C: evolution of wave induced set-down and 
set-up. Adapted from Paper I. 
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7. CONCLUSIONS 
 
 
The objective of this dissertation was to improve knowledge of near-coastal 
wave field variability in the Baltic Sea. The focus was on studying processes 
which influence wave field evolution and to quantify wave-induced flow and 
set-up. It was shown that wave fields were heterogeneous on spatial scales, as 
well as in temporal scales. A multi-scale wave model is necessary when 
investigating wave field variability, processes influencing wave field evolution 
and wave field influence to other processes, as it pertains to rapidly varying 
fields. 

The main results of the present dissertation are as follows: 
 

 Water level impacts the significant wave height distribution both in 
space and time. Significant wave height in a shallow bay increased by 
taking into account the additional deepening of water due to surge.  The 
increase in significant wave height was correlated with water depth at 
the time of the maximum surge. Wave height increased less than 0.3 m 
in areas where water was deeper than 10 m, but up to 1 m when water 
was shallower than 5 m. During low surges (less than 1 m) wave height 
increase was not so profound.  

 Depth-induced wave breaking is an important mechanism in dissipating 
wave energy in shallow water. In case of severe storms, depth induced 
wave breaking reduced significant wave height up to 2.3 m in a semi-
sheltered bay, compared to a situation, when this source term is 
inactive. Considerable dissipation due to depth-induced breaking in 
high winds commences in the Baltic Sea, when water depth is less than 
20 m. Wave breaking dissipation is up to five times as intense in depth 
range between 4-10 m compared to bottom friction.  

 Part of the peak period underestimations was attributable to the 
whitecapping formulations used. Saturation based, local in 
wavenumber-space whitecapping provided a better fit of the peak 
periods compared to default average-wavenumber based whitecapping. 
Nonlinear saturation based whitecapping reduced the difference 
between modeled and measured peak periods to 3 %, while the quasi-
linear pulse based model underestimated peak period by 18 %.  

 An array of small obstacles influenced wave field marginally, reducing 
significant wave heights in the surf zone less than 1 %. This stems from 
the low obstacle-to-crest ratio in the particular cases, which limited the 
diffraction, scattering and breaking of incident wave field.  

 Numerical simulations with added wave stress as forcing in a shallow 
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water model showed a minor influence of wave field to overall water 
exchange  in a narrow channel (Suur Strait) dominated by barotropic 
currents resulting from sea-level gradients. However, wave induced 
currents were locally dominating over wind driven currents. 

 Wave induced shear velocities considerably exceeded the threshold for 
resuspension in a narrow channel at time instances, when current 
induced shear velocity favored deposition.  

 The transformation of sea state with initial conditions of 1.8 m 
significant wave height and 5.2 s peak period resulted in wave induced 
setup of 0.51 m and additional inundation of 130 m at a coastal area, 
which is most vulnerable to flooding in Estonia (Pärnu town). 

 
Modeling results indicate that in severe weather conditions a coupled wave-
hydrodynamic modeling is needed.  Unstructured mesh implementation seems 
to be a feasible technique to cover wave field evolution over multiple scales, 
when considering wave modeling of the whole Baltic Sea. It is essential to study 
further the set-up induced by random wave fields and if necessary, implement 
this physical forcing in regional sea level forecasting systems. Further studies 
are also needed to investigate the potential magnitude of wave driven currents 
across the whole Baltic Sea coastal environments.   
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$%&'()*+,-./0$%&'()*+,-./0OPQRSTUVWXYZ[\]̂\_\̀abcWYY]WX]\dXefcgh\dî WX]\dXe�cj\]dWX]\dXekcl̂mmYn\dZaop̂ qrXXrsXrtru]\tp[rvXp̂ gh\dw\ŝ ]d]̂udrwYm̂ZdwXp̂ kxxs]̂mrnYXdrwy\ẑ srẐn_q̀aop̂ qn\{i]̂{X\wun̂ ]̂t]̂m̂wXmXp̂ qr]Ẑ]mrvXp̂bxxs srẐnaop̂ pdup]̂mrnYXdrwqrXXrs Xrtru]\tp[rvXp̂ WYY]WX]\dX_{̀aop̂ |nn̂Z{d]{n̂m_}̀ \wZ_~̀ s\]iXp̂ trmdXdrwmrvXp̂ qYr[mX\Xdrw\wZXp̂ŷ\Xp̂]mX\Xdrw]̂mt̂{Xdẑn[a�rr]Zdw\X̂ m[mX̂s�o���ka�rnrY]m{\n̂�ẐtXpdwŝ X]̂mp\nv\mv\mX\mXp̂ ydwX̂]rŵmydXprYXd{̂ {rẑ]a�wydwX̂]ydXpd{̂ {rẑ]Xp̂ �rymt̂ Ẑmŷ]̂ ]̂n\Xdẑn[ms\nn�xax�cxab�sm��_ŝ \ẁ \wZYtXrxa��sm��_s\�dsYs̀a�\X̂]̂�{p\wûXp]rYupXp̂ WYY]WX]\dXp\mq̂ ŵ̂ mXds\X̂Zv]rsZd]̂{X{Y]]̂wXẑnr{dX[ŝ \mY]̂ŝ wXm\wZv]rs srẐnmdsYn\Xdrwmaop̂ [̂\]n[dw�ryXrXp̂ �Ynvrv�du\p\mq̂ ŵ m̂Xds\X̂Z\Xq̂Xŷ ŵbbx\wZb��is��ypdn̂Xp̂ [̂\]n[rYX�rydmq̂Xŷ ŵb��\wZfxbis�_WYY]m\\]̂X\nab�����Xms\ww X̂\nafxxb̀aop̂m̂ m̂Xds\X̂mudẑ \u]rmmrYX�ryv]rsXp̂ �Ynvrv�du\rvq̂Xŷ ŵbx\wZ��is�a�wXp̂ q\mdmrvXp̂m̂ m̂Xds\X̂m�Xp̂ �ry
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�	����������	�  !"#$%&'()*+,&-./010+2 345� 6!�6 !"#$%&)78+'()+/010+2�66!"#$%9&)78*+,&:-.;/010+2<=>?>&@AB=>?CB@DDEB=>F?DGHI>JDK@BLBDB=>H=CA>I>JDK@BLM/N12+OP>QDB>AB=>B<DRP@S>QA@DQCJ<CI>AH>KB?GS@QE?>TG>QKLCQPP@?>KB@DQCJAHCK>?>AH>KB@I>JLMU=>B>?SADE=D?@VDQBCJBG?WGJ>QK>C?>KCJKGJCB>PGA@QFB=>KDQABCQB>PPLI@AKDA@BLKD>XK@>QBYZ[\ !YZ]̂ *_^̀*, *̂_â*b2\6!YZ] *̂c^̀*, *̂câ*bd 3e5U=>>PPLI@AKDA@BLKD>XK@>QBED?CJJF?@PA@A4�S*AfgMU=>h@Q>SCB@K<@QPAB?>AAKDSHDQ>QBAC?>KCJKGJCB>PCA[ij !kj "#!"l"#mn_jo:p_jo2 3q5ij6 !kj6"#!"l"#mncjo:p_jo2<=>?>:p_j@AB=><@QPI>JDK@BLI>KBD?r_jCQPcjC?><@QPKDSHDQ>QBArkj CQPkj6 C?><@QPAB?>AAKDSHDQ>QBArmnN!-dst-ufvO@AB=>P?CFKD>XK@>QBrCQP"l@AB=>C@?P>QA@BLMU=GArB=>QGS>?@KCJSDP>JBCh>A@QBDCKKDGQBWDBBDS BDHDF?CH=LrB=>wC?B=xA?DBCB@DQrE?@KB@DQCBB=>A>CWDBBDS CQP=D?@VDQBCJ>PPLI@AKDA@BLMU>SH>?CBG?>CQPACJ@Q@BLy>JPAC?>QDBKCJKGJCB>P@QB=>SDP>JMzDQA>TG>QBJLrB=>WC?DKJ@Q@KKDSHDQ>QBDEKG??>QBA@AQDBBCh>Q@QBDCKKDGQB{@QB=>|}C@QCS>?@?>F@DQB=@A@ADES@QD?@SHD?BCQK>KDSHC?>PBD<@QPED?K@QFCQPA>CJ>I>JK=CQF>A3~BASCQQ>BCJM����5MU=>SDP>JP@PQDB@QKJGP>B=>?@I>??GQD�@QBDB=>�GJEDE�@FCW>KCGA>DE@BAS@QD??DJ>@QB=><CB>?>�K=CQF>B=?DGF=B=>�GG?�B?C@BM�KKD?P@QFBDH?>I@DGASDP>JJ@QFABGP@>ArB=>?@I>?@Q�D<C�>KBASC@QJLB=>�D<A@QB=>�?W>�B?C@BW>KCGA>B=>�GG?�B?C@B=CACASCJJ>?K?DAARA>KB@DQCQPC=@F=>??>A@ABCQK>3~BASCQQ>BCJM���qr~BASCQQ>BCJM����r�GG?ACC?>BCJM����[�@FG?>�E5M�B?@HJ>RQ>AB>PK@?KGJCB@DQSDP>J<CAGA>PED?B=>A@SGJCB@DQDEKG??>QBACQP<CB>?>�K=CQF>@QB=>�GG?�B?C@BMU=>KDC?A>F?@PSDP>JKDI>?>PB=><=DJ>�CJB@K�>C<@B=CAHCB@CJJLKDQABCQBF?@PA@V>DE���hSM�@F@BCJ



