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Abstract 

 

 

Krisztián Homoródi 

“Investigation and modelling of wind induced waves in shallow water” 

Ph.D. thesis 

Wind-induced waves play an important role in shallow lake hydro- and sediment 

dynamics. That is why field measurements are important for the validation of their estimation 

methods, especially in shallow waters. A method was introduced to improve the interpretation 

of the measured data, applicable both for pressure and velocity data. It is demonstrated that 

this method causes a considerable 8-10% difference in the derived bulk wave parameters so 

this procedure is worth to be done. An appropriate technique to obtain wave features from 3D 

velocity time series is also described.  

Most of the field measurement methods can give information about the wave properties 

only at a single point, which calls for wave estimation methods to take the effect of waves 

into account in multidimensional hydro- and sediment dynamic models. The applicability of 

an empirical estimation method on a lake as shallow as Lake Neusiedl is proved with field 

measurements. The estimation of wave climate of Lake Neusiedl based on an almost 1-year 

wind measurement is shown as a possible application of an empirical wave estimation 

method. A 2D spectral wave model of the very shallow Lake Neusiedl, Hungary/Austria was 

set up, calibrated and validated with field measurements which verifies the adoptability of the 

2D spectral wave models on lakes as shallow as Lake Neusiedl. The aim of this study is to 

improve modelling waves in depth- and fetch-limited lakes generated by the local winds. The 

systematic fetch-dependent variation of the wind speed was described by a 1D atmospheric 

internal atmospheric boundary layer model. It is shown that this approach results in a 

significant effect on wave parameters and, as a consequence, on bottom shear stress.  
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Kivonat 

(Abstract in Hungarian) 

 

 

Homoródi Krisztián 

“Szél keltette sekélyvízi hullámzás vizsgálata és modellezése” 

PhD értekezés 

A szél keltette hullámzás jelentős szerepet játszik a sekély tavak áramlási és 

üledékvándorlási folyamataiban. A hullámzás jellemzőinek helyes becsléséhez a terepi 

mérések ma is fontosak, különösen sekély tavi viszonyok között. A mért adatok feldolgo-

zásának eddigi módszertanát fejlesztettem. A leírt módszer nyomás és sebesség alapú 

hullámzásmérés esetén egyaránt alkalmazható. Kimutattam, hogy a továbbfejlesztett 

módszertan a kiszámított hullámzásparaméterek 8-10%-os változását eredményezi, így 

igazoltam annak alkalmazását.  Bemutattam egy módszertant, amivel a hullámzásjellemzők 

pontbeli 3D sebességmérési adatokból rekonstruálhatóak.  

A legtöbb terepi hullámzásmérési módszer csupán a hullámjellemzők pontbeli 

változásáról ad információt. Ahhoz, hogy a hullámjellemzők térbeli változékonyságát például 

az áramlási viszonyok és az üledéktranszport folyamatok 2D és 3D modellezése során 

figyelembe tudjuk venni, hullámzásbecslő módszereket kell alkalmaznunk. Terepi mérési 

adatok segítségével megmutattam egy tapasztalati hullámzásbecslő módszer Fertő tóéhoz 

hasonlóan sekély tavakra való alkalmazhatóságát. A módszer felhasználására példaként a 

Fertő tó hullámzásklímájának egy közel egy év hosszú szélsebességmérés alapján való 

meghatározását mutattam be. Felállítottam a Fertő tó 2D spektrális hullámzásmodelljét, amit 

terepi mérésekkel kalibráltam és a kalibrációt ellenőriztem. Ezzel igazoltam a 2D spektrális 

alapú numerikus hullámzásmodellek érvényességét a Fertő tóhoz hasonlóan sekély tavakra. 

Vizsgálataim célja a szél keltette hullámzás modellezésének fejlesztése olyan sekély tavak 

esetén, ahol a meghajtási hosszak is korlátozottak. Ehhez a szélsebesség meghajtási hossztól 

függő szabályos változását egy légköri belső határréteg modellel írtam le. Megmutattam, 

hogy ez a megközelítés érdemben módosítja a számított hullámzásparaméterek értékét és így 

a fenék-csúsztatófeszültséget is.  
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Summary 

Wind-induced waves play an important role in shallow lake hydro- and sediment dynamics. 

That is why field measurements are important for the validation of their estimation methods. 

Replacing the turbulence-affected tail of the measured wave spectrum with a fitted power 

function causes a considerable 8-10% difference in the derived bulk wave parameters so this 

procedure is worth to be done. 

As many other measurement methods, the pressure-based wave measurement is not able 

to provide information about the direction of the waves. In turn, 3D velocity measurement 

data inherently contain directional information. An appropriate technique to obtain wave 

features from 3D velocity time series is described. The difference between the Hm0 wave 

height and Tm01 period reconstructed from the pressure and from the velocity data was only 1-

2 cm and 0.1-0.2 s, respectively. By velocity decomposition used for the reconstruction of 

wave features it is possible to also analyse the depth-related differences in the turbulence.  

Most of the widely used field measurement methods can give information about the waves 

at a single point which calls for wave estimation methods to extend our knowledge about 

wave in space. The applicability of the empirical SPM formulas and a 2D spectral wave 

model SWAN on lakes as shallow as the northern basin of Lake Neusiedl was proved. As a 

result of the calibration the model was able to reproduce the measured wave properties with 

acceptably small error. For example the root-mean-square error of Hm0 and Tm01 was only 3-

5 cm and 0.1-0.15 s, respectively. The results show that the numerical model did not reduce 

much the error of the SPM formulas in spite of parameter calibration and the much greater 

computational cost. However, the more relevant higher Hm0 values are predicted more 

accurately by the numerical model, benefiting the determination of design wave loads.  

The spatial inhomogeneity of the wind speed – caused by the change of surface roughness 

along the fetch – was modelled by an atmospheric internal boundary layer model. It was 

shown that there is a significant effect of the fetch dependent wind field on wave properties 

and wave-related bed shear stresses in water as shallow as Lake Neusiedl. It was shown that 

equivalent uniform wind speed which reproduces one of the wave properties with decent 

agreement exists but it is different for each wave property. In turn the wave induced bottom 

shear stresses can not be estimated with uniform wind speed distribution with acceptable 

small relative error on the whole lake. In conclusion, in fetch-limited lakes it is potentially 

wrong to force a wave model with spatially uniform wind data. 
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Összefoglalás 
 (Summary in Hungarian) 

A szél keltette hullámzás jelentős szerepet játszik a sekély tavak áramlási és üledékvándorlási 

folyamataiban, jellemzőinek helyes becsléséhez a terepi mérések ma is fontosak. Kimutattam, 

hogy a mért hullámspektrum turbulencia uralta szakaszának egy illesztett hatványfüggvénnyel 

való helyettesítése a kiszámított hullámzásparaméterek 8-10%-os változását eredményezi, 

azaz a leírt módszert célszerű alkalmazni.  

Más terepi hullámzásmérési módszerekhez hasonlóan, a nyomásalapú hullámzásmérés 

sem adja meg a hullámok terjedési irányát. Ezzel szemben a pontbeli 3D sebességmérési 

adatok vektor jellegük miatt tartalmazzák a keresett irányjellemzőket. Bemutattam egy 

módszertant, amivel a hullámzásjellemzők pontbeli 3D sebességmérési adatokból rekonstruál-

hatóak. A nyomás- és sebességmérési adatokból számított Hm0 hullámmagasság és Tm01 

periódusidő értékek közötti eltérés alig 1-2 cm illetve 0,1-0,2 s volt. A hullámparaméterek 

meghatározása során elkülönítettem a turbulens sebesség-összetevőt, így mód van annak 

részletesebb (pl. mélység menti változásának) vizsgálatára. 

A legtöbb terepi hullámzásmérési módszer csupán a hullámjellemzők pontbeli 

változásáról ad információt. Ahhoz, hogy a hullámjellemzőkkel kapcsolatos ismereteinket az 

egész tóra kiterjeszthessük, hullámzásbecslő módszereket kell alkalmaznunk. Terepi mérési 

adatok segítségével megmutattam az SPM tapasztalati képleteinek és a SWAN numerikus 

hullámzásmodellnek a Fertő tóéhoz hasonlóan sekély tavakra való alkalmazhatóságát. A 

numerikus modell kalibrálás után alkalmas volt a mért hullámjellemzők kellően pontos 

reprodukálására. Hm0 és Tm01 négyzetes hibájának átlaga alig 3-5 cm illetve 0,1-0,15 s. A 

kalibrálás és nagyobb számítási igény ellenére a numerikus modell az SPM képleteihez képest 

általában nem javította jelentősen Hm0 becslését, azonban azokra a nagyobb hullámokra, 

melyek pl. a mértékadó hullámterhelés szempontjából kiemelten fontosak, jobb becslést adott. 

A felszín érdességének változása miatt kialakuló meghajtási hossz mentén változó 

szélmezőt egy légköri belső határréteg modellel írtam le. Megmutattam, hogy a Fertő tóéhoz 

hasonlóan sekély tavak esetén ez a megközelítés érdemben módosítja a számított hullámzás-

paraméterek értékét és így a fenék-csúsztatófeszültséget is. Kimutattam, hogy bár létezik 

olyan egyenértékű egyenletes szélmező, ami elfogadható közelítést ad az egyes 

hullámjellemzőkre, ám ez az egyes hullámzásjellemzők esetén számottevően különböző lehet. 

Ezzel szemben a hullámzás okozta fenékcsúsztató feszültség a teljes tavon nem becsülhető 

egyenletes szélmező segítségével elfogadhatóan kis relatív hibával. 
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Chapter I 

INTRODUCTION 

1.1 Preliminaries 

Shallow lakes are valuable but also vulnerable ecosystems. In Hungary, these lakes are also 

the most important surface water bodies besides the two large rivers. The variety of bird 

species in the reed zone is one of the many reasons why they are important in environmental 

protection point of view. A huge number of human activities belong to these lakes like 

fishing, recreation or reed production so these lakes are also important for the national 

economy. But because of the large surface area and long shore line compare to their volume, 

these lakes are particularly vulnerable to perturbations in the water balance. In addition, the 

typically low throughflow rate yields that residence time can be as long as several years. It 

means that if something gets into the lake it will stay there for longer time with high 

probability comparing with rivers. That is why the responsibility of releasing contaminants 

into a shallow lake increases compared to rivers. In general the wisely management of these 

lakes and also their catchments is very important to enable a sustainable human use for 

activities such as fishing, recreation and reed production.  

Besides the fact that vertical extent of the lake is much larger than the horizontal extent 

shallowness means that the effect of the surface forces reaches the bottom and the effect of 

the bottom forces also reaches the surface. For example the wave induced orbital motion of 

the water particles causes turbulence and bed material stir up at the bottom and the presence 

of the bottom limits the height of the waves.  

Wind-induced surface waves and the consequent periodic motion of the water column are 

known to play an important role in shallow lakes hydro- and sediment dynamics, e.g. in bed 

material stirring-up or wave loading on beach protection works. The representative wave run 

up must be taken into account at the planning of the level of the shore protection structures 

and these structures also have to resist the dynamical wave load (Figure 1). 
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Figure 1. Shore protection structures at the shore of Illmitz 

The dynamical load of the waves affects not only the artificial shore protection structures 

but also the reed zone boundary. The prevailing wind direction over Lake Neusiedl is the 

NNW hence the eastern shore exposed to higher waves than the western shore. This 

difference appears in the evolution of the reed zone (Figure 2). 

 

Figure 2. The evolution of the reed zone of Lake Neusiedl (indicated in black) in the last 
century (from: Löffler, 1979)  

In shallow areas like shallow lakes or the surf zones of the oceans wind generated wave 

have significant effect on the currents thought several processes like wave-enhanced bottom 

friction, Stokes drift, radiation stresses and wave-induced surface turbulence (Battjes, 1988). 

The turbulence close to the bottom caused by the orbital motion of the water particles 
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enhances the bottom friction. This modifies the background flow field. To quantify the effect 

of wave-current interaction on wind driven flows the wind-enhanced friction formulations of 

Grant and Madsen (1986) were used for example by Krámer (2006) in an elliptical lake or Jin 

and Ji (2004) in Lake Okeechobee or Józsa et al. (2008) in Lake Neusiedl. Based on the linear 

or Airy wave theory the water particles under the wave field move on closed elliptical route 

but in nature it is not exactly true. The result of the net mass flux due to waves in the direction 

of the wave propagation is called Stokes drift. The effect of this on water exchange processes 

are usually negligible comparing with the effect of wind driven currents. The momentum flux 

of the breaking waves called radiation stress which generates currents in both longshore and 

cross-shore directions. These currents can be strong on steep beds that are exposed to large 

waves like the coastal breaker zones of large and deep lakes (Schwab et al., 1984).  

The wave induced turbulence near the bottom causes stir up of the fine sediment. This 

process has effect not only on the sediment transport processes of the lake but also on the alga 

growth. In general the concentration of the nutrients like dissolved phosphorus forms can 

limit the alga growth. The sediment can act as an internal source of nutrients. About the 95% 

of the external supply of the phosphorus to the lake is retained in the bottom sediment 

(Luettich et al., 1990). Lijklema et al. (1986) found that the orthophosphorus concentration in 

the sediment of the Lake Balaton was two orders of magnitude greater than in the overlaying 

lake water. When the sediment is stirred up this phosphorus can be become available for alga 

and causes the growth of alga biomass. Otherwise the stirred sediment limits the penetration 

of the light which reduces the alga growth and also the eutrophication. 

