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SUMMARY IN SWEDISH 

En modell för vågor och en modell för strömmar har satts upp för Östersjön. 
Modelleringen har utförts i MIKE 21 Spectral Wave och MIKE 21 Flow Model FM. 
MIKE 21 är ett program för tvådimensionell modellering utvecklat av DHI (Dansk 
Hydraulisk Institut). Indata för modellen är batymetri från Seifert et al (2001), 
kustlinjer från Wessel & Smith (1996) och vinddata. Vinddata för vågmodellen är 
tagen från Atlas et al (2009), som är än ny produkt från NASA baserad på 
sattelitobservationer, och för strömningsmodellen geostrofisk vind- och 
atmosfärstryckdata, tillgängligt via BALTEX. 

För vågmodellen gjordes ett test av tre olika vinddata, där sattelitvinddatan, den 
geostrofiska vinddatan samt en grid, med interpolerad data från nio SMHI 
vindstationer, användes för att köra en okalibrerad vågsimulering. Därefter jämfördes 
simulerade våghöjder med uppmätta våghöjder från SMHIs vågboj vid Almagrundet. 
Korrelationskoefficienten för de tre körningarna var för den geostrofiska vinden 0,70, 
för sattelitvinden 0,93 och för vindstationerna 0,92. Bäst korrelation fick alltså 
sattelitvinddatan och användes därför i det fortsatta arbetet. 

Vågmodellen har kalibrerats och validerats emot vågdata från fem av SMHIs vågbojar. 
Resultaten visar att modellen ger mycket god uppskattning av signifikant våghöjd och 
god uppskattning av period och riktning. Scatter index och RMSE för signifikant 
våghöjd under jämförd period ligger mellan 17 och 24 respektive 21 cm och 25 cm. 

Strömningsmodellen har kalibrerats utifrån uppmätta strömmar vid Drogen, 
Kalmarsund och Almagrundet. Eftersom modellen är tvådimensionell fanns aldrig 
någon förväntning om perfekta resultat, men resultaten visar ändå att modellen 
fungerar väl i de jämförda sunden. 

Vågmodellen anses ge en bra beskrivning av vågor i hela Östersjön förutom i kustnära 
områden. Strömmodellen anses fungera i områden i Östersjön där en tvådimensionell 
modell duger till att beskriva strömningsförhållandena. 

Medel av signifikant våghöjd och medel av strömhastighet för den simulerade 
perioden presenteras för hela Östersjön. 
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ABSTRACT  

To facilitate the process of setting up small scale environmental models in coastal and 
offshore areas a wave model and a 2D current model for the Baltic Sea have been set 
up with MIKE 21. The ambition is that the Baltic Sea model can serve as a source of 
boundary conditions for local models.  

The main focus in the project has been to determine which input data to use to get 
the best results and then to calibrate and validate the model with the best data sets 
available. 

The wave model has been tested with three different sources of wind forcing and the 
results with the different sources are evaluated.  

The wave model has been calibrated and validated against five wave buoys and the 
current model against three current observation stations. The comparison shows that 
the wave model gives good estimations of wave height, period and direction. The 
output of the current model coincides with observations where distinct current 
patterns exist. The wave model is considered a good source to extract wave statistics 
from for the entire Baltic Sea. The current model can be used for scenarios or areas 
that do not suffer from the limitations of a 2D model. 

Key words: Wind-generated waves; Wind-induced currents; Shelf seas model; 
MIKE 21; Spectral wave.

1. INTRODUCTION 

1.1. Background 
When designing structures in coastal areas or 
offshore it is important to consider the effects 
from the sea on the structures and the impact on 
the sea from the structures. Forces from waves 
and currents will act on the structures over long 
time periods. During the construction phase 
there is a risk that pollutants or sediments are 
spread from the construction area. Changes of 
the coastline, e.g. embankments and piers, may 
lead to changed current conditions that can 
effect the environment in various ways. 
Therefore knowledge of the current conditions 
and the wave climate in the working area is 
essential. Good measurements of waves and 
currents are normally not available. Therefore 
the designer has to rely on estimations and 
model simulations. 

One of the most difficult parts of setting up a 
model in a coastal area is the boundary 
conditions, e.g. waves entering a bay or currents 
entering or leaving a sound. Either the boundary 
conditions can be in-situ measurements or the 
model can be extended so that the effects of the 
boundary conditions are negligible in the area of 
interest. In-situ measurements are expensive and 
time demanding; extending the model so that 
the boundary conditions can be neglected may 
be very difficult if even possible. One solution to 
overcome this difficulty is to take boundary 

conditions from a large scale model, e.g. a 
regional model for the Baltic Sea could provide 
local models over e.g. sounds, estuaries and 
harbours with boundary conditions.  

Various global models exist and a few models 
over the Baltic Sea are developed at universities 
and meteorological institutes. The majorities of 
those are designed for oceanographic research 
and are not always suitable for engineering 
applications. In larger projects experts from 
universities or metrological institutions are often 
involved and their models adjusted to better fit 
the current project. But in many projects it is not 
possible to consult universities; instead simpler 
and less accurate calculation methods are used. 

1.2. The Baltic Sea 
The Baltic Sea with its brackish water has only a 
small exchange of water with other seas. The 
water exchange takes place through a narrow 
opening to the North Sea. The implication of 
this is that the Baltic Sea is not affected by larger 
motion patterns of the oceans, tidal waves can 
hardly enter and ocean waves may only reach the 
inlet to the sea. Further the internal tides are for 
most purposes negligible and no major 
permanent current patterns exist. Neither do 
earthquakes nor tsunamis influence the sea. 
Therefore the only external force for both wave 
and current generation in the Baltic Sea is the 
wind. These characteristics create good 
conditions for setting up a model of the Baltic 
Sea. 
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1.3. Aim of study 
The aim of the present project is to set up, 
calibrate and validate a regional two dimensional 
model of waves and currents in the Baltic Sea 
that can provide local models with boundary 
conditions. This can greatly simplify the process 
of setting up local models in the Baltic Sea area, 
which hopefully can increase the usage of 
modelling as a tool in the design process for 
coastal and offshore constructions. 

Specific sub goals are to: 

• Identify which data inputs the model requires 
for good results. 

• Find and gather data of high quality. 

• Realise the model with the best available data 
sets. 

• Calibrate and validate the model against 
observations. 