���������	�
����������
���
������������������������
���� ������ !"�#$%"&�"'()*!�+ ,(-*(!�(�"./ 0122�3/ 4���()5�6)7"!$8�)7-�-�)&%(!(-+�.(+()�(7*�!�#-& !-7/9#(+�7(.*�!�#(:;"-)"+(!-!( -�)#"7" !-7&-<(�*�22=�22+0>- 6!(�53?%#(!("&�#(5�6)7"!$8�)7-�-�)&*�!%"�(!�!")&��!�%(!(�5�"-)(7*!�+ �#(%#�.(@".�-8,("+�7(./9#(#- #!(&�.6�-�)+�7(.*�!�#(,66!,�!"-�"!("#"7" !-7&�(��*�22=�22+ 0>- 6!(�83?")75�6)7"!$8�)7-�-�)&%(!(�5�"-)(7*!�+�#(:;"-)"+(!-+�7(./A)(B%"$ !-7)(&�-) %"&6&(7*�!5��#+�7(.7�+"-)&/>�!�#(:;"-)"+(!-")7�#(,66!,�!"-�+�7(.&?�!")&��!�%"&6&(7"&"5�6)7"!$8�)7-�-�)/C)�#(:;"-)"+(!-")7,66!,�!"-�+�7(.&?5����+���� !"�#$%"&5"&(7�)+"!-)(8#"!�&?�#(7"�"5(-) �5�"-)(7*!�+#$7!� !"�#-8".&6!D($&5$�#(E&��)-")F"!-�-+(G7+-)-&�!"�-�)/H$7!�7$)"+-8+�7(.*�!8-) %"&�5�"-)(7*!�+�#("�+�&�#(!-8+�7(.HCIJGF 0H- #I(&�.6�-�)J-+-�(7G!("F�7(.3D(!&-�)�*�#(,%(7-&#F(�(�!�.� -8".")7H$7!�.� -8".C)&�-�6�(-)�#(*�!+6&(7*�!�#(*�!8-) �*�#(HCIAF@0H- #I(&�.6�-�)A�(!"�-�)".F�7(.�*�#(@".�-8,("3+�7(./K-)7D(.�8-�$8�+��)()�&%(!(-)�(!��."�(7��"..�#!((+�7(. !-7&/9#(HCIJGF%-)7&%(!(8�+�"!(7%-�#�#(+("&6!(7.�8".%-)77"�""��#(L(&&6."-7&�"�-�)/9#(%-)7D(.�8-�$-)�(!��."�(7*!�+�#(HCIJGF7"�"%"&&+"..(!�#")�#"��*�#(%-)7+("&6!(+()�&"�L(&&6."-75$"*"8��!�*�/�")7%(!(�#(!(*�!(+6.�-�.-(75$�#-&*"8��!/MNONPQRSTUVWUXYXZW[Q\]̂Q_X̀Qa9#(,KG4%"D(+�7(.%"&-+�.(+()�(7��7(&8!-5(%"D(8�)7-�-�)&-)�#(:;"-)"+(!-/9#(,KG4+�7(.-&"�#-!7B ()(!"�-�)?�#"&(B"D(!" (7&�(8�!".%"D(+�7(.7(D(.��(7"��#(b(.*�c)-D(!&-�$�*9(8#)�.� $0@��-d�eee3/C),KG4?�#(%"D(&"!(7(&8!-5(7%-�#�#(�%�B7-+()&-�)".%"D("8�-�)7()&-�$&�(8�!6+?%#(!("&�#((D�.6�-�)�*�#("8�-�)7()&-�$f-& �D(!)(75$�#(�-+(B7(�()7()�%"D("8�-�)5".")8((g6"�-�)?%#-8#!("7&hifijklmnopqrskpqtufvkirwfix kiryfiz {|}~}x� 0�39#(�!&��(!+ !(�!(&()�&�#(.�8".!"�(�*8#") (�*"8�-�)7()&-�$��#(&(8�)7�(!+ 7()��(&�#(�!��" "�-�)�*%"D(()(! $-)�%�B7-+()&-�)". (� !"�#-8".&�"8(?%-�#pqrs5(-) �#( !�6�D(.�8-�$")7pqt�#("+5-()�86!!()�/9#(�#-!7�(!+ !(�!(&()�&�#((�(8��*&#-*�-) �*�#(!"7-")*!(g6()8$76(��D"!-"�-�)&-)7(��#")7+(")86!!()�&/9#(*�6!�#�(!+!(�!(&()�&�#(7(��#B-)768(7")786!!()�B-)768(7!(*!"8�-�)/9#(g6")�-�-(&rw")7ry"!(�#(�!��" "�-�)D(.�8-�-(&-)&�(8�!".&�"8(�x�z�?%-�#x")7z!(�!(&()�-) �#(!"7-")*!(g6()8$")7�!��" "�-�)7-!(8�-�)!(&�(8�-D(.$/9#(!- #�B#")7&-7(8�)�"-)&�#(&�6!8(�(!+ |}~}!(�!(&()�-) "..�#(