Field measurements and their detailed analysis are still essential to obtain a more realistic 

insight into wave features in shallow conditions. The hydrodynamic conditions of Lake 

Balaton, the largest shallow lake in Central Europe, was investigated by several research 

campaigns to understand the basic rules of the water movement (Muszkalay, 1973), in situ 

measure the currents (Koris, 1981 and Muszkalay, 1982), investigate the sediment transport 

processes with isotopic investigations (Rákóczi, 1982). From the mid 1970’s a scaled model 

of the north-western one-third part of the lake was built and analysed (Győrke, 1986). At the 

beginning seiche and waves were in the focus of the research later the goal of the 

investigations was to discover the sediment transport processes and to find out the relation to 

the water quality. The use of automatic wind and current meters and the numerical modelling 

tools was a major step forward to understand the hydrodynamic behaviour of the lake (Józsa, 

2002).  
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The systematic research of the hydrodynamic conditions of Lake Neusiedl was started in 

1990 in the Fertőrákosi Bay and then continued in the Austrian part of the lake in a 

Hungarian-Austrian-Finnish research cooperation. The main goal was to understand the wind 

driven current structures from lake-wide to bay-wide scale (Józsa et al., 2008). The systematic 

wind measurements were used to verify an internal boundary layer model (IBL) for the 

description of the fetch dependent wind speed distribution caused by the abrupt variation of 

the roughness at the land-water and reed-water interfaces. Wave measurements were 

conducted in Lake Neusiedl from the beginning of the 21st century both in Fertőrákosi Bay 

and in the Austrian part of the lake. I have joined as a student in the processing of these data. 

I participated at two conferences of the Academic Student Circle of my university by the 

analysis of these measurements – based on the methodology developed with previous wave 

measurements in Lake Balaton in 2000 (Krámer, 2008) – and the predictions of wave 

parameters (Homoródi, 2005 and 2006). 

Most of the widely used wave measurement methods can give information about the wave 

properties only at a single point, which is usually not enough for spatial characterisation or as 

a snapshot which is usually not enough for the long term statistical analysis. For the spatial 

extent of the description of the hydrodynamic state (including the wave field) a choice is to 

apply some analytical estimation formulas or numerical models. In fact, numerical models are 

widely used to investigate the hydrodynamic processes in lakes (see e.g. Krámer and Józsa, 

2005 and 2007), and even in such complex conditions as river confluences (Baranya and 

Józsa, 2007). By means of wave estimation formulas or numerical models it becomes then, 

possible to extend our knowledge also about the wave properties to the whole investigated 

lake. Before using any estimation method it must be checked whether it can reproduce the 

measured wave data sufficiently well or not. As to semi-analytical approaches, the Shore 

Protection Manual (SPM) contains widely used formulas for the estimation of significant 

wave height and average wave period in shallow water (CERC, 1984). In spite of their 

simplicity these formulas showed decent agreement with measurements e.g. in Lake Balaton 

(Luettich et. al, 1990 and Krámer and Peltoniemi, 2006). As to numerical modelling tools, we 

will focus on SWAN (standing for Simulating Waves Nearshore) which is a 2D spectral wave 

model developed for the simulation of wind generated waves from the nearshore to the surf-

zone (Booij et al. 1999 and Ris et al. 1999).  

The detailed description of the inhomogeneity in the wind field which generates the 

surfaces waves can be made only with simultaneous measurements at a huge number of 

locations. Usually it is not possible.  
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The surface properties change abruptly as the wind transits land, emerging vegetation and 

open water. The abrupt variation of the roughness at the land-water and reed-water interfaces 

results in an inhomogeneous, fetch-dependent wind speed distribution over the lake even in 

steady-state conditions. This spatial inhomogeneity of the wind speed can be modelled by an 

atmospheric internal boundary layer (IBL) model (see e.g. Józsa, 2002 or Józsa et al, 2007). 

This IBL model was verified with field measurements (Józsa, 2002) and it was shown that 

this IBL-based wind variability has significant effect on hydrodynamic processes in shallow 

lakes and it was taken into account in the hydrodynamic modelling of Lake Neusiedl (Krámer 

and Józsa, 2005 and 2007). The effect of IBL-based wind variability on wave properties was 

investigated by van Vledder (1999), who concluded that this effect is not significant as it 

remains in the order of 5%, but those investigations were made in conditions deeper than 

Lake Neusiedl. I investigated if there is a significant effect of the wind field variability on the 

wave properties and sediment transport processes in water as extremely shallow as Lake 

Neusiedl.   

1.2 Objectives 

The overall aim of this thesis is to obtain a realistic insight into wave features in shallow 

conditions. To achieve this overall aim, the objectives of the thesis are given next. 

− Improve the processing method of the pressure based wave measurements to eliminate 

the effect of turbulence and measurement noise and subtract all available information 

from the raw pressure data. 

− To develop and verify a possible methodology to reconstruct wave features (also 

propagation direction) from 3D velocity measurements. Subtract the velocity 

component associated with the orbital motion due to waves and reconstruct the surface 

displacement time series and the wave properties from that. 

− To extend our knowledge about wave properties from measurement points to the 

whole lake verify an appropriate empirical wave estimation method or setup a 2D 

numerical wave model calibrate and validate it. 

− With the validated numerical wave model of the lake investigate the effect of 

describing the wind field with a fetch dependent IBL model on the wave properties 

and sediment transport processes.  
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1.3 Outline 

The rest of the thesis is organized as follows: 

Chapter 2 is about field measurements especially wave measurements. After a short 

summary of the widely used in situ and remote sensing techniques the field measurements in 

Lake Neusiedl at the Austro-Hungarian border and in Stagnone di Marsala lagoon in Sicily, 

Italy were presented. The results of these measurements were used to calibrate and validate 

the used wave estimation methods. Bulk wave parameters which were used to quantify the 

measured wave condition are summarised here. To evaluate the sediment resuspension due to 

the turbulence caused by the waves from these wave parameters the wave-induced bottom 

shear stress can be estimated. After the summary of the wave parameters the method used to 

estimate the bottom shear stress based on the studies of Grant and Madsen (1979, 1986) is 

expanded.  

As it was described above the wind field is inhomogeneous over the lake even in steady-

state conditions. The fetch-dependent wind speed distribution over the lake caused by the 

abrupt change of roughness at the land-water and reed-water interface can be estimated with 

an IBL model. This model which was used to estimate the wind field over the lake based on 

the point measurements is outlined in this chapter.  

After that a method is introduced to improve the processing of the measured data, applica-

ble both for pressure and velocity time series. In fact, a single pressure-based wave measure-

ment has a deficiency because it is not able to provide information about the direction of the 

waves, though in addition to the wave height direction is another relevant parameter in e.g. 

beach protection or harbour planning. Using several synchronised gauges it is possible to 

derive some kind of directional data but this is far from being a general solution. In turn, 3D 

velocity measurement data inherently contain directional information. In the remaining part of 

the chapter an appropriate technique to obtain wave features from 3D velocity time series – in 

general also containing seiche, circulatory and turbulent components – is demonstrated. 

Chapter 3 is devoted to wave estimation and modelling. First of all the difference in the 

approach of the empirical formulas and numerical models are presented. Then the wave 

estimation method for shallow water of the Shore Protection Manual (SPM) is shown as 

typical example of the empirical formulas. The formulas which were validated with the field 

measurements in Lake Neusiedl have been used to estimate the long term statistic so called 

wave climate of the Lake Neusiedl. The Simulating Waves Nearshore (SWAN) 2D, spectral 

based numerical wave model is in the focus of the second part of this chapter. The setup, 
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calibration and validation of the numerical model of Lake Neusiedl are described. Model 

results are compared with not just measured data but also with the results obtained by the 

SPM formulas. To close this chapter it is shown that the fetch dependent inhomogeneity of 

the wind field has significant effect on wave properties. In shallow lakes the shear stress on 

the lake bottom, which plays a determining role in sediment dynamics, is mainly caused by 

the surface waves, as a consequence the variability of the wind field is transferred into the 

distribution of the bottom shear stress. 

Finally, Chapter 4 gives a summary of the research. The directions of the possible future 

research are outlined. 
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Chapter II 

FIELD MEASUREMENTS 

The goal of the wave measurements is to quantify the wave features like wave height, wave 

period or wave length. For this some measurement techniques (like pressure based wave 

measurement) give the surface displacement time series at a single point, others (like remote 

sensing techniques) provide the surface elevation distribution of a bigger area as a snapshot. 

From the surface elevation data characteristic wave parameters are derived and from these 

parameters the wave caused bottom shear stress can be estimated.  These parameters can be 

used to shore protection planning, harbour planning, and during the investigation of the 

sediment transport processes.  

It is possible to extend our knowledge about the wave properties both in space (from a 

single measurement point in the lake to the whole lake) and in time (for periods when there 

are no wave measurements) with wave estimation methods or numerical wave models. For the 

validation and use of these estimation methods or numerical models wind measurements (also 

simultaneously with wave measurements) are needed.  

2.1 Wave measurement methods 

First of all I summarise some wave measurement method and look over their applicability in 

shallow lakes to establish the choice of the methods used in the two case studies, Lake 

Neusiedl and Stagnone di Marsala. 

The first measurement method that must be mentioned is the visual observation. This 

means that an experienced observer who follows specific instructions gives estimation on the 

wave parameters like wave height, wave length. This measurement method is influenced with 

subjective effects although with more experience it can be reduced. To avoid the inherent 

problems of visual observations, wave measurements are usually made with instruments. 

Although measurement methods with instrument are much more objective all of these 

methods have their own peculiarities and limitation of usability. In the following some widely 

used wave measurement methods are described briefly based on the Waves in Oceanic and 

Coastal Waters (Holthuijsen, 2007). 
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In general measurement techniques can be divided into in situ and remote-sensing 

techniques. In case of in situ measurement the instruments are deployed in the water – like 

pressure transducers – or located at the surface – like buoys – while in case of remote sensing 

techniques the instruments deployed above the water for example on an airplane or satellite. 

In situ measurements techniques provide the surface displacement time series at a single point 

while remote sensing techniques give information about the wave properties of a bigger 

region. 

2.1.1 In situ techniques 

Mechanical gauges were one of the first instruments that were used in in situ wave 

measurement. A typical example for mechanical gauges is the VITUKI type wave recorder 

(Figure 3). This instrument contains a bar with a buoy and a potentiometer at the ends. The 

buoy can move with the water surface and the structure convert this motion to the change of 

the electrical resistance of the potentiometer which was recorded on graphical tape. The water 

surface displacement can be reconstructed from the measured electrical resistance (Musz-

kalay, 1973). 

 

Figure 3. Wiring plan of the VITUKI type wave recorder (after Muszkalay, 1973) 

This type of wave gauge was successfully used in Lake Balaton during a research program 

in 1960’s. The main tasks of this program were to discover the changes of the water surface 

elevation caused by the wind (like seiche or waves); determine the currents caused by the 

seiche and the erosion processes of the coast caused by waves. One of the results of this 

investigation was the estimation formulas for the maximum, average, root-mean-square wave 

heights especially for N and NW wind direction. 

In sea conditions using buoys that follows the motion of water particles by floating at the 

surface for the measurement of the surface motion is another widely used in situ measurement 

method. A very common technique is to measure the vertical acceleration of the buoy with an 
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onboard accelerometer. The vertical motion as a function of time is than reconstructed with 

double integration. Of course the buoy can also move horizontally, but if it is anchored this 

movement can be neglected and the measurement can be treated as point measurement. Using 

buoys to measure wave properties has difficulties. One of them is caused by the finite mass 

and size of the buoys because waves below the buoy diameter are smoothed while waves with 

frequency close to the eigenfrequency are overestimated. The diameter of these buoys can 

vary from 1 m (like Waverider buoy of Datawell, the Netherlands, Figure 4) up to 10 m (like 

NDBC buoys in the USA, which usually carry a large array of meteorological sensors). 

Although the discrepancy between vertical movement of the Waverider buoy and the 

movement of the sea surface is small but if the wavelength is less than 2.5 m the buoy’s 

response decreases quickly.  

 

Figure 4. The widely used Waverider buoy from Datawell (source: Chis Grossman, diver.net) 

There are buoys which can provide information not only about the wave height or period 

but also about the direction of the wave propagation.  Two types of buoys have been devel-

oped for this. The first type is a disc-shaped buoy measures the slope of the sea surface. It 

measures the tilt of the buoy in two orthogonal directions with inclinometers and monitors the 

direction to geographic North with another sensor. From these measurements, the mean wave 

direction and also the degree of short-crestedness of the waves can be determined. The second 

type measures its own horizontal motion which also indicates the mean wave direction and 

the degree of short-crestedness. Buoys can be used for wave measurements in shallow lakes, 

but much smaller buoys have to be used in shallow lakes like Lake Balaton or Lake Neusiedl. 

Wave poles can be used in sea conditions if an offshore platform is available and a wire 

can be suspended vertically from that platform above the water surface to somewhere under 
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the water surface. The vertical position of the water surface can then be measured by 

measuring the electrical resistance or capacitance of the wires. The measurements can be 

affected by a thin film of water which has been left when the water surface moving down or a 

biological film which can arise on the surface of the wire. Normally these effects are 

relatively small and they do not cause any problem. One single wire does not provide 

directional information. For that a group of wires or poles should be used. Wave poles planted 

on a staff can be used in shallow lake conditions. Wave poles can be used also in shallow 

lakes. 