1.4. Structure of the thesis 
Due to the computational demand the model 
was divided into two separate models, one for 
waves and one for currents. The work in this 
project has been divided between these two 
models. Therefore all following chapters are 
divided into two parts where the first parts 
address waves and the second parts address 
currents. Chapter 2 is only to provide the reader 
with background information. The key concepts 
are explained and the most basic theories are 
described. A short background of modelling and 
the program MIKE 21 is also given. In 
Chapter 3 the methods and the model setups are 
described. The results from various simulations 
are presented in Chapter 4, followed by a 
discussion and an analysis of the performance of 
the model in Chapter 5. Finally conclusions are 
drawn and comments are given in Chapter 6. 

Two dimensions are sufficient for good wave 
simulations but not always for current 
simulations. Therefore the expectations for the 
quality of wave model are higher than for the 
current model. This has led to that more effort 
has been put into the validation of the wave 
model than the current model. Therefore the 
parts about waves are generally more 
comprehensive. Instead of an extended 
validation process for the current model a 
simpler validation is given followed by a 
discussion of under which circumstances the 
model is valid for. 

2. OVERVIEW OF WAVES,  
CURRENTS AND MODELLING 

The purpose of this chapter is to give the reader 
a short introduction to the area of study. 

2.1. Waves 
Here follows a short review of the key concepts 
concerning waves, wave modelling and the 
modelling software MIKE 21 Spectral Wave.  

2.1.1. Key concepts 
Waves at sea appear as random elevations on the 
sea surface, but when describing waves the 
regular wave profile (Fig. 1) is commonly used. 
The regular wave is a rough approximation of a 
real wave.  

The denotations in the figure and other 
common denotations are: 

H = wave height, the height between trough and 
crest. 

L = wave length, the length between two 
following crests. 

T = wave period, the time period between two 
following crests 

C = celerity, the speed which the wave travels 
with: 

T

L
C =  (1) 

f = the frequency: 

T
f

1
=  (2) 

a = the amplitude of the wave: 

2

H
a =  (3) 

d = the water depth. 

η = the wave profile 

 η can then be described as in Morang (2008): 

( ) 







−=

T

t

L

x
atx

ππ
η

22
cos,   (4) 

2.1.2. The wave spectrum 
In reality the sea surface cannot be described by 
one regular wave, but the sum of many waves 
moving in different directions. Today the most 
common way to describe waves is through the 
wave spectrum. Here follows a short explanation 
of the wave spectrum concept through an 
example. A complete explanation can be found 
in e.g. Holthuijsen (2007). 
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By adding many regular waves with random 
amplitudes and phases and different frequencies 
an irregular sea surface can be described as in 
Holthuijsen (2007): 

( ) ( )ii

N

i

i tfat απη +=∑
=

2cos
1

  (5) 

where ai, fi and αi are respectively the amplitude, 
the frequency and the phase of the ith regular 
wave and η is described as a function of t at one 
point. The phase αi takes any random value 
between 0 and 2π. 

E.g. the summation of the following five wave 
profiles creates one irregular sea surface (Fig. 2): 

)5.25.02cos(2

)78.04.02cos(1

)57.13.02cos(3

)3.12.02cos(6

)01.02cos(5

+

+

+

+

+

t

t

t

t

t

π

π

π

π

π

 

When the amplitude and the phase for each 
frequency are known it is possible to draw the 
amplitude spectrum (Fig. 3) and the phase 
spectrum, (Fig. 4).  

From the amplitude and phase spectrum it is 
also possible to reproduce the exact wave 
profile. When studying waves one is normally 
not interested in the exact wave profile during a 

short period of time but rather the 
characteristics of the waves. The phase can 
therefore be ignored, since it is only a random 
value between 0 and 2π. This leaves us only the 
amplitude spectrum, which can be transformed 
to a variance spectrum (Holthuijsen, 2007): 

 variance of each wave component = 2

2

1
ia  (6) 

In our example this gives us the variance 
spectrum in Fig. 5.  

Fig. 1 The regular wave profile for a wave propagating in the x-direction. The still water level 
where z = 0 is denoted as S.W.L. 

 
Fig. 2 Five regular wave profiles with 
different amplitudes and frequencies, 
the lowermost wave profile is the 
summation of the five regular waves. 
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To describe real waves five discrete frequencies 
are not enough, instead many frequency intervals 
have to be considered. Fig. 6 is an example of 
the variance density spectrum from a wave 
observation in the Baltic Sea.  

In real observations the amplitude for every 
frequency is the average amplitude. But since the 
amplitudes for each frequency are not normal 
distributed but follow a Rayleigh distribution it is 
better to use the term expected instead of 
average. The expected amplitude for every 
frequency in the time period is then:  

expected amplitude = { }iaE  (7) 

The expected variance is then: 

expected variance = { }2

2

1

i
aE  (8) 

(8) gives us the discontinuous variance density 
spectrum: 

( ) { }2

2
1

1
i

i

i aE
f

fE
∆

=  (9) 

When if∆  is approaching zero the continuous 

variance density spectrum is given by: 

( ) { }2

2
1

0

1
lim aE

f
fE

f ∆
=

→∆
  (10) 

If the variance density spectrum is multiplied 
with the gravitational acceleration g and the 
density of water ρ the energy density spectrum is 
obtained (Holthuijsen, 2007): 

)()( fgEfE VarianceEnergy ρ=  (11) 

2.1.3. Statistical characteristics 
Historically, reported waves were visually 
observed wave heights which described the 
characteristics of the sea. In the middle of the 
20th century the demand for a more accurate 
defined characteristic wave height arose.  It was 
noticed that the visually observed wave heights 
Hv corresponded to the highest 20 to 40 percent 
of the waves (Stewart, 2008). The significant 
wave height Hs was then introduced. Hs is 
defined as the mean of the highest one-third of 
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the waves in a wave record and is also denoted 
as H1/3.  

vs HHH ≈= 31  (12) 

When determining Hs today it is more practical 
to calculate Hs from the variance density 
spectrum and is then denoted as Hm0 
(Holthuijsen, 2007):  

( )∫
∞

=
0

0 4 dffEH m  (13) 

310 HH m ≈  (14) 

The statistical characteristics of the wave period 
are also calculated from the variance density 
spectrum. The mean zero-crossing period is 
defined as (Holthuijsen, 2007): 

( )

( )∫

∫
∞

∞

=

0

2

0

02

dffEf

dffE
Tm  (15) 

2.1.4. Wave generation in oceanic waters 
Ocean waves origin from different sources, e.g. 
wind, tides, ships and earthquakes. When 
studying waves in the Baltic Sea it is the wind 
generated waves that are the most important.  