�� ������	
��������
�
�	���������������������
�	����������	� !"#$%&�'($)"")"* %*+),)'%*)-.#""#�%*)('').#"*'#/0*)1%2)),)'+!34," %&&(11%*)'-"#5�'($)"")"$(,*'#/0*)*(678796787:6;<=>?6@AB?6@AC?6DE?6F87?6GHI JKLM )")*)'N".),(*)* )),)'+!#,�0*/!1#,.J6;<=>L-* ),(,&#,)%'*'%,"O)'(O1%2)),)'+!* '(0+ * '))P1%2)J6@ABL%,.O(0'P1%2)#,*)'%$*#(,"J6@ACL-%,.* ).#""#�%*#(,(O1%2)".0)*(1 #*)$%��#,+J6DEL-/(**(NO'#$*#(,J6F87L%,..)�* P#,.0$).1%2)/')%Q#,+J6GHL')"�)$*#2)&!3 R5*),"#2).)*%#&"(,* )O('N0&%*#(,"(O* )")�'($)"")"$%,/)O(0,.-O(')5%N�&)-#,S(N),)*%&3JTKK�L3U('* )�')"),*$%&$0&%*#(,"1#* VWXY-* )"%N)/(**(N*(�(+'%� !%,.N)*)('(&(+#$%&O('$#,+1%"0").%"#,* )$#'$0&%*#(,N(.)&3 M )* #'.P+),)'%*#(,N(.)&1%"0").1#* ')"�)$**(1#,.P#,�0*-Z0%.'0�&)*#,*)'%$*#(,"%,.1 #*)$%��#,+3M'#%."-/(**(NO'#$*#(,%,..)�* P#,.0$)./')%Q#,+1)')%&"(%$*#2%*).3U('1#,.P#,�0*%,.1 #*)$%��#,+.#""#�%*#(,-* )O('N0&%*#(,/![%,.)'W)"* 0!"),)*%&3J�\\]L1%"0").̂ #,* )$%")(O1#,.P#,�0*-(,&!* ))5�(,),*#%&+'(1* *)'N1%"%$*#2%*).3M )Z0%.'0�&)*#,*)'%$*#(,1%"%��'(5#N%*).0"#,+* )_#"$')*)4,*)'%$*#(,X��'(5#N%*#(,J_4XL3W%2)/')%Q#,+#"+(2)',)./!* )'%*#((O* )N%5#N0N#,.#2#.0%&1%2) )#+ **(* ).)�* %,.1%"")*%*\3]̀3X")N#P)N�#'#$%&)5�')""#(,O('/(**(N O'#$*#(,J"))a(&* 0#b"),�\\]L1%"%&"(%$*#2%*).3cdedfghigjklmnnijopqignhirsltotipV).#N),*')"0"�),"#(,/!1%2)"$(NN),$)"1 ),u0#.u(1O('$)"-"0$ %"" )%'"*')""J('" )%'2)&($#*!L-)5$)).* )')"#"*#,+O('$)""0$ %"+'%2#*!%,./(**(NO'#$*#(,J[%,v#b,�\\]L3W%*)'.)�* -"#+,#w$%,*1%2) )#+ *%,.�)%Q�)'#(..#$*%*)1%2)P+),)'%*)." )%'2)&($#*#)"%$*#,+(,.)�("#*).N%*)'#%&3 4,('.)'*($%&$0&%*)* )1%2)P#,.0$)." )%'2)&($#*!%** )/(**(N-* ),)%'P/(**(N )5$0'"#(,%N�&#*0.)%,.('/#*%&2)&($#*!1)')$%&$0&%*).0"#,+* )')"�)$*#2)O('N0&%"/!S0 '*")*%&3J�\\�L9xH: yz{|}~��{����� JT\L�H:{�xH���1 )')yz#"* )"#+,#w$%,*1%2) )#+ *-�#"* )1%2)&),+* J$('')"�(,.#,+*(* )�)%Q1%2)�)'#(.L-��#"* )�)%Q1%2)�)'#(.%,.�#"* )1%*)'



���������	�
����������
���
������������������������
���� ����� !"#!�$!�%&'�()*+ ,%($)����-�$)- !�.&+* +)-*)�/*+�- 0123!+*!+$*%(*4(% ��%$.)(()3$5016788988: ;<=>?@A<BCDE<BFGHIJB<BK?@A<BCLMNOPQRS<=T88U88V> WXXY3!�&�C+$ !��+%Z� �&). !��%& +*4(% �Z%  �&" #!�$!�%&'�()*+ , !�&�.)&� %[�$ !�.)(()3+-\.)&Z5]̂6_@̀ ;<B01< WXaY#!�*4&&�- +-�4*��$!�%&'�()*+ ,3%$%($)*%(*4(% ��%**)&�+-\ )b4!& $� %("Wacc�Y"defghijkhlmnnohpihhoqmrstsuvwxyzwxv{vzw|})��&% �$)4 !�&(,3+-�$�)Z+-% ���4&+-\ !�Z�%$4&�Z�- ��&+)�W~+\4&�$a%%-��Y2%-� !�Z�%-3+-�$����3%$F<;�=<BZ$M�"�)-\� �&Z%-%(,$�$).3+-�$% �+($%-�+Z� �)&)()\+*%($ % +)-$!)3��%-%-\4(%&
��������������������������� �� ��� � ��
������������������������ � ������������� �������������������� ���¡�� ¢£����£�¤

� ¢�¥¡ �¦��¢� ���¡��

§v̈©ª«¬s+-�$����W%Y2�+&�* +)-W�Y%-�%()-\�$ &%+ 3+-�$ &�$$*)Z�)-�- W$)(+�*4&'�Y%-�*&)$$�$ &%+ 3+-�$ &�$$*)Z�)-�- W�)  ��*4&'�Y*%(*4(% ��.&)Z3+-��% %W*Y"#!�®�%̄+$+$�)$+ +'��%$ 3%&�$2 !�°�%̄+$+$�)$+ +'�-)& !3%&�$"#!�$!%���&�* %-\(�)- !�®�%̄+$$!)3$ !���&+)�).*4&&�- Z�%$4&�Z�- $"#!��% %%&�$Z)) !��3+ !%X!&4--+-\Z�%-



�� �������	

������	�	������������������������	��������������� !"�#$!�%&%'��"()!�%& *�!+!*%,(-. /0%%1("(23((4-55�.67789:!+(�%1�&-&!*�&���"()!�%&� 0;<-&� ()%&�-"�5=>%">>;<*+�)+1(-& !+-!%$"1(- $"(1(&! "(,"( (&!!+(,"(4-�5�&?*�&� �&!+(-"(-@A !"%&? !%"1,-  (�!+"%$?+!+( !$�=-"(-%&68>%4(1#("<*+(&!+(1-B�1$1>>; *�&� ,((�*- 681 CD-&�$,!%871 CD�$"�&??$ ! @E+(-5%&?F-&�)"%  F !"-�!)%1,%&(&! %'!+(*�&� !"(  *("()-5F)$5-!(��&!+(0$$"0!"-�!/(G@/H99@I�4(*�&��1,$5 ( *�!+-&-# %5$!(-5%&?F !"-�!*�&� !"(  )%1,%&(&!JKLM>1CN)%$5�#(��(&!�O(�<*+("(- �$"�&?!+( !%"1%'68>%4(1#("!+(1-B�1$1-5%&?F !"-�!*�&� !"(  4-5$( *("()-PKLQ>1CN/I�?$"(6)9@RSTSUVWXYZ[\] [̂_̀Y[E+()"%  F !"-�!a%*4(5%)�!=)%1,%&(&!b-&�!+(-5%&?F !"-�!a%*4(5%)�!=)%1,%&(&!c*("()-5)$5-!(�'"%1)$""(&!1(!("�-!-/I�?$"(89@E+(-5%&?F !"-�!4(5%)�!=)%1,%&(&!�( )"�#( *-!("(B)+-&?(�&!+( !"-�!<*+("(- !+(�&a%*!%!+( !"-�!1(-& &%"!+*-"�1%!�%&<�@(@,% �!�4(c4-5$( @de
fg fh ij fihklmnopnqrijjs tnunopnqrijjshgj

vjwfjjwfxyorz{vf
|yorz{vf

jw}jwgjwijwfjvjwfvjwivjwgUY~�_]RSE+()"%  F !"-�!a%*4(5%)�!=)%1,%&(&!b/-9-&�!+(-5%&?F !"-�!4(5%)�!=)%1,%&(&!c/#9)-5)$5-!(�'"%1 !+(1(- $"(�)$""(&!�-!-�&!+(0$$"0!"-�!@ E+( +-�(�"()!-&?5(%&!+(�F-B�  +%* !+(,("�%�%'*�&�1(- $"(1(&! 