Inverted echo-sounder can be also used to measure the water surface moving up and 

down. The inverted echo-sounder is an instrument, which is located at some depth under the 

water surface and measures the position of the water surface with a narrow, upward-looking 

sonic beam. 

Measurement of the pressure fluctuation caused by the moving water surface or the 3D 

velocity associated with the orbital motion of the water particles is also applicable for the 

reconstruction of the surface displacement time series. According to the classification of 

Komar (1998) the linear wave theory provides a good approximation in the conditions of 

Lake Neusiedl, while based on the classification of the Coastal Engineering Manual (USACE, 

2002) the second-order Stokes theory is the valid one in these conditions (Homoródi, 2006). 

There is no controversy here: different accuracy tolerances lead to different theories. We can 

conclude that the conditions of Lake Neusiedl and Stagnone di Marsala lagoon are on the 

limit of the validity of the linear wave theory. Because it is much simpler, and the standard 

procedures of wave analysis are based on it, in this work I have adopted the linear wave 

theory to describe the depth-dependence of pressure and velocity due to waves (see §2.6 and 

§2.7). 

While the pressure measurement does not provide directional information, the 3D velocity 

measurements inherently contain that. The wave induced pressure fluctuation and the 3D 

velocity due to the orbital motion of the water particles are attenuated with the depth. This 

attenuation depends on the frequency of the wave. The higher the frequency the larger the 

attenuation. The compensation of this attenuation amplifies the high-frequency noise of the 

measurement. A possible way of treatment of this problem is introduced in §2.6. In Hungary 

Luettich et al. (1990) used 3D velocity measurement to reconstruct the wave characteristics in 

Lake Balaton near Keszthely. The goal of that research was to setup a local sediment model 

which estimate the sediment concentration of the water based on wind measurements.  
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2.1.2 Remote sensing techniques 

There are also remote sensing techniques for the wave measurements. The advantage of these 

methods is that they give information about the distribution of the wave characteristics in 

space but usually only as a snapshot. In general all instruments that are mounted above the 

water surface on a fixed or moving platform are called remote-sensing instruments. The 

platform can be an observation tower as well as an airplane or a satellite. The basic of most of 

the remote-sensing techniques is to receive reflections of the water surface of an 

electromagnetic ray like visible or infra-red light, microwave etc.  

Photogrammetry is a well known remote sensing technique in geodesy and cartography 

for measuring terrestrial topography (Homoródi, 1975) and it can be used to observe waves 

(Figure 5). With stereo-photogrammetry a three-dimensional image of the surface can be 

obtained (see e.g. Stilwell, 1969). To measure the waves on the waver surface two 

synchronised high quality cameras are used looking vertically down from an airplane and 

takes overlapping photographs about the water surface. The differences (parallax) in the 

overlapping photos can be converted into elevations, thus creating a 3D image of the surface.  

 

Figure 5. Photograph of Lake Balaton near Fonyód (source: maps.google.com) 

Laser or acoustic or radar altimetry is also useable to measure wave characteristics. When 

the altimeter is located near the water surface – on a platform or an airplane – this technique 

provides a 3D image of the water surface.  When the instruments are on a satellite it is not 

possible to identify individual waves. The footprint of the radar beam is a few kilometre in 

diameter. In this case the roughness of the surface can be estimated from the distortion of the 

reflected radar signal and the characteristic wave height can be derived from the roughness. 
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Oceanographic satellites are used to the study of the ocean surface at global scale and they are 

less relevant for coastal regions and lakes. 

2.2 Wave and wind measurements used in this thesis 

In shallow basins like Lake Neusiedl or Stagnone di Marsala lagoon, from the various 

techniques described above the pressure based wave measurement is a suitable, widely used 

method to measure the wave properties at a single point over long periods of time (e.g. more 

than one week). Thanks to the shallowness this kind of wave gauges can be deployed directly 

on the lake bottom. In this case the pressure sensor is close enough to the surface so as not to 

lose the high frequency wave components and it less exposed to meteorological extremes and 

intentional damaging, unlike mechanical gauges and buoys. Although with some remote 

sensing technique it is possible to smeasure the instantaneous distribution of wave properties 

over a larger area, but these techniques are usually quite expensive and have a coarse 

aggregation resolution in space and time. 

Wave measurement using high-resolution velocimeters has a benefit over the pressure 

based wave measurement: the measured 3D velocity time series contain directional 

information about the wave. While this is a big advantage, velocity-based wave measurement 

faces some challenges. General purpose velocimeters are not self-contained instruments and  a 

computer is needed to control them. Also, they have higher memory and power requirements 

than wave pressure gauges, hence  without frequent servicing they may not be suitable to 

measure waves over a long period of time away from a power source. 

Before the validation investigations I present the field data used in those validations. 

Recently I have studied two shallow water bodies, Lake Neusiedl at the Austro-Hungarian 

border and the Stagnone di Marsala lagoon in Sicily (Figure 6). Besides wave measurements 

there were also 2D velocity measurements in Lake Neusiedl which were used for calibration 

of a 2D hydrodynamic model of the lake (Krámer and Józsa, 2005 and 2007). 

A unique feature of Lake Neusiedl is its huge littoral reed belt (indicated in gray), with 

large reed patches also away from the belt. Though the water exchange, siltation and wave 

attenuation processes are very important in the reed zones, the first investigations focused on 

the off shore areas, simpler for deploying the measurement device. In the lake three wave 

measurement campaigns were conducted near Illmitz, Austria. In the first and the second 

campaigns in 2005 a standard wave pressure gauge (Figure 7) was used. It was placed directly 

on the lake bottom thanks to a custom-made rack. The batteries and data storage unit are 
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inside a tube waterproof housing. The water level was at 115.2-115.3 m ASL during the two 

measurement periods so the depth of lake at the measurement point was as small as 1.0-1.1 m 

thus the sensor head was 0.60 m below the mean water surface. Because of the limited energy 

and data storage capacity wave data were collected using 5-min bursts with 8 Hz sampling 

rate, triggered every 30 min (Figure 19 and 20). 

 

Figure 6. Measurement locations in Lake Neusiedl (left) and Stagnone di Marsala (right), 
shown with thick arrows.  

 

Figure 7. Wave gauge WTS-T1 form W.S.Ocean System Ltd. 
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In the third campaign in 2009 we measured 3D velocities in two points by 2 Nortek 

Vectrino current meters at 25 Hz sampling rate, at 0.4 and 1.2 m under water surface. The 

water level was at 115.8 m ASL during this measurement so the total depth was 1.6 m. The 

sensors were oriented so as to minimise the perturbation of the measurements in the predicted 

average direction of wave propagation. Beside water pressure and velocity, we also measured 

wind speed and direction at the same location at 3.3-3.5 m height above the surface at 1/30 Hz 

sampling rate (Figure 19 and 20). The measurement location was chosen to provide more than 

4-5-km fetches for the prevailing NNW wind directions. 

In 2004 a 7-month wind measurement was conducted at the same location near Illmitz at 

3.6-3.7 m height above the surface. The average wind speed was recorded in every 

10 minutes. These wind measurements were used to estimate the wave climate of Lake 

Neusiedl as it is described in §3.2.2.     

As is known, the standard wind measurement height is at 10 m above the surface. Wave 

estimation formulas and also the applied 2D numerical wave model expect wind speed at this 

height as input data. In a neutral atmospheric surface layer, the horizontal wind speed is 

traditionally expressed as a logarithmic function of height (see e.g. Charnock, 1955): 

 
0

* ln
κ z

zw
wz = , (1) 

where wz = horizontal wind speed at z height above the surface; *w = wind friction velocity; 

κ ≈ 0.4 = von Kármán’s constant; z0 = surface roughness length.  The *w  wind friction 

velocity, which characterises in the energy transfer processes between the air and the water, 

can be calculated with the following equation: 
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with w10 = wind speed at 10 m height; c10 = drag coefficient, which can be specified as a 

function of w10 wind speed for wide scale of wind conditions according to Wu (1982): 
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Charnock (1955) gave estimation for the z0 surface roughness length based on field 

measurements: 
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where α = constant g = acceleration due to gravity. The constant α has a value in the range 

0.014-0.0185. In this work, the value α = 0.0185 is used based on Wu’s (1982) huge number 

of field measurements.  

Even in smaller, fetch-limited lakes the wind field is never uniform because of the abrupt 

variation of the surface roughness at the land-water or reed-water transition. I estimated the 

resulting systematic spatial inhomogeneity of wz and *w  with an atmospheric internal 

boundary layer (IBL) model, which yields a fetch-dependent wind velocity and friction 

velocity distribution over the lake even in uniform overland wind conditions upstream. A 

short description of this model is given in §2.5. Based on this model wind speed can be 

transformed within the surface layer for example from the shore to the open water or the other 

way around, and between two heights at any point. The validity of this estimation method was 

proved with field measurements in Lake Neusiedl (Józsa et al, 2007). In our applications, the 

measured wind data were transformed from the measurement height (3.3-3.5 m) to 10 m, the 

standard anemometer height. In the remaining part of the thesis w will indicate wind speed at 

10 m above the surface. 

The most important difference between the two measurement periods in July and October 

was the direction of the strongest winds: it was NW during the first period in July and N 

during the second period in October (Figure 8a and b). This difference is favourable as it 

allows a validation of wave estimation methods to various wind exposures. 

        

Figure 8. Wind rose (dotted line), energy (solid line) and power (dash-dotted line) frequency 
diagrams for the two measurement campaigns in July (a) and October (b) 2005. 

As to the lagoon of Stagnone di Marsala, its depth and fetches are similar to those of Lake 

Neusiedl, except for its salinity and vegetation, certainly affecting the wave properties. There 
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pressure, 3D velocities were measured by a Nortek Vector ADV at 16 Hz sampling rate, 

continuously in about hour-long intervals. The pressure and the velocity sensors were at 0.23 

and 0.60 m below the mean surface, respectively, in a total depth of 1.25 m. Wind speed and 

direction were also measured at the same location at 3.0 m height above the surface (Figure 9) 

at 1/60 Hz sampling rate.  

 

Figure 9. The platform of the current and wind measurements on the Stagnone di Marsala. 

2.3 Wave parameters 

Most of the measurement methods, described in §2.1 (except some remote sensing 

techniques), can be used to reconstruct the surface displacement time series at one single 

point. A typical 2-min window of the measured surface displacement time series is shown in 

Figure 10.  

 

Figure 10. A 2-min window of the η surface displacement measured during a storm with 
NNW wind direction.  

But these surface displacement time series are not practical to quantify the wave 

properties. Hence bulk wave parameterswere introduced for the comparison of different wave 

states. In the following some of the widely used wave parameters, calculated via time domain 
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and frequency domain analysis,  are described based on handbook of the World Meteorologi-

cal Organisation (WMO, 1998). 

2.3.1 Time domain analysis 

Wind generated waves are not simple monochromatic waves as demonstrated in Figure 10. 

Each wave has different height and period. Statistical parameters can be used to describe the 

wave state. The so called zero-downcrossing method was used to recognise every single wave 

in the measured surface displacement time series (Figure 11).  

 

Figure 11. Identifying waves with the method of zero-downcrossing.  

Based on theis method the beginning of each wave is identified as a zero-downcrossing 

(indicated with full circles in Figure 11). The Ti wave period is the time distance between two 

consecutive downcrossings. The Hi wave height is defined as the vertical distance between the 

highest and the lowest value of the wave record between two zero-downcrossings (indicated 

with empty circles in Figure 11). 

The surface displacement can be treated as a statistical process and each wave record can 

be treated as one realisation of this process. But if the sea state is ‘stationary’, the statistical 

properties of the distribution of periods and heights will be similar from one record to another. 

The following statistical parameters are frequently used for the description of the wave state:  

− H  = average wave height: ∑
=

=
N
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− Hrms = root-mean-square wave height: ∑
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− H1/3 = significant wave height, which is the average height of the 1/3 highest waves 

and its value is approximately equal to visually observed wave height;  

− Hmax = maximum wave height in a record;  
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− T  = average wave period: ∑
=

=
N

1i
iN

1
TT ,  

where N = the number of the waves in the record. 

If the range of wave period in a given wave state is not too broad, it has been shown that 

the distribution of the η surface displacement is Gaussian (Longuet-Higgins, 1952).  The 

probability distribution of the maximum values of a normally distributed parameter is 

Rayleigh distribution. For a wave state these maximum values are directly related to the wave 

heights. Hence, the distribution of wave heights can be represented by the Rayleigh 

distribution:  
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where F(H) = the probability distribution of the H wave height (Figure 12).  

This feature of the surface waves was confirmed with field measurements. It was shown 

that the Rayleigh distribution is applicable not only for wave states with narrow banded 

spectrum, but it is a good approximation for waves with wider frequency range, too (Earle 

and Bishop, 1984). 

 

Figure 12. The Rayleigh probability density, f(H) and distribution, F(H) functions of wave 
height when the root-mean-square wave height is 1 m. 