The generation of waves by wind is commonly 
described in two steps (Holthuijsen, 2007; 
Stewart, 2008; Young, 1999): 

• The first step is the theory of Philips (1957). 
Wind induces random pressure fluctuations 
at the sea surface, which creates small waves 
with a linear wave growth (Fig. 7). 

• The next step is the theory of Miles (1957). 
When waves exist, the air pressure on the 
sea surface is higher on the windward side 
of the wave than on the leeward side, 
causing the wave to grow. When the wave 
grows the pressure differences increase, 
which leads to a non-linear wave growth 
(Fig. 8). 

After the waves have been generated by the 
wind other processes start to act on the waves. 
At sea in deep water, these processes are wave-
wave interactions and dissipation due to white-
capping (Holthuijsen, 2007; Young, 1999).  

Wave-wave interactions mean that energy is 
transferred amongst the waves through 
resonance. In deep water four waves are 
required to propagate in specific directions for 
the resonance to occur. The process is therefore 
called quadruplet wave-wave interactions. 

Dissipation of the waves occurs when the wind 
makes the waves to grow higher so they become 
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 Fig. 6 The variance density spectrum from a wave observation during one hour in the Baltic 
Sea. The spectrum consists of 41 frequency intervals. 
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unstable and break. As a result the waves 
become smaller and lose energy. When this 
process occurs in deep water it is called white-
cap dissipation. 

2.1.5. Processes acting on waves in coastal 
waters 

When waves reach the coastal zone or shallow 
water various processes starts to act on the 
waves:  

• Shoaling leads to increased amplitudes of the 
waves when the depth decreases. 

• Bottom refraction makes the waves turn 
towards shallower water and reach the beach 
perpendicular to the coastline. 

• Diffraction makes waves curving behind 
obstacles such as headlands and piers. 

• Currents may change amplitude, frequency 
and direction of waves. 

• Reflection, waves reaching the coast will be 
reflected back to the sea, the magnitude 
depends on the shape and structure of the 
coast. 

• Dissipation due to bottom friction appears 
when the orbital movements of the waves 
are influenced by the bottom which leads to 
a transfer of wave energy to a turbulent 
motion along the bottom. 

• Depth induced breaking or surf-breaking 
causes the waves to break when the water is 
too shallow. The maximum height of a wave 
cannot exceed an approximated value of 
(Holthuijsen, 2007): 

  dH 75.0max ≈  (16) 

Fig. 7 Wind-induces pressure fluctuations at the sea surface initiate small waves. Source: 
Holthuijsen (2007), printed with permission. 

Fig. 8 The wave grows because of that the air pressure on the sea surface is higher on the 
windward side of the wave than on the leeward side. Source: Holthuijsen (2007), printed with 
permission. 
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• Triad wave-wave interactions transfer energy 
amongst waves in the same way as the 
quadruplet wave-wave interactions, but in 
shallow water only three waves are required 
for the resonance to occur. 

Table 1 shows the relative importance of these 
processes in various domains, described by 
Battjes (1994). Battjes description is considered a 
good guideline for wave modellers (Holthuijsen, 
2007; Young, 1999). 

2.1.6. Modelling waves 
The first computer models based on the spectral 
wave approach were developed during the 
fiftieths and sixtieths. These models used the 
wave generation by wind theory developed by 
Miles and Philips to predict the wave growth and 
are called first generation (1G) wave models. 
The spectral shape used in the 1G wave models 
was not entirely correct. To improve the models, 
the effects of wave-wave interactions were 
implemented. But computing the effects of 
wave-wave interactions is very time demanding, 
therefore only an approximation of the wave-
wave interactions were considered. These 
models are called the second generation (2G) 
wave models. In the mid eightieth a more 
sophisticated way to approximate the wave-wave 
interactions was developed and implemented in 
the new model WAM (WAve Modelling), which 
became the prototype for the third generation 
(3G) wave models (Young, 1999; Morang, 2008). 

Out of the WAM model several other wave 
models have been developed, e.g. SWAN 
(Simulating WAves Nearshore). SWAN uses the 
same formulations as WAM for the processes of 
wave generation by wind, quadruplet wave-wave 

interactions, white-capping and bottom friction 
but also handles processes that only affect waves 
in coastal waters: depth induced wave breaking 
and triad wave-wave interactions 
(Holthuijsen, 2007). 

2.1.7. MIKE 21 Spectral Waves 
Sørensen et al (2004) developed the MIKE 21 
SW model. The formulations for the wave 
generation processes are very similar to the 
formulas in SWAN, but instead of using a 
rectilinear or curvilinear mesh, as in SWAN, 
MIKE 21 SW uses an unstructured mesh for the 
numerical solution. An unstructured mesh has 
the advantage that it is highly flexible and 
therefore suitable for modelling projects where 
high resolution is needed in the area of interest 
and coarse resolution is sufficient in the 
surroundings. 

In MIKE 21 SW the waves are represented by 
the wave action density spectrum N(σ,θ) where σ 
is the angular frequency (DHI, 2009a): 

 fπσ 2=  (17) 

and θ is the direction of the wave propagation. 
The wave action density spectrum is closely 
related to the energy density spectrum: 

σ

EnergyE
N =  (18) 

The governing equation is the wave action 
balance equation: 

( )
σ

S
Nv

t

N
=•∇+

∂

∂
 (19) 

where v  is the propagation velocity of the wave 
energy and S is the source term for the energy 

Table 1 The relative importance of the processes affecting waves. The Baltic Sea can be 
considered as a shelf sea. 
Process Deep oceans Shelf seas Nearshore Harbours 

Wind generation ●●● ●●● ● ○ 

Quadruplet wave-wave interactions ●●● ●●● ● ○ 

White-capping ●●● ●●● ● ○ 

Bottom friction ○ ●● ●● ○ 

Current refraction ○/● ● ●● ○ 

Bottom refraction / shoaling ○ ●● ●●● ●● 

Surf-breaking ○ ● ●●● ○ 

Triad wave-wave interactions ○ ○ ●● ● 

Reflection ○ ○ ●/●● ●●● 

Diffraction ○ ○ ● ●●● 

○ = negligible, ● = minor importance, ●● = significant, ●●● = dominant. 
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balance, in other words the locally generated or 
dissipated energy which is represented by: 

surfbotdsnlin SSSSSS ++++=  (20) 

where Sin is the wind energy input, Snl is the 
energy transfer due to quadruplet wave-wave 
interactions, Sds is the dissipation of energy due 
to white capping, Sbot  is the dissipation of energy 
due to bottom friction and Ssurf  is the dissipation 
of energy due to depth induced breaking. 