���������	�
����������
���
������������������������
���� ����� !"#$%&%'%�%&#(�)(!*+,('%)-%�#$%&(�#$./�01(.&2%%0./&�2#(34*)&567#$%1(.-% !"8�()#$%9:/ !/)%� #(#$%;�<8(8= "/>? "��%+-@4A$%$ "$%&#/<(!"B&#�/ #1(.&2%%0&.%�%)%/&��%0/8#%�#$%2/&&/"%(8#$%&#(�)/!0.%�%�2#(34�)&56>0 �%C#%0!(�#$./�0&@4A$%&()%.$/#<(.%�1(.&2%%0#$/!2�%' (�&<D�%2(�#%0-DE#&)/!!%#/<4>*33F@./&0�%#(#$%C<(&%�<(C/# (!(8(��-�(D&#/# (!#(#$%C(/&#4G�(&&B&#�/ #1(.&2%%0&.%�%&)/<</!0'/� %0)/ !<D-%#.%%!HIJIK/!0LIJIK)&56>? "��%+/@4A$%C(��%</# (!-%#.%%!#$%/<(!"B&#�/ #. !0&#�%&&/!0#$%1(.&2%%0./&<(.>MNIJKO@7 !0 C/# !"#$% )2(�#/!#�(<%(8#$%/<(!"B&#�/ #&%/<%'%<"�/0 %!# !1(."%!%�/# (!4?�() #$%&%/<%'%<C$/!"%&)%/&��%0/##$%9 �#&�/!0=($�P:�</&#/# (!&>? "��%F/@7 #C/!-%&%%!#$/#(!#$%)(�! !"(8*+,('%)-%�7#$%&%/<%'%<0 Q%�%!C%-%#.%%!9 �#&�/!0=($�P:�</&#/�#%0#( !C�%/&%�/2 0<D/!0./&/-(�#34�)(!#$%)(�! !"(8*�,('%)-%�>? "��%�@4A$ & &)(&#< P%<D#$%�%/&(!.$D0�� !"#$%"/<%#$%&(�#$./�01(.&2%%0&.%�%�%</# '%<D&)/<</!00�� !"#$%�/2 00%C�%/&% !. !0&2%%0(!*�,('%)-%�7/&#�(!"!(�#$./�01(../&8(�C%0-D#$%/<(!"B&#�/ #&%/<%'%<"�/0 %!#4
RS RT US TVWXYZ[\Z]̂RSS_ Z̀aZ[\Z]̂RSS_

VbRSb_SbcSdZêfZYZf̂g[hijklmnopA$%C(��&%(8&%/<%'%</#9 �#&�>&(< 0C��'%@/!0=($�P:�</>0(##%0C��'%@&#/# (!&4>�/#/8�()#$%q&#(! /!r%#%(�(<(" C/</!0sD0�(<(" C/<t!&# #�#%@A$%1(. !#$%u���u#�/ #./&/<&(C$/�/C#%� v%0-D.%<<B%w2�%&&%0(&C <</# (!&. #$0 Q%�%!#2%� (0&>? "��%+-@4E#&)/!!%#/<4>*33F@8(�!08�()#$%&2%C#�/</!/<D& &(8C���%!#)%/&��%)%!#&#$/##$%0��/# (!(8#$%(!<D& "! xC/!#(&C <</# (!2%� (0 !#$%u���u#�/ #./&F*4�+$7.$ C$ &C<(&%#(#$%ry ><�!/�&%) B0 ��!/<@# 0/<2%� (0>F*4�*$@4A$%D/<&()(0%<<%0#$%1(. !#$%&#�/ #&/&#$%&�2%�2(& # (!(8#.(s%<)$(<#v(&C <</#(�&. #$�%&(!/!C%2%� (0&(8/-(�#F+/!0*�$4A$%&%



�� ������	
��������
�
�	���������������������
�	����������	� !"##$%"�& $''($)(*$ $)( '�& (�+%,( - %(./�%,%�)$'"*!,$&0( "&%,(1"&*+�)!"&0$&*%�%,( ($#(2(#!,$&0( "&%,(/�3&*$)"( �+%,( %3*-$)($45656789:;<8=8;>:=?@>?;@A,(.($& "0&"B!$&%1$2(,("0,%*3)"&0%,(.($ 3)(.(&% 1$ C4DE.$&*%,(.$F".3. "0&"B!$&%1$2(,("0,%1$ G4�.HI"03)(D$J4K"F(2(&% 1,(&%,( "0&"B!$&%1$2(,("0,%0)(1%��2()G.1()(�/ ()2(**3)"&0%,(.($ 3)(.(&%'()"�*4A,(.($&'($L'()"�**3)"&0%,(.($ 3)(.(&% 1$ �4D $&*2$)"(*/(%1((&M4E $&*N HI"03)(D/J4A,('($L'()"�*0)(1*3)"&0%,(#$)0()1$2((2(&% 4A,(.$F".3.1$2(,("0,%1$ M4D.*3)"&0%,(.($ 3)(.(&%!$.'$"0&4A,(B) % %)�&0()1$2((2(&%�!!3))(*"&%,((2(&"&0�+G�O�2(./()P1,(&%,( "0&"B!$&%1$2(,("0,%)($!,(*G4ED.$&*%,(.$F".3.'($L'()"�*1$ $/�3%Q 4A,(1"&*1$ /#�1"&0+)�.%,( �3%,$%$ '((*�+GM. RSHTUVWXY*$%$J4A,(+(%!,#(&0%,�+ �3%,()#-1$2( 1$ $/�3%GQCL.4A,( %)�&0( %1$2((2(&%�!!3))(*�&GNO�2(./()P*3)"&01,"!,%,( "0&"B!$&%1$2(,("0,%)($!,(*G4�.$&*%,('($L1$2('()"�*1$ Z[\][̂][\\[̂\_̀ab_cdefg hijZ\k̀lamndeog ]p ]hdddddddddddddddddddddddZpdddddddddddddddddddddddZhddddddddddddddddddddddd\pddddddddddddddddddddddd\h
q
r
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Depth-induced wave breaking is a key term for wave energy dissipation in the action 
balance equation of the third generation spectral wave models, and becomes an essential 
consideration in modelling wave behaviour in shallow water and near the coast. Neglect-
ing this sink function leads to an overestimation of significant wave heights. Current paper 
addresses the importance of depth induced wave breaking, using the SWAN wave model, 
at two locations in Estonian coastal waters in case of NNW storms — the first site is the 
Harilaiu Bank, situated in the north-west of the Saaremaa Island while the other one is 
Tallinn Bay. We performed simulations using SWAN with two different setups, i.e. the 
depth induced wave-breaking accounted and not accounted. The computed wave height in 
the first case was smaller than in the second case with maximum difference of 4.8 m in the 
Harilaiu Bank and 2.3 m in Tallinn Bay. Previous studies using the WAM model suggest 
that remarkable wave maxima exist in these regions due to focusing of wave rays e.g. due 
to topographic refraction of surface waves. As these maxima were reproduced by SWAN 
when depth-induced wave breaking was turned-off, we conclude that the maxima simu-
lated by WAM can be an artefact of the model.

Introduction

The length of the Estonian coastline is about 3780 
km. Although the coast of Estonia is not as stag-
gered as are the Finnish and Swedish coasts, it still 
contains numerous shallows and islands. Conse-
quently, modelling the wave regime of Estonian 
coastal waters requires a model that is capable 
of modelling the processes involved in shallow 
water wave propagation and dissipation over 
complex bathymetry. The least understood aspect 
of the physics of wave evolution, as it pertains to 
spectral modelling, is the dissipation source func-
tion. In shallow water, three terms contribute to 
the dissipation source function: dissipation due 

to surface processes (white-capping), dissipation 
due to bottom friction and depth-induced wave 
breaking. Understanding and modelling depth 
induced wave breaking and other processes are 
thus critically important in achieving an accurate 
representation of the principal sink function in the 
energy (or action) balance equation.

Soomere (2003, 2005) analyzed the typical 
and extreme wave regimes off the north-western 
Saaremaa Island and Tallinn Bay using a third 
generation spectral wave model WAM (Komen 
1994). The extreme storm in the former case was 
25 m s–1 NNW wind blowing steadily over the 
Baltic Sea within eight hours. The latter case was 
NNW wind with the speed of 23 m s–1 blowing 
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steadily for six hours. Soomere (2003) found 
that several wave height maxima occurred near 
the Saaremaa and Hiiumaa Islands with the most 
intensive ones occurring at the Harilaiu Bank 
(Fig. 1), where significant wave heights grew 
up to 9.8 m. In Tallinn Bay, several wave height 
related maxima occurred near the Aegna Island, 
Paljassaare and Kopli Peninsulas and at shal-
lows in Tallinn Bay (Fig. 1). He explained these 
maxima as topographic refraction of the surface 
waves. However, the WAM wave model does 
not include a sink function for depth-induced 
wave breaking (Komen 1994) and the effect of 
triads is also not considered — although less 
significant than depth-induced wave breaking in 
the present case.