It can be shown that for waves with Rayleigh distribution the following equations hold 

between the significant wave height, the root-mean-square wave height, the average wave 

height and the variance of the surface displacement: 

 2
rmsrms3/1 4597.1414.12 ησ==== HHHH  (6) 

where ση = the variance of the η surface displacement. 
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2.3.2 Frequency domain analysis  

The surface displacement time series (Figure 10) can be described with the sum of many 

sinusoidal waves with different frequencies, amplitudes, direction, and phase. Each frequency 

and direction describes a wave component, and each component has an associated amplitude 

and phase. If we plot these amplitudes and phases as a function of the frequency and direction 

we look at the wave state in the frequency and direction domain. This is useful for us, because 

the frequency dependent compensation of the pressure and velocity attenuation can be made 

on that and not on the time domain description. The independent treatment of the sinusoidal 

wave components from each other is based on the linear wave theory.  

The Fourier transformation provides an approximation to the irregular but quasi-periodic 

form of a wave record as the sum of sinusoidal curves: 

 ( ) ( )∑
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+=
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1j
j0j sin θωη tjat  (7) 

where η(t) = surface displacement at t time; ω0 = angular wave frequency of the longest wave 

fitted to the record; j = number of wave component; aj = amplitude of the jth component; 

jθ  = phase angle of the jth component; n = total number of components. Fortunately the high 

frequency components tend to become insignificant and hence the water displacement time 

series can be estimated well with a finite number of the wave components. 

The variance of the η surface displacement can be calculated as the squared average of the 

aj amplitudes so the variance is equal to E[Σjaj
2]. The function which assigns the square of the 

aj amplitude to the f frequency for each wave components is the wave-variance spectrum. 

In practice, wave spectra can be computed by different methods. The most commonly 

used algorithm is the fast-Fourier transform (FFT), developed by Cooley and Tukey (1965). 

Another method is the auto-correlation approach based on the Wiener-Kinchine theorem. 

Blackman and Tukey (1959) introduced it for practical use. This method is much slower than 

the FFT so it is not as popular as FFT. 

For monochromatic waves (containing only one component) the Em wave energy belongs 

to the unit surface is as follows: 
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where Em = the wave energy per unit surface; ρw = water density; Hm = height of the 

monochromatic wave; am = amplitude of the monochromatic wave. The wave-energy 
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spectrum is the wave energy as a function of the frequency. The wave-energy spectrum shows 

how the wave energy distributed between the wave components with different frequency. The 

shape of wave-variance spectrum and the wave energy spectrum are similar because the wave 

energy is proportional to the square of the amplitude, which is the variance itself. 

Most measurement methods (like pressure based wave measurement) do not provide 

information about the wave direction. Therefore the wave energy or variance distribution can 

be calculated only over frequencies (Figure 13). 

Although the wave spectrum is theoretically a continuous function, in practice the 

variance is calculated at discrete frequencies. Dividing the calculated wave-variance or energy 

values with the size of the frequency intervals the result is the wave variance density or wave 

energy density. While the values of discrete wave variance spectrum depends on the size of 

the frequency intervals the values of the wave variance density spectrum not so they are 

comparable.  

 

Figure 13. Measured wave energy density spectrum (a) and phase angles (b) of a 5-min burst. 

As was mentioned above a wave spectrum is the distribution of wave energy (or variance 

of the sea surface) over frequency (or frequency and direction, etc.). Thus, the wave spectrum 

can be treated as a statistical distribution and many bulk parameters can be derived from the 

spectrum. The shape of the wave spectrum can be described with its moments: 
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where mn = the nth-order moment of the spectrum; Ev(f) = the variance density at f frequency. 

In (9) E(f) df represents the variance ai
2/2 contained in the ith interval between f and f + df. In 

practice, the moments are calculated as a finite sum, with fi = i df approximation: 

 ∑
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Based on the definition above the moment of zero-order, m0, represents the area under the 

spectral curve: 
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which is the total variance of the wave record. Total variance is calculated as the sum of the 

variance of the individual spectral components.  

For the definition of the wave-height parameter derived from the wave-spectrum the 

physical meaning of the area under the spectral curve was used. As was mentioned above in 

case of a monochromatic wave the wave energy (per unit area) is proportional to the square of 

the wave height. Based on this we can derive the height of the monochromatic wave which 

has the same energy to the measured wave state:  
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where Hrms = the equivalent wave height; Ete = the total energy (per unit area) of the wave 

state. This wave height is theoretically equal to the root-mean-square wave height calculated 

with the time domain analysis. The significant wave height H1/3 (as derived directly from the 

wave record with time domain analysis) is a widely used bulk wave parameter. It should be 

useful to derive a parameter from the spectrum which is as close to the significant wave 

height as it is possible. As it was shown in (6) the ratio between the H1/3 significant wave 

height and the Hrms root-mean-square wave height is 2  hence the Hm0 spectral wave height 

parameter is as follows: 
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It must be noted that sometimes the m0 total variance of the wave state is referred as the 

total energy, but the total energy is: Ete = ρwgm0. In theory, the correspondence between Hm0 

and H1/3 is valid only for very narrow spectra because it is based on the Rayleigh distribution, 
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but as the Rayleigh distribution is a good approximation for waves with wider frequency 

range, the Hm0 spectral wave height parameter is also a good approximation for the H1/3 

significant wave height. The difference is usually relatively small in most cases, with 

Hm0 = 1.05 H 1/3 on average.  

There is a great number of frequency and wave period parameter for the description of the 

measured wave state derived from the wave spectrum:  

− fp = wave frequency corresponding to the peak of the spectrum called modal or peak 

frequency;  

− Tp = wave period corresponding to the peak frequency, fp: Tp = 1/ fp;  

− Tm01 = wave period corresponding to the mean frequency of the spectrum: 
1

0
01 m

m
Tm = ;  

− Tm02 = wave period which is theoretically equivalent with mean zero-downcrossing 

period: 
2

0
m02 m

m
T = .  

Based on the linear wave theory a spectral wave length parameter can be also derived 

from the spectrum: 
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where L = spectral wave length; k = wave number of the harmonic wave component with f 

frequency, defined implicitly by the dispersion relation, (2πf)2 = gk tanh(kh) (SWAN team, 

2010). The dispersion relation is derived from the linear wave theory. 

In the remaining part of the thesis Hm0 spectral wave height and Tm01 spectral wave period 

are used to compare the measurements with the results of the estimation methods. 

2.4 Wave-induced bottom shear stress 

In shallow water the oscillatory wave motion generates significant shear and turbulence at the 

bed, which interacts with the shear due to large-scale horizontal motions. This interaction has 

a dominant role in sediment transport because the resultant oscillating shear stress determines 

the erosion, deposition and the horizontal entrainment of sediment particles. The shear stress 

and turbulence at the bed generated by the oscillatory wave motion is much higher than the 
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shear stress and turbulence due to the large-scale horizontal motions with comparable 

magnitude (Grant and Madsen, 1979), hence I estimate the wave-induced shear stress with 

zero mean current velocity, as follows.  

The wave-induced bed shear stress is varying in time during a single wave period. The 

maximum value is used to characterise it: 

 2
bmcw

2
wm*wm 2

1
ufu ww ρρτ == , (15) 

where τwm = the maximum wave-induced shear stress during a wave period; u*wm = the 

maximum wave-induced shear velocity during a wave period; fcw = the Darcy-Weisbach 

friction coefficient (that depends on Abm bottom excursion amplitude) and ubm = maximum 

bottom orbital velocity. The bottom excursion amplitude and the maximum bottom orbital 

velocity are calculated based on the linear wave theory: 
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where h = total water depth measured from the mean water level. Based on the model of 

Grant and Madsen (1979, 1986) to calculate fcw, we must iteratively solve 
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for fully rough turbulent conditions (Rer > 10/3), and 
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for smooth turbulent conditions (Rer ≤ 10/3), where kn = the equivalent Nikuradze sand-grain 

roughness; Rew = wave Reynolds number; Rer = boundary Reynolds number. The 

characteristic length and velocity for the wave Reynolds number are the bottom excursion 

amplitude and the maximum bottom orbital velocity, and for the boundary Reynolds number 

are the equivalent Nikuradze sand-grain roughness and the maximum wave-induced shear 

velocity, respectively: 
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where ν = kinematic viscosity of water. For the acceleration of the iterative solution of the 

(17) and (18) the method – that I used – is presented by Krámer (2006). 
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2.5 Internal boundary layer model of the wind forcing 

As it was mentioned in §2.2 in a typical lake environment, surface properties change abruptly 

on the way blowing across land, emerging vegetation and open water. This abrupt variation 

has an immediate effect on the air flow near the surface, and the disturbance then propagates 

upwards on the leeside with turbulent diffusion, giving rise to an internal boundary layer with 

logarithmic velocity distribution in the vertical direction (Stull, 1988). Muszkalay (1973) 

found that the wind speed grows in the direction normal to the longitudinal axis from 

Balatonakali to Balatonszemes when the wind blows from NW. Dobesch and Neuwirth 

(1979) also found that there is a significant wind speed growth along the fetch over Lake 

Neusiedl. The above mentioned spatial inhomogeneity of wind velocity can be modelled with 

an atmospheric internal boundary layer (IBL) model. 

In the following a semi-empirical method is described which was published by Taylor and 

Lee in 1984. It was shown that this IBL-based wind variability has significant effect on 

hydrodynamic processes in shallow lakes and it was taken into account in the hydrodynamic 

modelling of Lake Neusiedl (Krámer and Józsa, 2005 and 2007).  

The internal boundary layer evolves along the fetch. The δb thickness of the internal 

boundary layer at the abrupt change of the surface is equal to the z0,2 surface roughness length 

at the leeside. In steady-state wind conditions the δb thickness of the internal boundary layer 

at F fetch is: 
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Besides the abrupt variation of z0 surface roughness length at the land-reed-water 

interfaces, z0 surface roughness length also varies smoothly over the open lake due to the 

variable waviness of the water surface so z0,2 surface roughness length is also a function of the 

F fetch. To the local z0,2 surface roughness length is used to estimate δb thickness of the 

internal boundary layer although using the integral average of that along the fetch would be 

more accurate but much more complicate than it is necessary. 

The vertical profile of the horizontal wind velocity consists of two parts (Figure 14). Over 

the internal boundary layer the profile is equal to the upwind profile: 

 ( ) ( )0zz wFw =  if  ( )Fz bδ≥ . (21) 
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In the internal boundary layer the vertical profile of the horizontal wind speed can be 

described with the following equation: 
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where z0,1 = the upwind surface roughness length. This method can be used for wind speed 

over 6 m/s which is also the limit greater than which wind generates significant waves, 

currents and sediment transport.   

 

Figure 14. Sketch of the development of an IBL following an abrupt roughness change at the 
reed boundary. Three consecutive vertical wind speed profiles are shown, for a wind blowing 
from the left. The vertical axis represents the height in logarithmic scale above the water 
surface. (from: Krámer, 2006) 

As it was mentioned above the z0,2 surface roughness length varies along the F fetch. To 

estimate z0,2 surface roughness length the equation of z0 surface roughness length (4), 

w* friction velocity (2), the c10 drag coefficient (3), and the internal boundary layer model are 

combined. Based on this model wind speed can be transformed within the surface layer for 

example from the shore to the open water or the other way around, and between two heights 

at any point. An appropriate algorithm is described by Józsa (2002) or Krámer (2006).  

The method described above was calibrated and validated with field measurements in the 

fetch-limited wind conditions of Fertőrákosi Bay, Lake Neusiedl (Józsa, 2002). The 
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difference between the air and water temperature was negligible, so a neutral (adiabatic) 

atmosphere was assumed. 

2.6 Analysis of pressure measurements 

As was mentioned above, at both water bodies surface wave motion was reconstructed from 

pressure time series. In the first part of this chapter the standard processing methods of 

pressure data are presented and then these are expanded to reduce the effect of turbulence. To 

evaluate the proposed method the wave parameters calculated with the traditional and this 

new method are compared. 

For a monochromatic progressive wave based on the linear wave theory the pressure field 

can be described with the following equation (see e.g. Massel, 1996): 
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with p(x,z,t) = pressure with x horizontal position, z vertical position and t time; H = wave 

height; k = wave number of the harmonic wave component with f frequency; ω = circular 

frequency; h = total water depth measured from the mean water level. The first term on the 

right-hand side of this equation is the hydrostatic pressure associated with the mean water 

level. The second term represents the pressure fluctuation caused by the waves where the 

surface displacement at horizontal x position and t time is 
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The wave-induced pressure fluctuations are attenuated with depth. This attenuation is  

 
[ ]

( )kh

zhk
fzp cosh

)(cosh
),(K

−= . (25) 

To reconstruct the surface displacement time series from pressure data a compensation 

procedure has to be applied due to the exponential attenuation of wave-induced pressure 

fluctuations with depth. The higher the frequency, the larger the attenuation (Figure 15a).  

To keep this compensation in a manageable range the sensor should be deployed as close 

to the surface as possible, though strictly below the lowest expected water level in a combined 

seiche and wave motion. These criteria were reasonably met in the campaigns. 
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Figure 15. The Kp(f) frequency-dependent depth-attenuation of the wave induced pressure 
fluctuation (a) and its inverse (b). The depth of the lake is 1.1 m, the pressure sensor head is 
0.3 m (dash-dotted line), 0.6 m (dashed line) and 0.9 m (dotted line) below the mean water 
surface in both plot. 