For a complete review of the wave action 
balance, the source functions and the numerical 
implementation see DHI (2009a). 

2.2. Currents 
Here follows a short description of currents, a 
review of the limitations of a 2D model and a 
few words about the modelling software MIKE 
21 Flow Model.  

2.2.1. Forces acting on the ocean 
The water that flows on earth’s surface is 
normally governed by six forces (Stewart, 2008; 
Weiyan, 1992): 

• The gravity of earth is the primary force that 
governs the water flows. 

• The Coriolis force, a particle moving with 
constant velocity change direction due to a 
pseudo force caused by earth’s rotation. 

• Tidal forces caused by the gravity of the 
moon and the sun. 

• Frictional forces between a layer of moving 
water and the bottom or another layer of 
water with different velocity. 

• Wind stress over the water surface. 

• Pressure gradient force from the differences 
in atmospheric pressure. 

2.2.2. Ekman currents 
When winds blow over the sea surface the 
friction between the air and water surface exerts 
a stress that sets the surface water in motion. If 
the wind blows steady the motion of the surface 
exerts a stress to the adjacent water layer, the 
motion is spread downwards. As the wind blows 
the surface currents grow stronger and spread 
further down, until the steady state is reached. 
Due to the rotation of the earth the Coriolis 
effect affects the currents; the direction of the 
surface current is deflected from the wind 
direction. In the northern hemisphere the 
currents are deflected to the right of the wind 
direction and in the southern hemisphere to the 
left. At the surface the currents are deflected 
45°, at depth the deflection increases and at the 
bottom of the layer of moving water the 
currents are turned 180° from the surface. This 
layer is called the Ekman layer (Fig. 9). The net 
transport of the Ekman layer is turned 90° from 
the wind direction and the depth of the layer can 
be about 10 to 100 m. If the water depth is less 
than the depth of the Ekman layer the deflection 
of the currents is less than 45° at the surface and 
not turned in the opposite direction at the 
bottom (Svedrup & Armbrust, 2009). 

2.2.3. Geostrophic currents 
When water is pushed by the wind the water 
mounts up against the coast or into gyres, which 
leads to an elevation of the sea surface. The 
elevation increases until the pressure force of the 
wind-driven current equals the pressure force 
from the gravity of the elevated water. When 
steady state is reached water flows parallel to the 
elevation contours of the mount, with the higher 
water level on the right side of the flow 

Fig. 9 The Ekman spiral illustrates how 
the current direction is deflected from 
the wind direction, with increasing 
deflection at depth. 

 Fig. 10 When the Coriolis force 
balances the pressure force from the 
gravity of the elevated water the water 
flows parallel to the contour lines. 
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direction, in the northern hemisphere (Fig. 10). 
This flow is called geostrophic currents and acts 
so that the volume transport of the currents is 
turned more as the wind direction than the water 
transport of the Ekman currents alone. 

2.2.4. Eddies 
When a current move through a water mass with 
different velocity, frictional forces act at the 
boundaries generating a turbulent flow. The 
turbulence sets up water motion in circular 
patterns, eddies. The same phenomenon occurs 
when currents pass irregular shaped land 
boundaries.  

2.2.5. Shallow water equations 
Water flows are commonly described and 
simulated with the shallow water equations, 
which are a system of partial differential 
equations. The shallow water equations can be 
used to describe the flow of fluids in regions 
where the vertical scale is much smaller than the 
horizontal scale. The shallow water equations are 
derived from the Navier-Stokes equations, 
which are derived from the equations of 
conservation of mass and momentum. The 
Navier-Stokes equations describe the motion of 
fluids under the assumption that the fluid is 
incompressible. For a derivation of the Navier-
Stokes equations and the shallow water 
equations from the balance laws see e.g. Weiyan 
(1992). 

The shallow water equations can be used in both 
2D and 3D; here 3D means that the water can 
be divided into vertical layers where the layers 
may have different characteristics but the 
parameters are averaged within the layer. In the 
2D setup there is only one such layer, which 
means that all parameters are averaged over the 
entire depth. 

2.2.6. Limitations of the 2D model 
In this project the Baltic Sea is represented 
through a 2D model. Two dimensions are not 
sufficient to describe the motion of water in 
oceans, various features can not be included, 
e.g.: 

• A vertical motion due to density differences 
(salinity and temperature differences). 

• The opposite directed currents at the bottom 
of the Ekman layer. 

• In deep water only the surface layer is 
affected by the wind stress; at depth the 
water is independent of the motion of the 
surface layer. 

• Upwelling and downwelling due to steady 
off-land or on-land currents. 

2.2.7. MIKE 21 Flow Model FM 
MIKE 21 Flow Model FM (Flexible Mesh) 
solves the 2D shallow water equations using cell-
centred finite volume method on an 
unstructured grid (DHI, 2009b). All the above 
listed forces are included. The bottom stress 
through a quadratic bottom friction formulation: 

bbfb uuc0ρτ =  (21) 

where ρ0 is the density of water, cf is the drag 

coefficient of air and bu  is the depth-averaged 

velocity components. The wind stress is given 
by: 

wwdas uucρτ =  (22) 

where ρa is the density of air, cd is the drag 

coefficient of air and wu  is the wind velocity 

components at 10 m above the sea level. The 
frictional force resulting in eddies through the 
Smagrinsky formulation. The tidal force may be 
included trough the tidal constituents. 

For a review of all equations and their numerical 
implementation see DHI (2009b). 

3. METHODS  

This chapter gives a review of the model setups 
in MIKE 21 for both the wave model and the 
current model. All used data sets are presented 
and the calibration process is described. 