The objective of this study was to repeat 
numerical experiments of Soomere (2003, 2005) 
in Estonian coastal waters using the SWAN 
model — a third-generation spectral shallow 
water wave model (Booij 1999, Holthuijsen 
2007) — and to compare obtained results with 
those of Soomere obtained with the WAM model 
(Soomere 2003, 2005). Wave patterns at the 
Harilaiu Bank and Tallinn Bay are of great 
importance. The Harilaiu Bank is close to the 
Kiipsaare Cape, a peninsula which is being fast 
eroded due to beach processes induced by wave 
activity. Tallinn Bay on the other hand has the 
most intense shipping activity in Estonia and, 
therefore, an accurate presentation of its typi-
cal and extreme wave properties are of great 
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importance. The SWAN model was validated for 
significant wave heights in small Küdema Bay, 
(north-western Saaremaa Island) by Alari et al. 
(2008).

Numerical model

SWAN is a third-generation phase-averaged 
spectral wave model developed at the Delft Uni-
versity of Technology, the Netherlands (Booij 
et al. 1999). In SWAN, the waves are described 
with the two-dimensional wave action density 
spectrum, whereas the evolution of the action 
density, N, is governed by the time-dependent 
wave action balance equation, which in Carte-
sian coordinates reads:

  (1)

The first term represents the local rate of change 
in action density; the second term denotes the 
propagation of wave energy in the two-dimen-
sional geographical space with cg being the 
group velocity and U the ambient current. The 
third term represents the effect of shifting the 
relative frequency due to variations in depth 
and mean currents. The fourth term represents 
the depth-induced and current-induced refrac-
tion. The quantities cσ and cθ are the propagation 
velocities in spectral space (σ, θ) with σ and θ 
representing the relative frequency and the direc-
tion of propagation respectively. The right-hand 
side contains the source term Stot that represents 
all physical processes that generate, dissipate or 
redistribute wave energy. In shallow water, six 
processes contribute to Stot:

 Stot = Swind + Snl3 + Snl4 + Swc + Sbot + Sdb (2)

These terms denote respectively the energy input 
by wind (Swind), the non-linear transfer of wave 
energy through three-wave (Snl3) and four-wave 
interactions (Snl4), and the decay of waves due 
to white-capping (Swc), bottom friction (Sbot) and 
depth-induced wave breaking (Sdb).

In the surf zone, the dissipation of wave 
energy due to depth-induced wave breaking 
becomes stronger than the wave decay due to 
bottom friction or percolation (Massel 1996). 

The modelling of energy dissipation, due to 
breaking in the wave train, is usually based on 
four main assumptions (Massel 1996): (1) dis-
sipation is equivalent to dissipation in a bore 
connecting two regions of uniform flow; (2) dis-
sipation is proportional to the difference between 
the local energy flux and the stable energy flux; 
(3) the breaking wave height is saturated, i.e. 
the wave height is proportional to the local 
water depth and the proportionality coefficient 
is assumed to be constant across the surf zone; 
(4) dissipation is controlled by the presence of 
surface roller.

Following the previous, in SWAN total dis-
sipation due to depth-induced wave breaking 
is modelled as dissipation of a bore, applied to 
the breaking waves in a random field in shallow 
water. The wave period used is calculated from 
zero and the first moment of the variance density 
spectrum. The tunable coefficient e.g. the break-
ing parameter is set to 0.73. (Holthuijsen 2007).

For the north-western coast of Estonia, the 
model is exposed to NNW wind (direction 330°) 
having the strength of 25 m s–1 blowing steadily 
over the Baltic Sea. The model topography is 
based on Seifert et al. (2001) with the resolution 
of 1´ along latitudes and 2´ along longitudes. 
The number of spectral frequencies is 40. The 
spectral frequencies are distributed logarithmi-
cally on the frequency range of 0.04–1 Hz and 
12 spectral directions are also used.

Calculations of Tallinn Bay wave field were 
carried out using a triple nested model. The 
coarse Baltic Sea model had resolution of 1´ 
along latitudes and 2´ along longitudes. The 
medium grid for the Gulf of Finland (GOF) 
had a resolution of 0.5´ along latitudes and 
1´ along longitudes, with the boundary condi-
tions obtained from the coarse Baltic Sea model. 
The high resolution Tallinn Bay model is 0.25´ 
along latitudes and 0.5´ along longitudes and the 
boundary conditions were obtained from GOF 
model. The model is forced with the NNW wind 
blowing at 23 m s–1. The spectral resolution is 
the same as for north-western Estonia. In the 
case of the high resolution Tallinn Bay model, 
the number of spectral directions is 24.

Two calculations for north-western Estonia 
and Tallinn Bay were made. The first calculation 
was with depth-induced breaking activated and 
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the second one was with depth-induced breaking 
not-activated. The analyzed and visualized fields 
represent saturated wave fields.

Results

Harilaiu Bank

The significant wave height can grew as high as 
8 m offshore and even 9 m when moving far-
ther towards the open sea (Fig. 2). Approaching 

the coast, the significant wave height decreases. 
Only in some parts of the NW Saaremaa Island, 
the significant wave height remains over 6 m. 
When comparing the topography of this region 
with the other areas where the significant wave 
height starts to decrease farther away from coast, 
it becomes clear, that here large water depths are 
closer to the coast.

Calculations with depth-induced breaking 
turned off presents areas near the coast where the 
significant wave height increases (Fig. 2b). The 
largest increase in the significant wave height 
up to 4.8 m forms at the Harilaiu Bank. It means 
that the maximum significant wave height at 
theHarilaiu Bank is 7.4 m in the case of depth-
induced wave breaking turned off. South of 
the Harilaiu Bank forms an area where the sig-
nificant wave height grows more than 3 m in the 
case of depth-induced breaking turned off. Third 
area where an increase in the significant wave 
height is seen is located NW of the Hiiumaa 
Island, where the increase is over 1 m. Other 
coastal areas do not show an increase of the sig-
nificant wave height. As the water depth in the 
other areas starts to decrease quite far away from 
the coast and smoothly (no significant slope), 
we may conclude that bottom friction mainly 
dissipates waves there instead of depth-induced 
wave breaking. On the open sea, the difference 
between the calculations with depth-induced 
wave breaking and without it is, as expected, 
negligible.

The wave-height maxima as depicted in 
Soomere (2001: fig. 2, 2003: fig. 4) are not 
present in calculations with SWAN (Fig. 2a) in 
the case of activated depth-induced wave break-
ing. In Soomere (2001, 2003), the maximum 
significant wave height grew up to 9.8 m and 
10.5 m at the Harilaiu Bank, respectively. Cal-
culations with SWAN in present work show that 
the maximum significant wave height near the 
Harilaiu Bank does not exceed 3 m, but grows 
to 9 m on the open sea. The latter coincides well 
with Soomere (2001, 2003).

Soomere (2001, 2003) also reports that the 
maximum wave heights owing to topographic 
refraction accumulate in a certain time phase of 
a storm. The analysis of time series of the sig-
nificant wave height at the Harilaiu Bank (Fig. 
3) calculated with the non-stationary mode of 
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contoured bold. colour bar holds for b as well.
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SWAN does not show any anomalous wave-
height growth at any time. The wave height 
grows to 2.6 m within about 9 hours and then 
becomes saturated.

Tallinn Bay

Although Tallinn Bay is well sheltered by two 
islands (Naissaar and Aegna) and many shallows 
(see Fig. 1), high waves may penetrate into the 
bay in case of NNW winds (Fig. 4a). The signifi-
cant wave height may be as high as 3 m in the 
bay interior and up to 4 m to the west of the Nais-
saar Island, which is about 1 m less than reported 
by Soomere (2005). Areas north of the Aegna 
Island and shallows between Aegna and Nais-
saar islands exhibit significant wave heights less 
than 3 m. Areas near the peninsulas of Suurupi, 
Kakumäe, Kopli and Paljassaar exhibit the sig-
nificant wave heights less than 2.5 m. The lowest 
significant wave heights, less than 1 m, occur 
between the mainland and the Aegna Island. In 
general, the significant wave height calculated 
for the Tallinn Bay interior with SWAN is about 
0.5 m smaller than in Soomere (2005).