In nature waves are not monochromatic waves. The surface displacement time series is the 

sum of large number of wave components with different frequency as mentioned above. As 

attenuation depends on wave frequency, the compensation has to be carried out by spectral 

decomposition instead of time domain analysis. A standard procedure for that is the 

computation of the Zp(f) spectral energy density of the pressure using discrete Fourier 

transformation (DFT), from which the Z(f) spectral energy density of surface elevation is then 

obtained by scaling Zp(f) with the assumption of linear wave theory and zero phase shift (see 

e.g. Massel, 1996) as follows: 
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where hp = depth of the pressure sensor. The first fraction on the right is the hydrostatic 

pressure head and the second fraction reverses depth-attenuation by a frequency-dependent 

amplitude modulation, 1 / Kp(f) (Figure 15b). I did the compensation for 5-min windows at a 

time (coincidentally the length of one burst of the wave gauge). 

Due to this attenuation the high frequency range of the spectrum is not likely to be related 

to the wave motion, instead, it is expected to represent the energy in turbulence, along with 

some possible measurement noise. That is why the wave-related compensation is not 

applicable here, as can be seen on the unrealistically excessive amplification in the high-

frequency range in Figure 16. To avoid this, I had to chose an upper threshold for the 

frequencies to be compensated.  Kuo and Chiu (1987) give another formula for Kp(f) pressure 

attenuation factor. Their formula is valid if 0.5/)π2(1.0 2 ≤≤ ghf p  and kh ≥ 0.44. I accepted 

these limitations for the compensation based on the linear wave theory (Krámer, 2008). 
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Furthermore I performed the compensation for the lower frequencies up to a fraction 95% 

of the total variance. An additional restriction of the amplified frequencies is needed by the 

separation of noise from the measurements. The spectrum of the original signal is first 

smoothed with a low-pass filter so as to reduce scatter. To this end, here the spectrum is 

convolved with a Hanning filter with a half-width equal to N/100. The noise level Znoise and 

the peak level Zpeak are assumed to be the 20- and 95-percentile of the smoothed Zp(f) values, 

respectively. The upper limit for the compensation is the highest frequency for which the 

smoothed spectrum satisfies 

 ( ) ( )noisepeaknoisenoise ZZrZfZ p −+≥ . (27) 

The parameter rnoise should be tuned to a particular combination of waves, sampling rate 

and instrument characteristics by analysing the pressure spectra (Krámer, 2008). Note that on 

Figure 16 and subsequently I plot the energy density per unit weight, E(f) = |Z(f)|2. 

 

Figure 16. Original energy spectrum of a typical 5-min burst (gray dots) and its compensation 
over the full frequency range (black dots). 

Wave components beyond the threshold frequency still play a role in determining the bulk 

wave parameters but are absent in the original spectrum. To cure that, I replaced the 

turbulence-dominated tail of the spectrum with a fitted analytical power function (Figure 17) 

based on the Pierson-Moskowitz or the JONSWAP spectrum (WMO, 1998). The Pierson-

Moskowitz spectrum (Pierson and Moskowitz, 1964) is often used as a model spectrum for 

fully developed waves. It means that an idealized equilibrium state has been reached. Waves 

are not limited by the duration of the wind or the fetch. This spectrum is based on wave 

measurements recorded with the shipborne wave recorder on board British ocean weather 
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ships during the five-year period 1955–1960. In its original form, this model energy density 

spectrum is: 
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where E(f) = the variance density at f wave frequency; w19.5 the wind speed at 19.5 m above 

the water surface; α = a dimensionless parameter (α = 0.0081). The JONSWAP energy 

density spectrum, which is based on the wave measurements made during the Joint North Sea 

Wave Project (JONSWAP) (Hasselmann et al., 1973), is often used to describe waves in a 

growing phase, in fetch-limited conditions: 
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where γ(f) = the peak enhancement factor. It modifies the spectral values around the peak. 

The JONSWAP spectrum is much sharper than the Pierson-Moskowitz spectrum. The part 

associated with the higher frequencies are characterised by an f b power law, where b = –5 at 

both Pierson-Moskowitz and JONSWAP spectrum.  

 

Figure 17. Energy spectrum in Figure 16 compensated partly (i.e. for lower frequencies) with 
(black dots) and without the replaced tail (gray dots). 

It is to be noted that Prevosto et al. (1996) found the b exponent–4 in deep water, whereas 

Rodríguez and Soares (1999) found it to fall between –4 and –6. Investigating the great 

number of bursts from Lake Neusiedl, I found the best fitting exponent varying as seen in 
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Figure 18, with –4 as most frequent and –5 as average integer value, though rather flat in the 

(–3,–5) interval.  

 

Figure 18. A histogram of the b exponent of the fitted tail. 

Based on this I accepted b = –5 for further calculations. The tail of the spectrum should be 

lengthened until four times the peak frequency (Prevosto et al. 1996; Rodríguez and Soares 

1999). I quantified the difference between partly compensated spectra and the spectra with 

replaced tail via bulk wave parameters. I found that the average relative differences between 

wave parameters calculated from the partly compensated with the replaced tail ( RT
m0H , RT

m01T ) 

and without it ( MT
m0H , MT

m01T ) were %8
MT
m0

MT
m0

RT
m0 +=−

H

HH
 and %12

MT
m01

MT
m01

RT
m01 −=−

T

TT
, respectively. 

These differences justify the application of the outlined procedure. 

The calculated Hm0 spectral wave height and Tm01 spectral wave period parameters with 

the measured wind properties for the measurements in Lake Neusiedl in July and October 

2005 are shown in Figure 19 and Figure 20. The detailed comparison of the measured and 

estimated wave parameters is described in §3.2.5. 
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Figure 19. Wind and wave conditions at Illmitz for a 6-day-long characteristic interval of the 
campaign in July 2005. From top to bottom: Measured wind data (wind stick plot, wind speed 
and direction), fetch, measured (dots) and estimated Hm0 and Tm01 (SPM dashed line, SWAN 
solid line).  



  CHAPTER 2.   Field measurements 

  33 

 

  

 

 

 

 

 

 
Figure 20. Wind and wave conditions at Illmitz for a 6-day-long characteristic interval of the 
campaign in October 2005. From top to bottom: Measured wind data (wind stick plot, wind 
speed and direction), fetch, measured (dots) and estimated Hm0 and Tm01 (SPM dashed line, 
SWAN solid line).  
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2.7 Analysis of velocity measurements 

The pressure-based wave measurement has a deficiency: although the propagation direction of 

waves is also important in determining the wave load on structures or in validating directional 

wave models a single-point pressure-based wave measurement is not able to provide 

information about that. In turn, 3D velocity measurement data inherently contain directional 

information. That is why the development of an appropriate technique to obtain wave features 

from 3D velocity time series is quite useful.  In the following this method and the results of 

the analysis of velocity measurements are described. The method was the same at both 

campaigns. To evaluate it the wave parameters calculated from the velocity data measured at 

two different depths at the same horizontal location on Lake Neusiedl and wave parameters 

calculated from pressure measurements on Stagnone di Marsala were used. At first the 

method is described with the results of the measurements on Lake Neusiedl, and then the 

results of the measurements on Stagnone di Marsala lagoon are shown.  

2.7.1 Lake Neusiedl 

Beside wave related and turbulent components the measured velocity time series also contain 

components on a longer timescale such as circulatory currents, seiche or Stokes-drift. These 

components are unsteady because the wind itself is variable and they must be subtracted from 

the lower end of the energy spectrum before further analysis.  

 

Figure 21. 40 seconds of simultaneous time series of the measured velocity components (u 
North, v East and w upward directions).  
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Figure 21 shows a shorter portion of a characteristic 5-min window of the velocity 

measurements at the lower measurement location in 2009. The method of analysis will be 

illustrated with this window throughout this section.  

I removed the long timescale, unsteady components using standard Kaiser window based 

high pass filtering with a cutoff frequency of 0.33 Hz, which bounds the expected range of 

wind waves from below. I found this cutoff frequency to apply uniformly throughout the 

measurement period as it is also confirmed in the energy spectrum of the selected 5-min 

window (Figure 22).  

 
Figure 22. Energy spectrum of the u (North) component of the measured velocity time series 
for the 5-min window. The thick vertical line indicates the 0.33 Hz cutoff frequency. 

 
Figure 23. Low pass filtered wind speed (top) and simultaneous horizontal flow velocity 
vector time series at the upper and lower sensor resampled at 1-min interval. 

Comparing these slowly varying components measured at 0.4 and 1.2 m under the water 

surface with each other, furthermore, with the wind speed vector (Figure 23) the whole 

measurement period can be separated into two characteristic parts. At wind speeds lower than 

4 m/s, in the first 3/4 of the time a flow going with the wind near the surface is accompanied 

with reverse flow near the bed, providing a velocity profile typical of deep conditions (deep 
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relative to the significant surface wave length). In turn, a wind speed exceeding 6 m/s in the 

rest of the time resulted in a clear unidirectional, strongly wind-oriented flow profile that 

extended uniformly to most of the depth in the period of the strongest winds.  

The applied high pass filtering provided time series that contain wave and turbulent 

components only.  

For a monochromatic progressive wave based on the linear wave theory the vector field 

(the horizontal and vertical component) of the velocity associated with the orbital motion can 

be described with the following equation (see e.g. Dean & Dalrymple, 1984): 
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with u(x,z,t) = horizontal velocity component at x horizontal, z mean vertical position and 

t time; ω = circular frequency; H = wave height; k = wave number of the harmonic wave 

component with f frequency; h = total water depth measured from the mean water level.  

The velocity associated with the orbital motion is also attenuated with depth similarly to 

the wave caused pressure fluctuation. This attenuation is not the same for the horizontal and 

vertical component:  
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where Ku(z,f) and Kw(z,f) = the attenuation of the horizontal and vertical component of the 

velocity due to the orbital motion respectively.  

 

Figure 24. The frequency-dependent depth-attenuation of the horizontal (solid line) and 
vertical (dashed line) components of the velocity due to the orbital wave motion with 0.5 (a), 
1.0 (b) and 2.0 Hz (c). The dashed lines overlap with the solid lines on plot b and c.  
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The difference depends on the wave frequency and the z mean vertical position (Figure 

24). The larger attenuation associated with higher frequency and the attenuation also grows 

with depth. In Lake Neusiedl the typical wave period is about 1-2 s which means 0.5-1.0 Hz 

wave frequency. In this range the difference between the attenuation of the horizontal and 

vertical components can be significant especially close to the bottom of the lake.  The 

attenuation of the horizontal component is equal to the attenuation of the pressure fluctuation 

for the same frequency at the same depth. 

The surface displacement can be recognised in (30): 
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where η(x,t) = surface displacement with x mean horizontal position and t time. From the 

vertical component of the velocity we obtain 
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that is, the second equation yields the time series of surface displacement but with 90° phase 

shift. The Z(f) spectrum of the surface displacement of monochromatic and also non-

monochromatic waves can be calculated based on the (33) and (34) with the assumption of 

the linear wave theory (see e.g. Dean & Dalrymple, 1984): 
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where Zu(f) and  Zw(f) = spectrum of vertical and horizontal velocity, respectively. 

However, this technique can be applied only on the orbital velocity components, while the 

measured velocity time series also contain mean current, lake-wide seiche and turbulent 

components (as was seen in Figure 21). Therefore these longer and shorter components must 

be removed prior to the wave analysis. As it was described above the longer components were 

already removed using high pass filtering. The removal of turbulence needs a more 

sophisticated approach, as will be described next.  

The separation of wave and turbulence related components from each other starts from the 

energy spectrum of the high pass filtered velocity time series (Figure 25). As can be seen in 

the figure a clear peak appears due obviously to the high energy content of the dominant wave 

component, while energy is related mainly to turbulence elsewhere. Following Bricker and 

Monismith (2007) I estimated the turbulence-related spectrum via cutting off the wave 
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dominated lower range and replacing it by a power function fitted to the remaining tail of the 

spectrum and extrapolated towards the lower frequencies (Figure 25). This procedure admits 

turbulence also in the wave-dominated frequency range, though having minor contribution to 

the energy. 

 

Figure 25. Energy spectrum of the high pass filtered velocity time series (crosses) with the 
estimated turbulence energy spectrum (dots) for the 5-min window (u, North component). The 
energy density at the frequency range under 0.33 Hz caused by the imperfection of the used 
high pass filter. 

I obtained the spectrum of the wave-related orbital velocity components then readily via 

subtracting the estimated turbulence spectrum from spectrum of the high pass filtered time 

series. Finally I calculated the time series of the orbital velocity components by inverse DFT, 

adopting original phase angles (Figure 26).  

 

Figure 26. Simultaneous time series of the orbital velocity components (u North, v East and w 
upward directions) for the same period as in Figure 21. 
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To reconstruct the surface displacement time series from the horizontal component of the 

orbital velocity only, it is necessary to find the direction of the waves. Of course, the 

estimation of the wave direction can be also an important issue in itself. In my study I used 

the so-called principal component analysis to calculate the main plane of waves. This vertical 

plane in which the orbital motion occurs will determine the horizontal direction of the wave 

propagation.  