3.1. Wave model 

3.1.1. Model setup 
The model is set up in MIKE 21 SW (Chapter 2) 
and covers the entire Baltic Sea. The sea is 
divided into a finite mesh of 3346 triangular 

Fig. 11 The green (inner) areas are the 
original coast lines and the beige (outer) 
areas are the modified coast lines. 
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elements. Coastlines origins from Wessel & 
Smith (1996) but are smoothened and modified 
in ArcMap. Fig. 11 shows the modified coastline 
of Stockholm’s and Åland’s archipelagos. Mayor 
islands and gulfs are included, large archipelagos 
are considered homogenous land, minor islands, 
creeks and inlets are not included in the model. 
The west boundary between Norway and 
Denmark is treated as a closed boundary. 
Bathymetry data were taken from Seifert et al 
(2001) and interpolated to the mesh. The model 
uses spherical coordinates. Fig. 12 shows the 
land boundary, the mesh, the interpolated 
bathymetry data and longitude and latitude. 

The model was executed with the fully spectral 
formulation and instationary time formulation, 
with 25 logarithmically spaced frequencies, 
minimum frequency 0.055 Hz and a frequency 
factor of 1.1, which gives a maximum frequency 
of 0.59 Hz. The directional discretisation was 16 
equally spaced directions in the 360 degree rose. 
The computational time step is determined by 
the program so that the CFL number doesn’t 
exceed 1 (DHI, 2009a); only a minimum and 
maximum time step can be specified. These were 
set to 300 s and 1200 s but the minimum and 
maximum time steps actually used by the 
program were 500 s and 833 s. Processes 
included in the model are wind generation, 
quadruplet wave-wave interactions, white-
capping, bottom friction, bottom refraction and 
shoaling. The effects of depth-induced wave 

breaking, current refraction, water level 
variations, triad wave-wave interactions, 
reflection, diffraction and ice coverage are 
ignored. The choice of which processes to 
include were motivated by Table 1, where the 
Baltic Sea can be considered a shelf sea. All 
processes classified as dominant or significant by 
Battjes (1994) were included. For the wind 
forcing the coupled formulation after Janssen 
(1991) was used. 

3.1.2. Wind forcing 
The wind forcing is the most important input to 
achieve good results when modelling waves in 
an area of this scale. Therefore three different 
data sources of wind forcing were considered: 

• Winds from 9 coastal and offshore 
SMHI (Swedish Meteorological and 
Hydrological Institute) weather stations 
(Fig. 13). Wind data were interpolated 
with inverse distance cubed and 
prepared to a 23x26 squares grid, 
covering the area 9° to 31° east and 
53°30′ to 56°30′ north with a time step 
of three hours. 

• Wind data from satellite measurements, 
the Cross-Calibrated, Multi-Platform 
Ocean Surface Wind Velocity hereafter 
referred to as CCMP (Atlas et al, 2009). 
The CCMP consist of wind data from 
various satellites compiled to a global 
grid and with the wave directions 

Fig. 12 The model domain with the land boundaries, unstructured mesh, interpolated 
bathymetry data and longitude and latitude coordinates. 
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corrected after ship and buoy 
measurements and global atmospheric 
models. The data set has a resolution of 
0.25 x 0.25°, a time step of six hours 
and is available from 1987 to 2009. 

• Geostrophic winds from synoptic 
weather stations, prepared by Lars 
Meuller at SMHI and available through 
BALTEX (the Baltic Sea Experiment). 
The data set consist of a grid covering 
the Baltic Sea and its surroundings with 
a resolution of 1.0 x 1.0° and a time step 
of three hours. The data set is available 
for the period 1970 to 2009. To convert 
the geostrophic winds to 10 m winds 
the wind speed was reduced by a factor 
of 0.7 and the wind direction was turned 
15° counter clockwise. This way of 
conversion is a common method 
(Räämet & Soomere, 2010; Bumke & 
Hasse, 1989) but a more precise 

approximation should also consider the 
temperature difference between the sea 
surface and the air (Bumke & 
Hasse, 1989). 

Three test runs of the model with the different 
wind data sources were performed. The results 
were compared with observed wave heights 
from the SMHI wave buoy at Almagrundet (Fig. 
14) over a five month period, August to 
December 2000. The wind forcing that gave the 
best correlation coefficient r between observed 
and simulated wave heights was chosen for the 
continuing modelling.  

The results from these runs are presented in 
Chapter 4. 

3.1.3. Calibration and validation 
The CCMP wind data showed to give the best 
results and was used to calibrate the model.  

The calibration and validation was made against 
Almagrundet during the same five month period 
and against four additional wave buoys (Fig. 14) 
during a 12 month period, February 2007 to 
January 2008. The period was chosen since it 
includes several observations of high waves. The 
additional four wave buoys observe also the 
direction of the wave propagation. 

In the calibration process SI (defined below) was 
minimised through several runs where various 
parameters were changed. The best results were 
obtained by multiplying the wind speed with a 
factor of 1.1 and leaving all parameters to the 
default values. 

For the validation, the correlation coefficient r, 
the average error Bias, the root mean square 
error RMSE, the standard deviation of the error 
STDE and the scatter index SI were used: 
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Fig. 13 Locations of the weather 
stations. 

Fig. 14 Locations of the wave buoys. 
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where N is the total number of data, Si are the 

simulated values, Oi are the observed values, S  

is the mean of the simulated values and O  is the 
mean of the observed values. These parameters 
are commonly used to evaluate wave models. 
For wave models, SI for Hmo typically varies 
between 20 for sophisticated models with high 
quality wind fields to 60 for operational forecasts 
with less accurate wind fields (Janssen & 
Komen, 1984). 

3.2. Current model 

3.2.1. Model setup 
The 2D flow model is set up in MIKE 21 Flow 

Model FM (Chapter 2). It covers the Baltic Sea 
with the west boundary between Skagen and 
Smögen. The sea is divided into a finite mesh of 
25132 triangular elements with one vertical layer 
(Fig. 15). Coast lines origins from Wessel & 
Smith (1996) but are smoothened and modified 
in ArcMap (Fig. 11). Mayor islands and gulfs are 
included, large archipelagos are considered 
homogenous land, minor islands, creeks and 
inlets are not included in the model. Bathymetry 
data were taken from Seifert et al (2001) and 
interpolated to the mesh. The model uses 
Cartesian coordinates, SWEREF 99 TM. The 
open west boundary consists of water level 
observations from Skagen and Smögen, 
interpolated to a straight line between them.  

 
Fig. 15 The model domain with the land boundaries, unstructured mesh, interpolated 
bathymetry data and coordinates. 