The results of using the SWAN model 
with depth-induced breaking inactive show an 
increase in wave height north of the Aegna 
Island and on the north-western coast of the 
Naissaar Island, near the peninsulas of Kopli, 
Paljassaar and Kakumäe, and at Naissaar Bank 
and the Uusmadal Bank, as well as at Suurupi 

(Fig. 4b; see also Fig. 1 for exact locations). The 
increase in the significant wave height north of 
Aegna is 1.8 m, 1.1 m at the Keskmadal Bank, 
1.4 m at the Naissaar Bank, 2 m at the Kakumäe 
Peninsula, 1.5 m at the Kopli and Paljassaare 
peninsulas. The highest increase occurs near 
the Suurupi Peninsula, where the non-breaking 
case presents significant wave height increase 
of 2.3 m. Central Tallinn Bay, also west of the 
Naissaar Island and other areas, where the water 
depth is greater than 20 m do not show increase 
in the significant wave height. As compared 
with the increase of the significant wave at the 
Harilaiu Bank in case of depth-induced breaking 
turned off, Tallinn Bay exhibits almost two times 
lower increase, however, there are more areas 
where the significant wave height increases. The 
lower increase of the significant wave height is 
probably due to lower background values of the 
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significant wave height in Tallinn Bay (and in the 
Gulf of Finland) as compared with those at the 
Harilaiu Bank (and in the Baltic Proper).

Conclusions

Three possible sources of errors in wave model-
ling suggested by Komen et al. (1994) are: (1) 
inadequate wind input, (2) inadequate numer-
ical schemes and resolutions, and finally (3) 
inadequate model physics. In this paper, we 
compared SWAN wave model results with and 
without depth-induced wave breaking to address 
the effect of depth-induced wave breaking in the 
Estonian coastal waters.

The results of modelling with SWAN indi-
cate that depth-induced wave breaking plays 
a key role in the dissipation of waves at the 
Harilaiu Bank and in Tallinn Bay. In the case 
of NNW storms, depth-induced wave breaking 
reduces the significant wave height up to 4.8 m 
at the Harilaiu Bank and up to 2.3 m in Tallinn 
Bay. Hence, the maxima in these areas are not 
caused by topographic refraction, as suggested 
by Soomere (2003, 2005). Although WAM is a 
widely used and verified model against meas-
urements in deep water (Komen et al. 1994), it 
does not reproduce the wave fields near shore, 
as shown here. The WAM model is intended for 
deep water applications, and cannot be realisti-
cally applied to coastal regions with horizontal 
scales smaller than 20–30 km and water depth 
smaller than 20–30 m (e.g. Booij 1999). The 
reduction of the significant wave heights due 
to depth-induced breaking at the Harilaiu Bank 
and in Tallinn Bay clearly shows that the results 
obtained with WAM can lead to large overes-
timation of wave heights, as WAM can not be 
expected to obtain realistic values in this kind of 
depths, especially in extreme conditions.

In conclusion, the wave height maxima at the 
Harilaiu Bank and Tallinn Bay (Soomere 2003, 
2005) are an artefact of the WAM model — con-
firming the fact that WAM was never intended to 
reproduce wave fields near shore. Let us remind 
ourselves that maximum wave heights can be up 
to 1.8 times larger than significant wave heights, 
hence the calculations by Soomere (2001, 2003) 
lead to the maximum wave height of 18 m at the 
Harilaiu Bank. Thus the conclusions by Soomere 
are likely incomplete.
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���������������������������	��������������������x������������ ���������������������	�������������������������������������������������ŷ���������������������py�������������������������������������m����������������������������������������������������� ������������		����	��	���������������	��<��������������������������������������������	��������� �����������������������������������

zP{G|G�������������������������������������

dB: }W~\�_̀[b�\W��Z�_c�\Z�Y�_̀c[(�]b[�]��������(V��(��



�����������	�
��������	�
�
�����	����	��
������	�	�
���������
���������
�	���	���������
� � 	�����������
���
�����	
������������	��
�������
���������	�	
����������
������������
��	���������
	���
��������
��� �
�

�	
��������
�	��������	����������
�	
�����	
��������	
��������
�� �
��	���������!���	�����	
�����"������������
�� �
�
��
�
#�
�
$�����%���&%���'%���%� �
%�� ( )&*����
��������
�������
�����
������������
 �������������
���������	�
�	��������	��������
������
������	������&�	��������	����
��	�
��������'��	��
�����	����	������
����
��	����������� �

������
����� �
�	�����
����������	�� ��	+������ ��,"
��������
	�����
��������	
������
��������������	� ������������-�����
	���.//'��012134567869:;<��
��������
�	����	
������
�=>?@�
��
����������	
��������������

����������
���	������
��
��	��
����	�����
��	������	��������	��� �

������
���	�����
��������� ��	+�������	���	�
��	
���<�����������
	�����
��	�����������	
����
��������	
��� �-�����-�����
	���.//'��	�����A���	�������������
����
���"�����
�	�����
�
��� �	�	�
��	
�������	������
��
��	�
����	�	����"��	
�������
��B�����
�!�
��	�
���?����"��	
����B!?���� ��	+������	��������
������ �
���	
�����	"������������	��	�������
�������
�	������

� �C�D&�=�����������	��"����������� �

������
�������E��
���F����GCCD��	�	�
��	
���=����
��-H���	I	�������	

�����
���������
���	��J��������	
�� ����
������������
��I	�
��K������	��	
��
�
�� 	��	��
���������
�������
	�

�
	+���
�	�����

���	���	����	
������
��I	�
��K��������I	���I�
���	�	���

	+����
�	�����
� ��	����
���"���
��
�	
�	�����I	���I�
���	����
	����

���	����������-H���	I	��?���������� �
����
����	���I	�
��K�����	��		��
����	��-H���	I	�	��	�	�	�����
���������
�
�������
	
����	�	
�	���
���	�	��	����	��������	�������������������
�����	
�������
����	
	������	����������
���
�	J���������
������
�����	
����������	�������I���F�
	���GCC'��L��������
��	
��������
��������	������<���G������
	�����
�������
	
���	��		������	��M����	 ��.��������������
��� �

�� 
�����	�����
��-H���	I	�	��	�F	���
��		��	�	��	��	�������
�M�������	������	�
@�.&�� ��

�� �
��,�
���	�N	��
���I�	������	
�����
��������
�����	
��
�	��������������-�������	���������	���
��������������	��
	
��
����L�������.//&��?�
�����
���	������	�
����
	���������������
�����
��	
	��	�
��	�������
��	
�����
��./OC����
�
�����
�� ��
	�	��	 ���	
	���������
���	
�����
������	
	���I	�
��K������	��"
�	���	
������
��I	�
��=�	
�����	���������
�� �=�����
�
	���GCC.����������	���������
�
��P���	���Q������	
	�������� �,�
���	�N�
���������	�	��E���������	�!��
��
�
��������������	�������
����������
�����	
��
������
����
���#���
����	�������
�	�&C�������
������������
�	�.C����	�����
��-H���	I	��
�	�

R����I��	���=>?@�������	�
���������	���������
�	 ������
�����
����
������
�����!�����������
	
���	���������
��	���������������	����	
�����G'����	�	
��������
����	�����'C��������
��������������
�� �
�����	��
����	�����
���	�����C�CRS.EM����	���
�	
�	� ������	
����
�������
�������
������	

���	��	����	+�����������GCS.��TUVWXYZ[X\1]1̂68:7984_9̀68:aa6ba6c8:b6a6d9�ca;cefd��
�����������
�������J�	�
�	�������
	��
����	�M������������������������
����������	��������
������	���������<���&		�� �N�	������J�	�
�	�������
��
����������	�������
�������	�.g���N������ ���
�� 	
����	������
� �G���	��
���	"���� �����J�	�
�	�������
�	�.R.�����������J�	�
�	�������
�	� ����GC����DDh��
���	���	�+�
��E���������
�����
�"
����	���	�������
�.SG��	������	������
������ ����
��������������������J�	�
�	�������
�����	�������GC���?���	���	���������	�'�.��������
��
�������	�&�.��	��
��������
�������	�g�G��?����
���������������	�����'SR�������
��J��
�	����
����	�������
���������
�
����������������	�������
��	
�����	��� ����'����������������������� ��	���
�����������������	���
����	 �������	������
�����������������	���	�������	"�����������	���	�������
��.C
���?����
�	��
��������������������J�	�
�	�������
�	�GC���?�����	
������������	�G�i��!�
����������
����������	�������
�������OS/?����
�	�	������

��+��	��������	"���������J�	�
�	�������
��	����.R.���>���������������
�������
��������'�R�i�
�.&�&�i���R��	��
�������	� ����������@@> �<���&�	��������	��������������
������
�����	������� &�&��	

�� ����������
������
�
�	�	"������R�&������	����������������
����������	�������
�������	�'�'�i��=����	������� �
����
���������
��g�i�
�.C�i������������
���������������	�������
� ����'C���>����	� ��������������������=,
�=>������
��������
�������	
���
�	
�	������������	
�����	����

jklZWmn��	
�������������
�������
	
���	��������� ������������
�������
	
���	������������M����
�������
	
���	�����������
����
�������
�	������
����	������
�	������������L�	������� N��������� @��
������n��	
�������������o������
����C� .O�&.gD G.�g.gD GG�C&Rn��	
�������������p������
����C� RD�gRO& RO�'D.D RO�'OR@������������o������
��� .gC .CC /'@������������p������
��� GCC .gD .C'N�����M���o������
����C� C�C&&& C�C. C�CC&&&N�����M���p������
����C� C�C.gD C�CCR C�CC.gggDN����
����
������� &C .C R=���
�	������
���� G' G' G'=���
�	������������ 'C 'C 'C
=&&q1r7cbe69c71st4:bdc74_3cbed6�p896a8u\v2wwxy�0wz�\w



���������	�
�	���	������������	������������������������������� !"�������� #� $%���&�'��� #��&��()%� *+ #,)�-,.��//���� #� $%���&�'��� #��&��0%� ��"1 ##���� #� $%���&�'��� #��&��2(3%�,4������&�'��� #��"�� �#����������������5������� !"&��� #������� ������������� !"1�%�����������& �"����"&��6,0�7�� #���8&������"�� �#����������������������� !"���"!� ��� �#& �"�&���/!&,9���&�'���� !" �������&��),:�8�����!�����&�'���� !"&��(,:�8��"���/!�#���&�'���� !":,0�&�����!% ���"& ��� #���&�'��%� ' �; ������%!�"��/<!<����������������� !",�����%!���=�!<��" ���! ���&!&�'��'����%!�/"1�" �� �#� ���"8&���� ����$���%������&�'��� #��&��2(3%�8��" ������%!�"%��� �&��>:%�,4��$���&�'��'��������%���//;%!�� ���"!<�&!�'�����!!?�/�%�<�!�@!'��1��26�!2A,B�$���8���&�'��� #��#��&<�!�(3%��!���'���#�!<03%�,4��& �"����"&���/�!��(3�7�*+ #,)%-��" �&��1/!& �#<�!�1��&���..C��"C*+ #,)"-,+������!����& �"����"����� ��"1�/!&20�7�8���& �"��!��/;

1/�&<�!����" ��%� !�!<633D663E8��"���� #� $%���&�'��� #��&���/�!��2(3%�,.�%!�"&�'��'����!!?�/�%�<�!�@!'��1��2F�!(3,4��& �"����"����� ��"1�/!&23�7�8���& �"1/�& <�!� ���" ��%� !�!<603D633E8��"���� #� $%���&�'��� #�����%��"�/�!��233%�,+�!����1�# �� �#!<������������������!�#��!2)!<@!'��1�����& �"" ��%� !�G�%�����"1��&���.��"C8��"���& �"����"&��0D2(�7�,4��� #� $%���&�'��� #��"�� �#�� �� ��&���� �/;��"��(3%�8& ���!���=%��� !��8&���& �"����"#��&!'��23�7�����/� �# ��&�'��� #�����!)3%�,��H�I
J��J	�
�����
���+ #,0����!"�//�"��"�������"� #� $%���&�'��� #��<!������������� !"�����!&�,4���!"�/ ����%%���������!"�%� !�!<����&!&�'��'���������1�# �� �#!<����������������� !",4���� �"&�'��'�������!%%����"!����(�"!<B�#��� ��/ #��/;!'����� ����"1;����!"�/,�� ��/�!!1' !����������!"�//�"� #� $%���&�'��� #�����"����������"� #� $%���&�'��� #���<!��

KLMNON4��� ����� ��!<�������"& �"��"&�'�"���<!����"��/!;����<�!�P�/;(:�!B�#���2>8(330,*�-. #� $%���&�'��� #��8*1-9���Q��!5%�!�� �#��� !"8*%-R /���" ��&& �"����"��"*"-R /���" ��&& �"" ��%� !�,

.6) S�T����	��UV
����
�I����WX�	���Y�Z�[[\]WH[̂W�[



������������	�
����������
�����������	���	������	����	�����
��	����	
��	��		
���	��	��
��	���	����	�	��������������	�����	�
����		������ !"#��������	����	�����		�	
�����	�����	�������	������	���	����	�������
��	��������
����
����	�	�����	��		
���	��
��	���	��������
���	��
	���
�����	�	
����	���	��	�	�	
���$��������%&'�����	�	����	�	���	���$��� ���%(%����
���	���	����	��		
��$����������
�)
	�	���*���	��	�����������	�	�������	����	���
����
����	�	�������	�	������	���������	���	����	��������������������	$������	�����	�����	���	����	���	�	��	����������
������	��	��
��	���	��	�*�	������
��	���	��	���	�	
��������
��	����
�
+���'�,���
�	�		
������	�	���	��	�*�	�������	����������	����
��	���	��	��
	����������
�����	�����	� !"����'��,����������		�
��	��������	�
��	��		
�	���	��
����	��	��������
���	�	���������
���
���)
�����
���	����	�����		�	
����	����	�
�	��		
���	��	��
��	���	��	�*�	���������������
�����	��$���������	�	
����	���	��	��	�*�	�������
��%����	����
��	�	���	��
	�

,
+���-��	���	��	����
����
����	�	�����
���	�	���	��
	����	�	��
��	���	�	
��	������	��������	��.��
���	�	��������� ���	����������	���	��	����
����
����	�	����������	�������������	����
��	�	���	��
	�����������	������/	�����	�	�
������������%0�����	� !"��������
���	����	�����
��	����	
�����(0������
��	�������������	��		
���	��
��������
�
��	���	��	�������	�������		�	
���������	����	�	
�	��
��	������	����		�	
��	��		
���	��
������,
��	�	���	�	
����	�
��	��	�����
����
����	�	���������������
���	������������	�	�	����	
������	����	���
��
�����
��	���	����	�	�*���	����	���	�������
	�����
��	���	��
���	�	���	�	
�������	����	��������	�������%(�����	����	����������
����
����	�	�������
���	�
���	���	�	��
����		�	
�����	���	�����	�����	���	��
�	���������
�������
�	�	������	��
�	������	�������	���	��	��	�*�	������
��	���	��
	���	������	������	���
�	���	�	
���������
�+���0#���	���	��	��	�*�	�������	������	����
��	�	���	��
	����
���	�	������������	�����������	

123454!��	��+���&����	�	�����	
��������)����	�����6��	��	��%�

!&(789:;<=>?;:8@ABC<D;:BEF;<=D>GHI?>JIKLMNOOPQGROSGLO



�����������	
����������������������������������������	����������������������������������������	� � !"#$%&'&()*+,-*.*/&0*1*$21,34&3*)5(.5)*''$(2���������������������������������6�������������������7����8�������9:;<<=>�?@���������A��	B	����������������������C���� �����������������6��������������������DEEF��������������������9�	��G�	H��������������������6��������������������������������
��D��9	I�	8�����������������������������������������D��������������������	�������������������������������D�C��������������������������������=�����@�����������D	8�������������������������������6��������������������������������<��J��������9���E��������������������A��	9<	������������������������������D������������������������������D���������K�F��������������������������������	�����������������������������������������������D���������������	�����6���������������������������

LMNOPO�������������������������Q���������������F8E=����������@��������������������������=���������@��������������������������	

LMNORO���������������������������6����������������������F8E=����������@��������������������������=���������@��������������������������	

��
 S T'&-$*,&' UV5W-(&'5XY&-$(*Z"3,*.3[�\]̂ _̂̀ ZâbZ�̂
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ABSTRACT 
 
The aim of this thesis was to improve the knowledge of near-coastal wave field 
variability in the Baltic Sea. The focus was on studying depth-induced wave 
breaking, whitecapping dissipation and temporally varying water level and to 
quantify wave-induced flow and set-up. The effect of arrays of small obstacles 
to wave field evolution was also studied. The Simulating Waves Nearshore 
(SWAN) model covering multiple spatial scales (grid size varying from 2 km 
down to 25 m) was used to achieve the aims. The SWAN model coupled to a 
phase-resolving wave model and to a hydrodynamic model allowed estimation 
of wave-induced set-up and flow, respectively. It was shown that near-coastal 
wave fields were heterogeneous on spatial scales, as well as in temporal scales. 