During the principal component analysis the covariance matrix of the 3D velocity vector 

time series was determined in an arbitrary orthogonal coordinate system with known axis 

directions. In the covariance matrix the auto and cross covariance values of the directional 

components of the 3D velocity vector time series appear: 
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where C : the covariance matrix of the 3D velocity vector time series; cov(uv) : the cross 

covariance value for the u and v directional components, calculated with the following 

equation: 

 ( ) )()(cov tvtuuv ⋅=  (37) 

The covariance matrix is always symmetrical. In a general case the eigenvectors of the 

covariance matrix determine the principal directions and they determine the main planes. In 

case of waves the vertical direction is always one of the principal directions. When waves can 

be characterised with one propagation direction this direction is another principal direction. 

The vertical plane which is determined by these two principal directions is the main plane of 

waves. If waves can not be characterised with one propagation direction, for example when 

waves arrive from two or more directions, this method can not be used to determine the 

propagation directions. In that case the directional wave spectrum must be calculated to 

estimate the propagation directions. I calculated the eigenvectors and the eigenvalues of the 

covariance matrix with power and inverse-power iteration (Rózsa, 1991). 

This step is of great importance when processing only horizontal velocity components, 

because the components in the plane of the orbital motion are required for the direct 

reconstruction of the surface displacement. The direction of this vertical plane is N-S in this 

case, thus no co-ordinate transformation was necessary (Figure 27). 
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Figure 27. Excursion of the orbital velocity components in the horizontal and in the wave-
aligned vertical plane (u North, v East and w upward directions). 

The wave spectrum can be calculated both from the spectrum of the horizontal and the 

vertical orbital velocity components (Figure 28a and b) by using (30) and (31), respectively. 

Because of the uncertainty of the estimation of the wave dominated range of the high pass 

filtered spectrum the method I applied could not separate turbulence perfectly. In a first trial 

on compensating the attenuations, the remaining turbulence was indicated by exaggerated 

amplifications in the high frequency range, similar to the ones observed in the pressure-based 

analysis, and was treated by appropriately replacing the tail (Figure 28c) as developed there. 

The upper threshold was the same as the one I used at the analysis of the pressure 

measurements.  

 

Figure 28. Energy spectra of horizontal (a) and vertical orbital velocity components (b); and 
the derived wave energy spectra (c) for the 5-min window. 

Using inverse DFT the surface displacement time series were reconstructed separately 

from the horizontal and vertical components at both measurement depths (Figure 29). Note 

the phase shift between the vertical orbital velocity component and the surface displacement, 

as an expected feature already mentioned when discussing their relationship. The bulk wave 
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parameters can be then calculated from the spectrum, but can also be estimated from the 

surface displacement time series applying e.g. the zero-downcrossing technique.  

 

Figure 29. Time series of the horizontal (a) and vertical (b) orbital velocity components (solid 
lines) and the reconstructed surface displacement (dashed lines) for the same period as in 
Figure 21. 

For visual evaluation of the validity of the reconstruction procedure in the conditions of 

Lake Neusiedl, I compared the wave spectra (Figure 28c) and the surface displacement time 

series (Figure 30) derived from the vertical and the horizontal orbital velocity components as 

well as the data measured at the two different depths.  

 

Figure 30. Reconstructed surface displacement time series, derived from the u and w orbital 
velocity components at the lower sensor (a), and from the w component at both sensors (b) for 
the same period as in Figure 21. 

For quantitative evaluation of the method the bulk wave parameters were calculated. 

Table 1 shows some of the calculated wave parameters, as well as their difference for three 

investigated 5-min windows of the measurement in the Lake Neusiedl. The first window from 

14:34 to 14:40 (8366-8697 s from the start of the measurements) was chosen to be 
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representative for the lower wind speed conditions, the second from 16:54 to 17:00 (16732-

17078 s) is just after the steep increase of the wind speed, the third from 17:39 to 17:45 

(19439-19821 s) was chosen to be representative for the higher wind speed conditions. As is 

seen, the differences are small enough to prove the consistency of the presented velocity-

based estimation method.  

Table 1. Wave height and period derived from horizontal (u) and vertical (w) orbital velocity 
components at lower and upper sensors and their difference, for three intervals. 

  14:34 – 14:40 16:54 –17:00 17:39 – 17:45 
  lower s. upper s. ∆ lower s. upper s. ∆ lower s. upper s. ∆ 

u 6.0 7.9 –1.9 15.9 16.4 –0.5 18.1 19.4 –1.3 
w 6.4 8.6 –2.2 15.8 17.8 –2.0 19.1 20.5 –1.4 

Hm0 
[cm] 

∆ +0.4 +0.7  –0.1 +1.4  +1.0 +1.1  
u 1.37 1.23 +0.14 1.49 1.44 +0.05 1.73 1.64 +0.09 
w 1.33 1.14 +0.19 1.47 1.36 +0.11 1.65 1.59 +0.06 

Tm01 

[s] 
∆ –0.04 –0.09  –0.02 –0.08  –0.08 –0.05  

 

Removing the orbital velocity component, from the high pass filtered time series the 

residual is meant to represent turbulence (Figure 31, Figure 32). In fact, the auto-correlation 

functions of this residual time series show a shape typical to conventional turbulence 

(Figure 33). 

 

Figure 31. Time series of the turbulent velocity components for the same period as in 
Figure 21: u wave-aligned (North), v transverse (East) and w upward directions. 
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Figure 32. Excursion of the turbulent velocity components near the surface (a-b) and the bed 
(c-d) during the 5-min window: u wave-aligned (North), v transverse (East) and w upward 
directions. 

        

Figure 33. Auto-correlation function of the turbulent components near the surface (a) and the 
bed (b).  

There are widely used parameters to quantify the turbulence like the turbulent kinetic 

energy or Eulerian timescale. These two parameters were calculated to one of the three 

intervals and summarized in Table 2. Values show rather low turbulence energy level and the 

presence of short time period energetic turbulent eddies. Without any detailed analysis of the 

results I would like to note that the Eulerian timescale is rather isotropic in the vertical plane 

of the wave motion (u and w components) whereas systematically different in the direction 

perpendicular to it, showing anisotropy.  

These are only preliminary results. The complete analysis of the turbulent component was 

not the objective of this thesis. 

Table 2. Characteristics of the turbulent component (TKE - turbulent kinetic energy, TE - 
Eulerian time scale; u wave-aligned (North), v transverse (East) and w upward directions) 

  16:54 –17:00 
  lower s. upper s. 

u 0.174 0.209 
v 0.189 0.414 
w 0.144 0.144 

TKE 
[cm2/s2] 

total 0.507 0.767 
u 0.096 0.107 
v 0.149 0.207 

TE  
[s] 

w 0.093 0.075 
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Because of its complexity the method described above is summarised in a flowchart in 

Figure 34.  

 

Figure 34. The flowchart describing the reconstruction of the wave and turbulence features 
from 3D velocity time series. 

2.7.2 Stagnone di Marsala 

To extend the validation, the same method of analysis is also applied to the velocity 

measurements in the Stagnone di Marsala lagoon (Figure 35). Here I used the wave 

parameters derived from pressure measurements for validation. 

I compared the wave spectra (Figure 38), the surface displacement time series (Figure 36) 

and the bulk wave parameters derived both from velocity and pressure measurements. Table 3 

shows some of the calculated wave parameters, as well as their difference. As is seen, the 

differences are small enough to prove the applicability of the presented velocity-based 

estimation method. 
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Figure 35. 40 seconds of simultaneous time series of the measured velocity components (u 
wave-aligned horizontal, v transverse horizontal and w upward directions). 

 

Figure 36. Surface displacement time series derived from orbital velocity components (solid 
lines) and from pressure data (dashed lines, same in both panels) for the same period as in 
Figure 35. 

 

Figure 37. Time series of the turbulent velocity components for the same period as in 
Figure 35: u wave-aligned horizontal, v transverse horizontal and w upward directions 
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Figure 38. Wave energy spectra determined from the pressure (crosses on both plots), from 
the horizontal orbital velocity component (dots on the left plot) and from the vertical orbital 
velocity component (dots on the right plot). 

Table 3. Wave parameters derived from orbital velocity components and their difference from 
pressure data belonging to a characteristic 5-min window.  

 Hm0 [cm] ∆Hm0 [cm] Tm01 [s] ∆Tm01 [s] 
u  7.0 –1.7 1.26 +0.06 
w 7.7 –1.0 1.20 –0.01 
p 8.7 - 1.21 - 

 

Removing the orbital velocity component, from the high pass filtered time series the 

residual is meant to represent turbulence (Figure 37, Figure 39).  

 

Figure 39. Excursion of the turbulent velocity components in the horizontal and vertical plane 
during a 5-min window: u wave-aligned, v transverse and w upward directions. 

To characterise the turbulence, I calculated the kinetic energy (Table 4). Velocity was 

measured at half depth (0.60 m below the mean surface, in a total depth of 1.25 m). The wave 

conditions during this measurement were close to the first investigated part of the time series 

measured in Lake Neusiedl so we can compare the turbulence properties of these two 

intervals.  



  CHAPTER 2.   Field measurements 

  47 

Table 4. Turbulent kinetic energy (TKE) values during a characteristic 5-min window for the 
three orthogonal directions and in total. 

 TKE [cm2/s2] 
u 0.721 
v 0.688 
w 0.031 
total 1.441 

 

In Stagnone di Marsala the turbulent kinetic energy is much higher than in Lake Neusiedl. 

This higher turbulence may be caused by the irregular seagrass cover of the bottom. In Lake 

Neusiedl, in contrary, the bed surface is smooth, there was no submerged bottom vegetation at 

the measurement location. As to the seagrass in the lagoon, its height is not homogeneous, the 

higher ones forming a ring-type pattern, a source of high turbulence energy level. The 

turbulent kinetic energy proves to be isotropic in the horizontal plane (u and v components) 

and anisotropic in the vertical direction. As to the latter, a possible explanation can be that 

though the measurement point was 0.60 m above the bottom, it was only 0.10-0.20 m above 

the local seagrass canopy, which damped vertical motions. Further measurements and 

analysis of the results are needed to judge the validity of this hypothesis. 
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Chapter III 

WAVE ESTIMATION AND MODELLING 

Although both pressure- and velocity-based field measurement methods – as many other field 

measurement techniques – can give information about the wave properties only at the meas-

urement point, for the planning of shore protection works or for the modelling of the sediment 

transport processes the description of the wave properties at a single point is not enough.   

The application of empirical estimation formulas or numerical models to investigate the 

hydrodynamic processes in lakes (see e.g. Krámer and Józsa, 2005 and 2007) is a widely used 

method. There are also empirical formulas and numerical models to estimate the wave 

properties also in shallow water, but they must be validated for the local conditions, like the 

extreme shallowness of Lake Neusiedl. Using them we can extend our knowledge also about 

the wave properties to the whole investigated lake. 

The empirical formulas usually use some of the following independent variables: local 

wind speed, wind duration, fetch and local water depth. The general availability of these data 

and the low computational effort are the advantages of these formulas comparing with 

numerical models. There are methods which give an estimation of the bulk wave parameters 

and there are also methods which give estimation for the wave spectrum as it was mentioned 

above in §2.6. As to semi-analytical approaches, the Shore Protection Manual (SPM) contains 

widely used formulas for the estimation of significant wave height and average wave period 

in shallow water (CERC, 1984). In spite of their simplicity these formulas showed decent 

agreement with measurements e.g. in Lake Balaton (Krámer and Peltoniemi, 2006).  

Numerical wave models solve the partial differential equation of the wave energy in 

discrete points both in geographical and spectral space. Many numerical models were 

developed to deep water conditions where the effect of the bottom on the wave properties can 

be negligible (see e.g. WAMDI group, 1988 or Günther et al. 1992). There is not so wide 

range of numerical models developed for shallow water conditions. These models are usually 

developed for coastal conditions. As to numerical modelling tools, I will focus on SWAN 

(standing for Simulating Waves Nearshore) which is a 2D spectral wave model developed for 

the simulation of wind generated waves from the nearshore to the surf-zone (Booij et al. 1999 

and Ris et al. 1999). Thanks to its complexity I could expect that the SWAN model represents 

the temporal dynamics significantly more accurately than a steady-state regression method, so 
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I compared the modelled bulk wave properties not only to the measured data but also to the 

estimation by the SPM formulas (Figure 19 and 20). 

The main goal of the investigations described in the following part of this chapter is to 

check the validity of the SPM formulas and the SWAN model for lakes as extremely shallow 

as Lake Neusiedl with the reproduction of the wave properties measured in Lake Neusiedl in 

2005.  

3.1 Wave estimation formulas of the Shore Protection Manual 

The Shore Protection Manual (SPM) which was published by the US Army Corps of 

Engineering Coastal Engineering Research Center (CERC, 1984) suggest empirical formulas 

for the estimation of significant wave height and average wave period both for deep and 

shallow water conditions. These formulas are based on Bretschneider’s (1958) results. The 

formulas for the significant wave height and average wave period which are valid in shallow 

water and fetch limited conditions are as follows: 
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where Hs = significant wave height; Ta = average wave period; wA = the effective wind speed; 

h′ = dimensionless local water depth; F ′= dimensionless fetch. The h′  dimensionless local 

water depth and F ′  dimensionless fetch were normalised by g acceleration due to gravity and 

wA effective wind speed: 
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The wA effective wind speed is defined in the SPM as wA = 0.71w1.23 but the comparison 

with measured data in Lake Neusiedl has shown better agreement with wA = w (Krámer, 

2006), so the latter was used.  