Modelling of waves and currents in the Baltic Sea

 
 

 13 

For the wind forcing and atmospheric pressure 
fields the data set prepared by Lars Muller at 
SMHI and described above is used. The data set 
readily contains both the wind velocity 
components and the atmospheric pressure fields 
with the same resolution and time step, which is 
required in MIKE 21. The wind velocity vectors 
were converted to 10 m winds in the same way 
as described above. 

Since the tidal forces in the Baltic Sea are weak 
tides are not included. Bed resistance and eddy 
viscosity are assumed to be constant in the 
domain. Salinity and temperature are not 
included. Ice coverage, evaporation and 
precipitation are also not included. 

All parameters where set to the default values 
except the manning number for the bed 
resistance and the Smagorinsky value for the 
eddy viscosity, they were set to 45 m1/3/s and 24 
respectively.  

3.2.2. Calibration and validation 
The calibration was made against three stations 
that observe current speed and direction (Fig. 
16). For Drogden and Kalmarsund over a seven 
month period June 2002 to December 2002 and 
for Almagrundet over a five month period 
August 2000 to December 2000. The time step 
of the current data from all observation stations 
were not equidistant and the depth of the 
measurements were different amongst the 
stations. Therefore the same calibration and 
validation process as for the wave model was 
not used. Instead time series of current speed 
and direction for the simulation were compared 

against time series from the observations at all 
depths. Parameters were then changed to fit the 
curves as good as possible. For the validation 
current rose plots were also studied. 

4. RESULTS  

The main objective was to set up and validate 
the models. Here the results from the 
simulations are compared with the observation 
data for the validation. A presentation of the 
simulated wave climate from the one year run 
and current speeds from the seven months run 
is also given.  

4.1. Wave model 

4.1.1. First runs with different sources of wind 
data 

Table 2 shows the correlation coefficients from 
the three test runs with the different wind 
inputs. The CCMP wind data gives the highest 
correlation coefficient. Fig. 17, 18 and 19 show a 
comparison of observed and simulated 
significant wave heights from the model with the 
various wind inputs.  

Fig. 16 Locations of the current 
observation stations. 

Fig. 17 Scatter plot of simulated versus 
observed wave heights, forced with wind 
data from SMHI weather stations. 

Table 2 Correlation coefficients from the 
test runs with the different wind inputs. 
Wind data r 

SMHI weather stations 0.9164 

CCMP 0.9337 

Geostrophic winds 0.7003 
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4.1.2. Performance of the model 
The results of the simulations for the five month 
period and 12 month period (described in 
Chapter 3) are here shown. Table 3 shows the 
statistical parameters (defined in Chapter 3) for 
the validation of the model against the five wave 
buoys. In Fig. 20, 21, 22, 23 and 24 the 
simulated and observed wave parameters are 
graphically compared.  

The errors visible in the directional plots (Fig. 
21d, 22d, 23d and 24d) were examined. The 
errors of the direction were compared against 

Hm0 (Fig. 25). For Södra Östersjön RMSE for 
the wave direction in the intervals 0 to 0.5 m is 
59°, 0.5 to 1 m is 32°, 1 to 1.5 m is 28°, 1.5 to 
2 m is 22°, 2 to 3 m is 19°, 3 to 4 m is 19° and 4 
to 6 m is 18°. 

4.1.3. Wave climate 
The model can be used to calculate the long 
term wave climate. Here only the mean 
significant wave height for the 12 months period 
is presented (Fig. 26). 

 Fig. 19 Scatter plot of simulated versus 
observed wave heights, forced with wind 
data from geostrophic winds. 

 Fig. 18 Scatter plot of simulated versus 
observed wave heights, forced with wind 
data from the CCMP winds 

Table 3 Statistical parameters for the evaluation of the model, n are the number of compared 
values. 
Wave buoy n r Bias RMSE  STDE SI 

 Significant Wave Height Hm0 

Almagrundet 3575 0.94 -0.01 (m) 0.25 (m) 0.25 (m) 24 

Finngrundet 6588 0.94 0.04 0.22 0.22 24 

Läsö Öst 4634 0.92 -0.08 0.25 0.24 24 

Södra Östersjön 7874 0.97 0.03 0.21 0.21 17 

Väderöarna 8224 0.91 -0.37 0.52 0.36 31 

 Zero-crossing Mean Wave Period Tm02 

Almagrundet 3577 0.89 -0.59 (s) 0.73 (s) 0.42 (s) 10 

Finngrundet 6588 0.90 -0.14 0.39 0.36 10 

Läsö Öst 4634 0.85 -0.38 0.54 0.39 11 

Södra Östersjön 7874 0.95 -0.17 0.37 0.34 8 

Väderöarna 8153 0.48 -1.06 1.61 1.23 29 
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 Fig. 20 Validation against wave buoy Almagrundet:  
a) Time series of observed and simulated wave heights during a period with high waves. 
b) Scatter plot of simulated versus observed significant wave heights. 
c) Scatter plot of simulated versus observed mean zero-crossing wave period. 
d) Frequency of occurrence of significant wave heights in 0.25 m intervals. 
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 Fig. 21 Validation against wave buoy Finngrundet:  
a) Time series of observed and simulated wave heights during a period with high waves. 
b) Scatter plot of simulated versus observed significant wave heights. 
c) Scatter plot of simulated versus observed mean zero-crossing wave period. 
d) Scatter plot of simulated versus observed peak wave direction. 
e) Frequency of occurrence of significant wave heights in 0.25 m intervals. 
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 Fig. 22 Validation against wave buoy Läsö Öst:  
a) Time series of observed and simulated wave heights during a period with high waves. 
b) Scatter plot of simulated versus observed significant wave heights. 
c) Scatter plot of simulated versus observed mean zero-crossing wave period. 
d) Scatter plot of simulated versus observed mean wave direction. 
e) Frequency of occurrence of significant wave heights in 0.25 m intervals. 
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 Fig. 23 Validation against wave buoy Södra Östersjön:  
a) Time series of observed and simulated wave heights during a period with high waves. 
b) Scatter plot of simulated versus observed significant wave heights. 
c) Scatter plot of simulated versus observed mean zero-crossing wave period. 
d) Scatter plot of simulated versus observed peak wave direction. 
e) Frequency of occurrence of significant wave heights in 0.25 m intervals. 
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 Fig. 24 Validation against wave buoy Väderöarna:  
a) Time series of observed and simulated wave heights during a period with high waves. 
b) Scatter plot of simulated versus observed significant wave heights. 
c) Scatter plot of simulated versus observed mean zero-crossing wave period. 
d) Scatter plot of simulated versus observed peak wave direction. 
e) Frequency of occurrence of significant wave heights in 0.25 m intervals. 
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 Fig. 25 Scatter plot of the error of wave direction versus observed Hm0 at Södra Östersjön. 