Effects of surge upon wave field evolution and wave-induced set-up were 
studied during cyclone Gudrun (January 2005) in a shallow bay. Significant 
wave height increases by taking into account the additional deepening of water 
due to surge.  The increase in significant wave height is correlated with water 
depth and surge. During peak surge (2.7 m) wave height increases maximally 
0.3 m in areas where water is deeper than 10 m, but up to 1 m when water is 
shallower than 5 m. During low surge (< 1 m) wave height increase is not so 
profound. The transformation of sea state with initial conditions of 1.8 m 
significant wave height and 5.2 s peak period results in wave induced setup of 
0.51 m and additional inundation of 130 m at the Pärnu coast, as calculated by 
the phase-resolving wave model. 

Depth-induced wave breaking is an important mechanism in dissipating 
wave energy in shallow water. In the case of a 23 m s–1 NNW storm the depth 
induced wave breaking reduced significant wave height up to 2.3 m in a semi-
sheltered bay, compared to a situation when this source term is inactive. 
Considerable dissipation due to depth-induced breaking in high winds 
commences in the Baltic Sea when water depth is less than 20 m. Wave 
breaking dissipation was up to five times as intense in depth range between 4-10 
m during cyclone Gudrun compared to dissipation due to bottom friction. 

Calculations with two wind speeds of 8 m s–1 and 15 m s–1 with varying 
fetches were made to assess the influence of arrays of obstacles (wind turbines) 
to significant wave height. Obstacles influenced wave field marginally, reducing 
significant wave heights in the nearby surf zone less than 1 %. This stems from 
the low obstacle-to-crest ratio in the particular cases, which limited the 
diffraction, scattering and breaking of incident wave field.  

The effect of the whitecapping formulations on peak period was studied. 
Nonlinear saturation based whitecapping reduced the difference between 
modeled and measured peak periods to 3 %, while the quasi-linear pulse based 
model underestimated peak period by 18 %.  

Wave induced near-bed orbital flow and currents resulting from spatial 
gradients in wave energy were investigated in the Suur Strait under non-
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stationary wind in November 2008.  Numerical simulations with added wave 
stress as forcing in a hydrodynamic model showed a minor influence of wave 
field to overall water exchange. This was the case in a narrow channel 
dominated by barotropic currents. However, wave induced currents were 
dominating over wind driven currents at local scales. The maximum wave 
induced current speed was 16 cm s–1. Wave induced shear velocities 
considerably exceeded the threshold for resuspension in a narrow channel at 
instances, when current induced shear velocity favored deposition.  
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RESÜMEE 
 
Käesolevas töös uuriti rannalähedaste laineväljade muutlikkust Läänemeres. 
Fookuses oli merepõhja indutseeritud murdumise, whitecapping’u ja ajas 
muutuva veetaseme mõju uurimine laineväljade arengus ning lainetuse tekitatud 
lisaveetaseme tõusu ning hoovuste kvantifitseerimine. Lisaks uuriti grupeeritud 
väikeste objektide (tuuleturbiinid) mõju laineväljade kujunemisele. Töö 
eesmärkide saavutamiseks kasutati spektraalset lainemudelit SWAN, kus 
mudeli võrgusamm varieerus kahest kilomeetrist kuni 25 meetrini. Lainetuse 
tekitatud lisaveetaseme tõusu kvantifitseerimiseks kasutati kombineeritud 
spektraalset ja faasilahutusega lainemudeleid. Lainetuse indutseeritud hoovused 
arvutati kombineeritud spektraalset lainemudelit ning kahemõõtmelist 
hüdrodünaamika mudelit kasutades. Näidati, et rannikulähedased laineväljad on 
väga heterogeensed nii ruumis kui ajas. 

Hinnati 2005. aasta jaanuaritormi tekitatud veetaseme tõusu mõju olulise 
lainekõrguse muutlikkusele Pärnu lahes ning samas lainetuse tekitatud 
lisaveetaseme-tõusu. Oluline lainekõrgus kasvab, kui võtta arvesse tuulest 
tingitud veetaseme tõus ning lainekõrguse kasv sõltub veesügavusest ja 
veetaseme tõusust. Maksimaalse veetaseme tõusu korral (2,7 m) suurenes 
oluline lainekõrgus kuni 0,3 m merealadel, kus veesügavus oli üle 10 m. Alla  
5 m veesügavusega kohtades suurenes oluline lainekõrgus kuni 1 m. Väikese 
veetaseme tõusu mõju (< 1 m) lainekõrguse kasvule oli tagasihoidlik. 
Lainetusest tingitud lisaveetaseme tõus 2005. aasta jaanuaritormi ajal Pärnu 
rannas oli 0,51 m ning üleujutatud ala kaugus rannast 130 m. See toimus oludes, 
kus enne murdumist oli oluline lainekõrgus 1,8 m ning piigi periood 5,2 s. 

Merepõhja indutseeritud tuulelainetuse murdumine on oluline laineenergiat 
vähendav mehhanism madalas vees. 23 m s–1 puhuva põhjaloode tormi ajal 
vähendas merepõhja indutseeritud murdumine poolsuletud lahes olulist 
lainekõrgust kuni 2,3 m. Läänemeres tuleb arvestada merepõhja indutseeritud 
murdumisega piirkondades, kus veesügavus on väiksem kui 20 m. 
Veesügavusvahemikus 4–10 m oli merepõhja indutseeritud murdumine 2005. a. 
jaanuaritormi ajal viis korda intensiivsem kui põhjahõõrdest tingitud energia 
vähenemine. 

Paljude väikeste objektide mõju olulise lainekõrguse muutumisele hinnati  
8 m s–1 ja 15 m s–1 puhuvate tuulte korral.  Oluline lainekõrgus vähenes kuni 1% 
takistustest allatuult jääval rannalähedasel merealal. Marginaalne mõju oli 
tingitud väikesest takistuse diameetri ja lainepikkuse suhtest, mistõttu lainevälja 
difraktsioon ja hajumine olid väikesed. 

Kahe erineva whitecapping’u formuleeringu võrdlemisel selgus, et piigi 
periood on paremini hinnatud, kui kasutada whitecapping’u formuleeringul 
lokaalset lainearvu keskmise lainearvu asemel, mõõtmistega võrreldes oli 
erinevus vastavalt 3% ja 18%. 

Lainetuse tekitatud põhjalähedasi nihkekiirusi ning lainetusest tingitud 
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hoovusi uuriti Suures Väinas mittestatsionaarsete tuulte korral. Arvutused 
näitasid, et lainetuse tingitud hoovused ei oma olulist rolli üldise veevahetuse 
kujunemisel väinas, kus barotroopsed hoovused on domineerivad. Samas olid 
lainetuse tekitatud hoovused lokaalselt olulised, ulatudes kuni 16 cm s–1. 
Lainetuse tekitatud nihkekiirused ületasid tunduvalt resuspensiooniks vajaliku 
läve ajamomentidel, kui barotroopsete hoovuste nihkekiirus polnud piisav 
resuspensiooni tekitamiseks. 
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