SPM defines fetch as the horizontal distance (in the direction of the wind) over which a 

wind generates waves. Fetch can be interpreted as the wind exposure of a location on the lake. 

Because of the directional variability of the wind, the streamline curvature and the lateral 

momentum exchange of the air flow the fetch is usually defined as an arithmetic mean of the 
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fetches along several radials deviating symmetrically about the wind direction. The SPM 

proposes averaging the fetch along nine radials with spread of 24°.  

I made a sensitivity analysis on the three independent variables of the SPM formulas to 

find out how much would be the calculated wave parameters affected by the measurement 

error of the local water depth, fetch and local wind speed (Homoródi, 2007).  This can help us 

decide the priority of their accurate measurement to use the available limited resources as 

effectively as possible. This sensitivity analysis was based on the two measurement period in 

2005 in Lake Neusiedl near Illmitz. The definition of the used sensitivity parameter and the 

whole numerical sensitivity analysis was based on Hill’s train of thought (1998): 
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where CSP = the comparable sensitivity parameter;  rely∆ = the average of the relative change 

of the dependent variable; relx∆ = the average of the relative change of the independent 

variable: 
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where yi(xi) and yi (x0,i) = the value of the dependent variable at xi and x0,i value of the 

independent variable respectively associated with the ith measurement; N = number of 

measurements. If the CSP value is equal to 1.0, y(x) is linear function. The higher the CSP 

value, more sensitive the dependent variable on the independent variable. Here the three 

independent variables (h local water depth, F fetch and wA effective wind speed) were 

perturbed with ±10%.  

Table 5. Comparable sensitivity of Hs and Ta to the independent variables (h local water 
depth, F fetch and w local wind speed).  

 h F wA 
 +10% –10% +10% –10% +10% –10% 
Hs 0.28 0.32 0.26 0.29 0.84 0.87 
Ta 0.10 0.12 0.19 0.21 0.37 0.40 

 

The calculated CSP values (Table 5) show that both wave parameters have the highest 

sensitivity to the effective wind speed. It is an almost linear relationship between the effective 

wind speed and the significant wave height. The sensitivity of the average wave period is 
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smaller to the effective wind speed, but this CSP still higher than the others. It indicates that 

we should take care of wind speed. The sensitivity of the wave parameters to the local water 

depth and fetch looks similar but there is a large difference between their behaviour. The 

higher the waves the larger the sensitivity to the local water depth while the lower the 

sensitivity to the fetch. It is because the larger wave heights associated with the longer fetches 

so fetch does not limit waves but these wave are affected by the lake bottom more then 

smaller waves. Significant wave height has larger sensitivity to the three independent 

variables than average wave period. 

3.1.1 Validation  

The constant parameters of the SPM formulas were calibrated with huge number of wave 

measurements (CERC, 1984). The goal of these formulas is to give good estimation for wave 

properties in the coastal areas of the oceans and large lakes like the Great Lakes in North 

America so these measurements were conducted mainly there. That is why it is necessary to 

validate the formulas in lakes as shallow as Lake Balaton or Lake Neusiedl. As their 

validation in shallow lakes, these formulas were used in Lake Balaton with reasonable 

agreement with measurements (Krámer and Peltoniemi, 2006) so it was expected to give 

reasonable agreement with measurements also in Lake Neusiedl.  

The results of the two measurement campaigns in July and October 2005 could be used 

for the comparison with wave predictions of SPM because they covered characteristic wind 

episodes. During the calculations I considered the h water depth to be constant and I estimated 

it with the measured value at the beginning of each measurement campaign. The F fetches 

associated with the measured wind directions were estimated with the averaging method 

suggested by the SPM.  

As it was demonstrated above the estimated Hs significant wave height and Ta average 

wave period values are sensitive to the wind speed. SPM suggest using wind data gathered 

over the water at 10 m above the surface because they are normally the most desirable for 

wave prediction and suggest a procedure to obtain overwater wind speed from observations 

nearby on land. But because of the high importance of the wind speed I found it necessary to 

clarify whether wA effective wind speed should be based on the w(0) overland wind speed, on 

the w(F) local overlake wind speed, or on the ( )Fw  average overlake wind speed:  
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where w(s) = wind speed associated with fetch s. The IBL model was used to estimate both 

the overland and the fetch-averaged wind speed from the data measured over the lake at the 

wave gauge, and to transform them to the standard 10 m anemometer height.  

For the quantitative evaluation of the performance of the empirical formulas and later the 

numerical model as well I used the bias parameter, root-mean-square error, scatter index and 

correlation coefficient: 
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where BIAS = bias parameter; RMS  = root-mean-square error; SI = scatter index;  R2 = 

correlation coefficient; N = the number of data; Oi = the measured value; Si = the predicted 

value; iO  and S  = mean values; sO and sS = standard deviation of the measured and predicted 

data. Error parameters using each of the three wind specifications (overland, overlake and 

fetch limited) are compiled in Table 6 and 7. In overall the SPM formula with fetch-averaged 

wind speed gives the best estimation of the Hs significant wave height and the SPM formula 

with overland wind speed gives the best estimation of the Ta average wave period. The results 

show that there is small difference between the accuracy of the wave estimation with overlake 

and fetch-averaged wind speed. The computational effort of the fetch averaging does not yield 

much better accuracy. Because of its simplicity the overlake wind speed can be suggested to 

be used rather than the fetch-averaged wind speed.  

Table 6. Error parameters of the SPM formula for Hs using each of the three wind 
specification. Bold means best fit. 

July and October 2005 
Hs overland overlake 

fetch-
average 

BIAS [cm] –2.1 0.6 –0.2 
RMS [cm] 4.1 3.8 3.7 
SI [%] 17.5 16.2 16.0 
R2 [-] 0.61 0.59 0.58 

 
Considerable difference is only between bias parameter values for both wave parameters 

calculated with overland or overlake wind speed. The difference in the other parameters is not 
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so significant. Because of the greater importance of the wave height estimation the SPM 

formulas with overlake wind speed is suggested for use in Lake Neusiedl.  

Table 7. Error parameters of the SPM formula for Ta using each of the three wind 
specification. Bold means best fit. 

July and October 2005 
Ta overland overlake 

fetch-
average 

BIAS [s] 0.01 0.14 0.10 
RMS [s] 0.18 0.24 0.22 
SI [%] 8.1 11.2 10.2 
R2 [-] 0.57 0.54 0.55 

 

 

Figure 40. Scatter diagram of wave height (a) and period for measurements in July. The 
dashed diagonal represents an exact match. 

 

Figure 41. Scatter diagram of wave height (a) and period (b) for measurements in October. 
The dashed diagonal represents an exact match. 
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The comparison of the scatter diagrams associated with the different wind data shows that 

the SPM formulas give better estimation of the small and medium wave heights (Hs = 5-

25 cm) with overlake wind speed than with overland wind speed. But the prediction of the 

highest heights (Hs = 25-40 cm) is best done with overlake wind speed.  

In general the SPM formulas with overlake wind speed showed as good agreement with 

measurements as it is expected from an empirical formula with three independent, 

instantaneous variables. These formulas are built on the assumption that waves have 

developed into an equilibrium with the local depth. In Lake Neusiedl the local depth is more 

or less valid for the whole lake because the bottom is so flat. The SPM also gives an 

estimation for the Dt  minimum wind duration which is needed to reach steady-state waves: 

 
333.2

A

A537 







⋅=

w

gT

g

w
t a

D . (48) 

During the two measurement periods the highest wind speed was about 12 m/s and the 

measured Tm01 associated with that wind was 1.8-2.0 s. Based on the formula Dt = 27-35 min, 

which is exceeded by the duration of most storms, i.e. the waves are seldom duration-limited. 

3.1.2 Wave climate estimated with SPM formulas 

A possible application of the validated SPM formulas is the estimation of the long term 

statistics of the wave properties, which can be called wave climate, without long term wave 

measurements as described below.  

Wave climate data can be necessary for harbour or shore protection planning. These 

statistics can be derived from field wave measurements. If wave properties are not measured 

regularly, it can be quite expensive to conduct a wave measurement campaign long enough 

for long term statistics.  

Wave estimation methods validated for the local conditions can give a good approxima-

tion for the wave properties using wind data and the geometry of the lake. The advantage of 

the empirical formulas is that usually only the local depth, local wind speed and fetch are 

needed for the wave estimation. Local depth and fetch can be derived from the geometry of 

the lake which is usually available. While the measurement of the wave properties is not so 

common wind speed and direction are measured regularly so usually wind data are available.  

Here I calculate the wave climate of Lake Neusiedl with the empirical wave estimation 

formulas of SPM and a more than half year long wind measurement conducted near Illmitz in 
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2004 (Homoródi, 2007). As I showed it above wave estimation formulas of the SPM 

dedicated to shallow water conditions can be used in Lake Neusiedl with good accuracy.  

 

Figure 42. Wind rose (dash-dotted line), energy (solid line) and power (dashed line) 
frequency diagrams. 

The directional properties of this period are typical for Lake Neusiedl: the dominating 

wind direction is the NNW (Figure 42). The evidence of this is the inclination of the tree at 

the shore near Illmitz (Figure 43). The S-SE direction is the second most frequent, but wind 

speed associated with this direction is usually not so high.  

 

Figure 43. Evidence of the NNW prevailing wind direction as seen from the inclination of the 
trees perpendicularly (after: Józsa et al., 2008) and parallel to the NNW direction. 

In this example I calculated the exceedance frequency of three threshold limits (5, 10 and 

20 cm) in some representative points, along the border line of the off shore areas and as a 

field property for the whole lake. The directional distribution of the wave climate properties 

can be useful for the planning of pointwise structures like a harbour. For example the 



  CHAPTER 3.   Wave estimation and modelling 

  56 

direction of the entrance of the harbour must be chosen to avoid ships being damaged by the 

highest waves entering into the harbour.  

The directional diagram of the exceedance frequency of the significant wave heights 

higher than 5 (dashed line), 10 (dash-dotted line), 20 cm (solid line) near Illmitz (Figure 44a) 

shows that the NNW is the prevailing wind direction at the coast of Illmitz. The exceedance 

frequency of the higher wave heights (10 and 20 cm) are negligible at the coast near Oggau 

(Figure 44b) which is on the opposite side of Lake Neusiedl. The prevailing wind direction 

there is the S-SE. The wind speed values are lower than the values associated with the NNW 

direction so the exceedance frequencies are also much lower there.  

 

Figure 44. Radial diagram of the frequency of the significant wave heights higher than 5 
(dashed line), 10 (dash-dotted line), 20 cm (solid line) near Illmitz (a) and Oggau (b); total 
frequency of the significant wave heights higher than 5, 10, 20 cm along the shore (c). 

For the planning of line structures like shore protection works the line distribution of the 

wave exposure (Figure 44c) is much more useful than the directional distribution in only one 
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point. There is a large difference between the wave exposure of the border of the open lake 

areas on the east and the west part of the lake. This result is in agreement with the width of 

the reed belt along the east and west shore of the lake.  

To understand to sediment transport processes in a lake the knowledge of the wave 

climate at one location or along a line is not enough. For this the spatial distribution of the 

wave climate properties are needed (Figure 45).  

 

Figure 45. Distribution of the frequency of significant wave heights higher than 10 (a), 20 cm 
(b). 

Wave climate can be also interesting in water quality and hydrobiological point of view. 

For example the wind generated waves have influence on the alga production of the lake 

(Somlyódy and Koncsos, 1991). The sediment resuspension caused by the waves has at least 

two effects on alga production. Alga growth can be limited by the available dissolved 

phosphorus and nitrogen concentration. The resuspended sediment can act as an internal load 
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of biological available phosphorus forms. Otherwise the resuspended sediment decreases the 

penetration of light in water which limits the alga production. 

The results also show us that the reed belt is very thin or not exists where the highest 

waves have highest frequency. This coincidence suggests further investigation of the 

interaction between waves and reed zone or the offshore and nearshore zones (Kiss, 2012). 

3.2 2D spectral based numerical wave modelling 

Although the wave properties estimated with the SPM formulas gave good estimation for the 

measured pointwise wave properties in Lake Neusiedl, in contradiction to numerical wave 

models they do not take into consideration processes like generation by the wind, dissipation 

caused by white-capping, etc. We therefore expect a better estimation of the wave field using 

numerical models that resolve actual bathymetry, wind forcing and physical conservation 

laws.  

The SWAN model (version 40.81, Booij et al. 1999 and Ris et al. 1999) is a so-called 

third generation spectral wave model. It was developed for the simulation of wind generated 

waves from the nearshore to the surf-zone. It was also used in deep lakes like Lake Erie 

(Moeini and Etemad-Shahidi, 2009) and shallow lakes like Lake Okeechobee (Jin and Ji, 

2001), or shallow bays like the Chesapeake Bay (Lin et al., 2002) and the Kündema Bay 

(Alari et al, 2008), but not in lakes as shallow as Lake Neusiedl. The main goal of this chapter 

is to investigate the validity of the 2D spectral wave model SWAN on extremely shallow 

lakes with the reproduction of the wave properties measured in Lake Neusiedl in 2005.  

     

Figure 46. Directional (a) and omnidirectional (b and c) wave spectra computed with SWAN. 
Plot b has exponential coordinate system, plot c has metrical coordinate system. 
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In the following a short description of this model is given based on the  book of 

Holthuijsen (2007) on waves in oceans and coastal waters, and based on the scientific and 

technical documentation of SWAN (SWAN team, 2010). I will focus on the processes with 

high relevance in shallow water conditions typical to Lake Neusiedl.  