. 

Fig. 26 Mean 
significant wave 
height for the 
simulated period 
February 1, 2007 to 
January 31, 2008. 
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4.2. Current model 

4.2.1. Performance of the model 
Simulations were compared with observed 
current speed and direction for Drogden (Fig. 
27, 28, 29 and 30), Kalmarsund (Fig. 31, 32, 33 
and 34) and Almagrundet (Fig. 35, 36, 37 and 
38). The time series are examples from the total 
compared period. The rose plots show the 
results for the entire compared periods.  

4.2.2. Current conditions 
The model can be used to estimate the long term 
current conditions. Here the mean current speed 
during the seven months period is presented 
(Fig. 39). 

5. DISCUSSION AND ANALYSIS  

In this chapter the results are discussed and 
evaluated in an attempt to determine the 
performance of the models. Also a short 
discussion about the wind data is given. 

5.1. Wave model 

5.1.1. First runs with different sources of wind 
data 

The best correlation was achieved with the 
CCMP wind data (Fig. 18 and Table 2). The 
interpolated grid from the SMHI weather 
stations (Fig.17 and Table 2) also gives high 
correlation but that is most likely because of the 
proximity of the wave buoy at Almagrundet to 
the weather stations at Svenska Högarna and 
Gotska Sandön and would not give such good 
results over the entire Baltic Sea. Anyway the 
test run shows that such an interpolated grid can 
be useful for some purposes. The results from 
the geostrophic wind data (Fig. 19 and Table 2) 
are not so good but can probably be improved if 
a more sophisticated approximation of the 10 m 
wind is used. The main advantage of the 
geostrophic winds is the long period of 
availability. Altogether the recommended wind 
forcing is the CCMP winds when 22.5 years is a 
sufficient time period. 

5.1.2. Validity of the model 
The overall impression is that the model gives 
good estimations of Hm0. Bias, RMSE, STDE 
and SI are low for all compared buoys except 
Väderöarna. Hm0 is generally better estimated 
than Tm02 (Table 3). 

The simulated values at Väderöarna match the 
observed values badly (Fig. 24 and Table 3). Hm0 
are too low, Tm02 and wave directions are too 

spread out in the scatter plots. The reason for 
that is that Väderöarna is located too close to the 
model’s west boundary where there is no input 
of incoming waves from the North Sea. An 
extension of the model with the North Sea 
would solve that problem. 

Bias and RMSE show better correspondence of 
Tm02 for Finngrundet and Södra Östersjön (Fig. 
21c and 23c), than for Almagrundet and Läsö 
Öst (Fig. 20c and 22c), where the model 
underestimates shorter Tm02. Almagrundet and 
Läsö Öst are located closer to the coast than 
Finngrundet and Södra Östersjön and are 
therefore more affected of the coarse resolution 
of the coastline and bathymetry. This is believed 
to be the reason for the less accurate results of 
Tm02 for Almagrundet and Läsö Öst. 

The majority of the plotted wave directions 
correspond, but there are also many erroneous 
values (Fig. 21d, 22d and 23d). These errors 
occur at lower wave heights and are therefore in 
most cases less important (Fig. 25). 

The frequency of occurrence diagrams (Fig. 20d, 
21e, 22e, 23e) show good correlation between 
the model and the observations. The shapes of 
the simulated values appear to be slightly closer 
to the theoretical Rayleigh distribution than the 
observations. 

The model is not validated in very near shore 
areas. The most near shore buoy is Almagrundet 
which is located approximately 15 km outside 
Stockholm’s archipelago. In areas closer to the 
coast a higher resolution of the model is 
required and more processes that affect near 
shore waves need to be considered. Due to the 
computational demand for these features it is 
not recommended to implement that in the big 
model, but instead to create local models of high 
resolution. 

5.1.3. The wave climate 
The highest mean significant wave heights are 
found south of Gotland and generally high 
waves appear in the eastern part of the Baltic 
proper (Fig. 26). The results are very reasonable, 
but to further evaluate the wave climate a longer 
run need to be performed. 

5.2. Current model 

5.2.1. Validity of the model 
As stated in Chapter 2 a 2D model is not able to 
give a complete description of the flow patterns 
in a basin with the size of the Baltic Sea. 
However, the simulations for Drogden and 
Kalmarsund indicate that the model gives 
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Fig. 29 Comparison between time series of observed and simulated current speed at Drogden. 

 Fig. 30 Comparison between time series of observed and simulated current direction at 
Drogden. 

 Fig. 27 Drogden current rose, observed 
currents at 6 meters depth, June 2002 to 
December 2002. 

 Fig. 28 Drogden current rose, simulated 
depth averaged currents, June 2002 to 
December 2002. 



Modelling of waves and currents in the Baltic Sea

 
 

 23 

 
Fig. 34 Comparison between time series of observed and simulated current direction at 
Kalmarsund. 

 Fig. 33 Comparison between time series of observed and simulated current speed at 
Kalmarsund. 

 
Fig. 31 Kalmarsund current rose, observed 
currents at 6.6 meters depth, June 2002 to 
December 2002. 

 Fig. 32 Kalmarsund current rose, 
simulated depth averaged currents, June 
2002 to December 2002. 
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Fig. 38 Comparison between time series of observed and simulated current direction at 
Almagrundet. 

 Fig. 37 Comparison between time series of observed and simulated current speed at 
Almagrundet. 
 

 Fig. 35 Almagrundet current rose, observed 
currents at 11.5 meters depth, August 2000 to 
December 2000. 

 Fig. 36 Almagrundet current rose, 
simulated depth averaged currents, 
August 2000 to December 2000. 
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reasonable results for those areas. The Simulated 
and observed time series of current direction 
and current speed generally matches (Fig. 29, 30, 
33 and 34). The current rose plots (Fig. 27, 28, 
31 and 32) look acceptable, but the simulations 
are not as diverse for weaker currents as the 
observations. For Almagrundet the time series 
(Fig. 37 and 38) and current roses (Fig. 35 and 
36) show some correlation, especially for 
stronger currents, but the overall results are not 
so good. 

The compared currents are taken directly from 
the rather coarse Baltic Sea model. As a result 
the simulated values are less diverse than reality. 
If instead data are taken from the Baltic Sea 
model and used as boundary conditions for a 
model of much higher resolution more varying 
and realistic currents could be modelled. 

The model cannot be considered valid for the 
entire Baltic Sea, if current speed is the acquired 
parameter. But the results show that the model 
can be used to estimate currents where the flow 
patterns are not dominated or significantly 
affected of the processes listed in Chapter 2. 
Especially applicable is the model for water 
flows in sounds. 

If only the horizontal net transport is acquired 
and not the current speed the applicability of the 
model increases since the net transport depends 
only on the depth averaged speed and direction. 
The model can then be used in most areas. 

Why are the results better for Drogden and Kalmarsund 
than for Almagrundet? 

It is more difficult to simulate very weak 
currents than distinct currents. Both Drogden 
and Kalmarsund are narrow sounds with more 
distinct currents patterns than overall in the 
Baltic Sea, bidirectional and with relatively 
strong currents. Almagrundet is located in open 
sea about 15 km outside the coast where no 
distinct currents exist. The currents are very 
weak in a wide range of directions.  

The observations show that the currents go in 
different directions at different depths at 
Almagrundet. This is not possible to simulate in 
a 2D model. However when stronger winds 
generate stronger currents the flow at 
Almagrundet gets more uniform and the 
simulation coincide better with the observation. 

6. CONCLUSIONS AND 

COMMENTS 

6.1. Wave model 

6.1.1. Applicability of the model 
The model setup has been specified and 
validated according to the aim of the project. 
The model estimates realistic wave height, wave 
period and direction of propagation and can be 
used to produce wave statistics in the Baltic Sea 
or as boundary conditions for local models that 
produce wave statistics for near shore areas. 

6.1.2. Comments 
Some important considerations if the model is to 
be used: 

• The model is only valid at sea and not close 
to the coast. 

• The model is not valid north of Läsö. 

• Simulated wave direction has uncertainties 
when Hm0 is small (Hm0 < 0.5 m). 

• The model may underestimate short Tm02 
(Tm02 < 4 s) especially close to the coast. 

6.1.3. Future studies 
A long term run of the model with an evaluation 
of the wave climate is the natural continuing of 
the study. 

An interesting approach for future studies would 
also be to use the output of the model as 
boundary condition for a local coastal model 
where more wave affecting processes are 
included and the bathymetry and coastline need 
to be in much higher resolution. 

6.2. Current model 

6.2.1. Applicability of the model 
The model has been set up and validated, but 
the validation is limited to only certain areas.  
The model estimates realistic current speed and 
direction in sounds. The model can also be used 
to estimate the net transport of water in most 
areas. 

6.2.2. Comments 
If the model is to be used the modeller first has 
to consider: 

• That the limitations of the 2D model not 
affect the acquired outputs in the area of 
interest. 
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6.2.3. Future studies 
Interesting future studies would be to: 

• Validate the model against water level 
records to see how the model performs for 
estimating water level changes. 

• Set up a local model of currents with 
boundary data from the Baltic Sea model. 

• Expand the model to a 3D version. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Modelling of waves and currents in the Baltic Sea

 
 

 27 

7. REFERENCES  

Atlas R, Hoffman RN, Ardizzone J, Leidner M, Jusem JC. 2009. Development of a new cross-calibrated, 
multi-platform (CCMP) ocean surface wind product. AMS 13th Conference on Integrated Observing and 
Assimilation Systems for Atmosphere, Oceans, and Land Surface (IOAS-AOLS). 5 p. 

Battjes JA. 1994. Shallow water modelling. Proc. Int.: Waves – Physical and Numerical Modeling, eds. Isaacson 
M, Quick M. Vancover, University of British Columbia. 1:1-23. 

Bumke K, Hasse L. 1989 An analysis scheme for determination of true surface winds at sea from synoptic 
wind and pressure observations. Boundary – Layer Meteorology. 47:295-308. 

DHI. 2009a. MIKE 21 Spectral Wave Module Scientific Documentation. Dansk Hydraulisk Institut. 60 p. 

DHI. 2009b. MIKE 21 & MIKE 3 Flow Model FM Hydrodynamic and Transport Module Scientific Documentation. 
Dansk Hydraulisk Institut. 50 p. 

Holthuijsen LH. 2007. Waves in Oceanic and Coastal Waters. Cambridge Univesity Press. 387 p. 

Janssen PAEM. 1991. Quasi-linear theory of wind-wave generation applied to wave forecasting. Journal of 
Physical Oceanography. 21:1631-1642. 

Janssen PAEM, Komen GJ. 1984. An Operationan Coupled Hybrid Wave Prediction Model. Journal of 
geophysical research. 89:3635-3654 

Miles JW. 1957. On the generation of surface waves by turbulent shear flows. Journal of Fluid Mechanics. 
3:185-204. 

Morang A. (ed.), 2008. Coastal Engineering Manual – Part II. US Army Corps of Engineers. 608 p. 

Philips OM. 1957. On the generation of waves by turbulent wind. Journal of Fluid Mechanics. 2:417-445. 

Räämet A, Soomere T. 2010. The wave climate and its seasonal variability in the northeastern Baltic Sea. 
Estonian Journal of Earth Sciences. 59:100-113. 

Seifert T, Tauber F, Kayser B. 2001. A high resolution spherical grid topography of the Baltic Sea - 2nd 
edition. Proceedings of the Baltic Sea Science Congress, Stockholm 25-29. November 2001, Poster 147. 

Stewart RH. 2008. Introduction To Physical Oceanography. 345 p. 

Svedrup KA, Armbrust EV. 2009 An introduction to the world’s Oceans. McGraw – Hill. 508 p. 

Sørensen OR, Kofoed-Hansen H, Rugbjerg M,  Sørensen LS. 2004. A third-generation spectral wave 
model using unstructured finite volume technique. Proceedings of the 29th International Conference on Coastal 
Engineering. World Scientific, pp. 894-906. 

Wessel P, Smith WHF. 1996. A global, self-consistent, hierarchical, high-resolution shoreline database. 
Journal of Geophysical Research. 101:8741-8743 

Weiyan T. 1992. Shallow water hydrodynamics. Elsevier Science Publishers B. V. 434 p. 

Young IR. 1999. Wind Generated Ocean Waves. Elsevier Science & Technology. 306 p. 