Even in steady state conditions the wind field is irregular. These irregularities also appear 

in the wind generated wave field so it is formed by a huge number of wave components with 

different frequency and propagation direction. Hence the directional energy density spectrum 

can be used to describe the wave state as it is described in §2.3.2 (Figure 46).  

In the SWAN model we use the action density instead of the energy density for the 

spectral description of the wave state because action density is conserved in the presence of 

currents, while the energy density is not. The relation between the action and energy density 

described as follows: 

 N(f,θ) = E(f,θ) / f, (49) 

where N(f,θ) and E(f,θ) = action density and energy density of the wave component with f 

relative frequency (as observed in a frame of reference moving with current velocity), and θ 

wave direction (the direction normal to the wave crest of each spectral component). In the 

SWAN wave model, the evolution of the wave spectrum at (x, y) position and t time is 

described by the spectral action balance equation. The mathematical form of this equation for 

Cartesian coordinates is 
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where cx and cy = propagation speed in geographical space; cf and cθ = propagation speed in 

spectral space. The first term in the left-hand side of this equation represents the local rate of 

change of action density in time. The second and third terms on the left side represent 

propagation of action density in geographical space. The fourth and fifth terms represent 

propagation of action density in spectral space, like depth- and current-induced refraction, 

change of the relative frequency due to variations in depths or currents, propagation in 

directional space and directional spreading. The term S = S(f, θ) on the right-hand side of the 

action balance equation is the sum of source terms. It represents the linear and exponential 

growth by wind, dissipation due to white-capping and bottom friction, depth-induced wave 

breaking and energy transfer due to quadruplet and triad wave-wave interaction.  
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The nonlinear interactions have significant effect on the shape and evolution of the wave 

spectrum. These interactions cause the transport of the wave energy between frequency 

ranges. In deep water, quadruplet wave-wave interactions have greater importance. They 

transfer wave energy from the spectral peak to lower frequencies hence the peak frequency 

moves to lower values. This processes also transfer wave energy from the spectral peak to 

higher frequencies but this energy is dissipated by white-capping. Similar to many other 

numerical wave models the quadruplet wave-wave interaction is treated in the SWAN model 

with a discrete interaction approximation (Hasselmann et al., 1985). 

The triad wave-wave interactions have significant effect on the wave spectrum only in 

water which is very shallow comparing with the wave height and wave length. This process 

transfer energy from lower frequencies to higher frequencies. It can cause the appearance of 

higher harmonics. To describe this process the lumped triad approximation (Eldeberky and 

Battjes, 1995 and Eldeberky, 1996) is used in SWAN. 

In the following those source and sink terms are described which are relevant in shallow 

basins, like Lake Neusiedl based on numerical sensitivity analysis. 

3.2.1 Generation by wind 

The two steps of the wave generation (the initial generation of waves and the growth of these 

waves) are treated in numerical models separately. 

One of the physical models for the initial generation of waves is described by Phillips 

(1957). According to this model waves are generated by a resonance mechanism between 

wind-induced air-pressure waves propagating over the water surface and waves. For steady 

state wind conditions this kind of energy transfer from wind to waves is estimated to be 

constant in time hence this process appears as a constant term in the spectral action balance 

equation.  

When the first waves appear on the water surface they modify the airflow and the wind-

induced pressure field at the water surface hence they has an effect on their own growth 

(Miles, 1957). The change in the wind field is the greatest at the water surface. Miles found 

that the air pressure is the highest on the windward side of the wave crest and the lowest on 

the leeward side of the wave crest. Hence the water surface is pushed down where it is 

moving down and pulled up where it is moving up. This out-of-phase coupling between 

pressure and surface motion transfers energy to the waves. The magnitude of this kind of 

energy transfer depends on the height of the wave. It becomes more effective as the wave 
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grows. It is a positive-feedback mechanism. This process appears as an exponential term in 

the spectral action balance equation because the its magnitude depends on the wave energy 

itself.  

Transfer of wind energy to the waves is described in SWAN with the coupled resonance 

mechanism of Phillips (1957) and feed-back mechanism of Miles (1957): 

 ( ) ( )θθ ,,in fBEAfS += . (51)  

The expression for B, 
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is based on Janssen’s work (1991). It accounts explicitly for the interaction between wind and 

waves by considering atmospheric boundary layer effects and the roughness length of the 

water surface. The new variables are β = Miles constant; aρ and wρ = density of air and 

water, respectively; cph = wave phase speed;wθ = the wind direction. This option is also used 

in WAM Cycle 4 (Komen et al., 1994). The expression for linear growth term A, as described 

by Cavaleri and Malanotte-Rizzoli (1981), is also included, but it is negligible except at the 

beginning of the wave generation.  

3.2.2 Dissipation of wave energy 

One of the energy dissipating processes is the white-capping which is the breaking of the 

steep waves in deep water. It is a very complicated process and the exact theoretical 

description and also a generally accepted precise definition do not exist today. For its 

description measurements are needed but it is very difficult to carry out. It seems reasonable 

that white-capping is controlled by the wave steepness. However, based on observations in 

deep water we can say that the breaking of an individual wave is almost independent of its 

steepness. Perhaps the degree of randomness or short-crestedness is just as important as the 

steepness of the waves. 

The description of the white-capping in SWAN is based on the theory of Hasselmann 

(1974). The white-caps are desribed as pressure pulses on the water surface on the leeward 

side of the wave crest. The weight of the white-cap pushes down the upward moving water 

surface and it causes energy dissipation. The white-capping source term is derived from the 

model of Hasselmann: 
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with f~ and k~ = mean frequency and wave number; Γ = a coefficient that depends on the 

overall wave steepness s~ . This steepness-dependent coefficient, as given by WAMDI group 

(1988), was adapted by Günter et al. (1992) based on Janssen (1991): 
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with Cds, δ and p = tuneable parameters, s~ = the overall wave steepness, PMs~ = the value of 

s~ for the Pierson-Moskowitz spectrum (1964): 31002.3~ −×=PMs . The default values of the 

tuneable parameters are Cds = 4.1×10–5, δ  = 0.5 and p = 4. In the input file describing the 

parameters of the simulation for the model PMsCC ~/dsds =′  is given instead of Cds, with a 

default value of 4.5. Comparable sensitivities (see §3.1) show that Hm0 and Tm01 are sensitive 

to dsC′ and δ but not to p (Table 8). The comparable sensitivities were calculated based on data 

of the two measurement period in 2005 in Lake Neusiedl near Illmitz.  

Table 8. Comparable sensitivity of Hm0 and Tm01 to parameters dsC′ , δ, p and kn. 

 
dsC′  δ p kn 

 +10% –10% +10% –10% +10% –10% +10% –10% 
Hm0 –0.265 –0.465 –0.075 0.015 –0.001 –0.001 –0.002 –0.013 
Tm01 –0.027 –0.046 0.056 0.178 0.005 0.007 –0.011 <0.001 
 

Higher dsC′  values increase energy dissipation, reducing Hm0 and (less strongly) Tm01 as a 

result (Figure 47). The effect is more pronounced above Hm0 = 15 cm. The Hm0 spectral wave 

height is found sensitive to an increase, but less to a reduction of δ  while the Tm01 spectral 

wave period is found sensitive to a decrease, but less to an increase of δ (Figure 48). 

Perturbing δ changes Hm0 with the opposite sign and Tm01 with the same sign.  

In shallow water waves have interaction with the lake bottom which leads to energy 

dissipation. This causes more than one energy dissipating mechanism. Usually the bottom 

friction is the dominant from them 
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Figure 47. Scatter diagram of Hm0 (a) and Tm01 (b) for different dsC′ values. The dashed 

diagonal represents an exact match, i.e. no sensitivity. 

 

Figure 48. Scatter diagram of Hm0 (a) and Tm01 (b) for different δ values. The dashed diagonal 
represents no sensitivity. 

The orbital motion of the water particles creates a thin turbulent boundary layer at the lake 

bottom. The term ‘bottom friction’ also covers many mechanisms in this layer. The most 

important one is a energy and momentum transfer from the orbital motion of the water 

particles just above this layer turbulent motion in that layer. The magnitude of this energy 

transfer depends on the wave properties and the roughness of the bottom. The effect of the 

sediment form like ripples is also taken into consideration.  

The process of wave energy dissipation at the lakebed can be estimated based on the 

empirical JONSWAP form (Hasselmann et al., 1973), the drag law model of Collins (1972) or 

the eddy-viscosity model of Madsen et al. (1988). All the three methods use the following 

equation: 

 ( ) ( )θθ ,
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with Cb = bottom friction coefficient; h = water depth. The difference is in the estimation of 

the Cb bottom friction coefficient. In the model by Madsen et al. the bottom friction 

coefficient depends on the bottom roughness height kn and the actual wave conditions. Hm0 

and Tm01 are sensitive to kn only at higher waves because for lower waves there is at most a 

weak or no interaction between the waves and the lake bottom (Figure 49). The unperturbed 

reference value of kn = 5 cm. 

 

Figure 49. Scatter diagram of Hm0 (a) and Tm01 (b) for different kn values. The dashed 
diagonal represents no sensitivity. 

When waves propagate towards the shore, wave height starts to increase because of the 

shoaling. When the ratio of wave height and water depth exceeds a certain limit, waves start 

to break. The treatment of the energy dissipation due to the depth-induced breaking is based 

on the works of Eldeberky and Battjes (1996 and 1978). It has a significant effect on wave 

properties only nearshore. 

3.2.3 Numerical solution 

The action balance equation (50) is solved in SWAN with the finite difference method. 

A rectangular computational grid was used in my investigation with constant ∆x and ∆y cell 

size in the x- and y-direction, respectively (Figure 50a). The spectral space is divided into 

elementary bins with a constant ∆θ directional resolution and a constant ∆f / f relative 

frequency resolution, resulting in a logarithmic frequency distribution (Figure 50b). Details 

about the numerical approaches are given in the SWAN user manual (SWAN team, 2010). 
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Figure 50. Part of the computational grid in geographical space with the depth distribution (a) 
and the discretisation in spectral space within a grid cell (b) with an example wave spectrum 
computed with SWAN. 

Boundary conditions in geographical and spectral space are also needed to solve the action 

balance equation (50). In geographical space the boundaries of the computational grid can be 

land or water. The land does not generate waves and in SWAN it absorbs all incoming wave 

energy. In the case of a water boundary the incoming wave components are imposed and the 

waves can leave the model freely across that boundary. The boundaries in frequency space are 

fully absorbing at the lowest and the highest discrete frequency. When the directional space is 

a closed circle, no boundary conditions are needed for any direction. 

In case of non-stationary computations the default initial spectra are computed from the 

local wind velocities using the deep-water growth curve of Kahma and Calkoen (1992), cut 

off at values of the significant wave height and peak frequency from Pierson and Moskowitz 

(1964). The initial shape of the spectrum is the classical JONSWAP (Hasselmann et al., 1973) 

with a cos2(θ) directional distribution centred around the local wind direction. Using these 

equilibrium initial conditions renders the effect of the linear term of the wave generation 

negligible at startup.  
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3.2.4 Model setup 

I implemented the SWAN model (described above) for Lake Neusiedl to investigate its 

validity on lakes as extremely shallow as Lake Neusiedl. The setup, calibration and the 

validation processes are outlined in this and the following two chapters.   

All the described source term components were activated in my investigation although not 

all of them have direct effect on the results at the measurement point. Wave-current 

interaction was not considered. When setting the spatial resolution of the grid to 100 m, I 

considered the nonlinearity in the governing equations, the variability of the wind field and 

the complexity of the lake morphology. I also analysed the effect of discretisation in the 

frequency space, directional space and for the time. Based on these analyses the 2D spectrum 

in each geographical point was described in 16 directions, at 42 discrete frequencies between 

0.1 Hz and 5.0 Hz. The applied time step was 0.5 min. 

 

 

Figure 51. The distribution of the mean water depth in the northern basin during the two 
measurement periods. 
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The 2D wave model was built based on the bathymetry survey (Figure 51) of Bácsatyai et 

al. (1997). Only the larger northern part of the lake was incorporated in the model because I 

considered the interaction with waves in the smaller southern basins negligible. The water 

level (115.2 and 115.3 m ASL) was determined to reproduce the depth (1.0 and 1.1 m) at the 

measurement point. 

3.2.5 Calibration and validation 

I used the measurements in October for the calibration and the measurements in July for the 

validation of the model. For the evaluation of the model I compared the measured and 

modelled wave parameters and spectra as well. For the quantitative evaluation of the model 

performance the bias parameter, root-mean-square error, scatter index and correlation 

coefficient have been used. 

The adopted parameters based on the calibration for the white-capping are dsC′ = 6.5 

(Cds = 5.92×10–5); δ = 1.0; p = 4 and for the bottom friction kn = 0.001 m. The scatter plot of 

the model-data comparison for Hm0 is shown for SPM in Figure 41a and for SWAN in 

Figure 52a. 

 

Figure 52. Scatter diagram of wave height (a) and period (b) for the calibration period. The 
dashed diagonal represents an exact match. 

In October SWAN gives better estimation for Hm0 than SPM. The bias of Hm0 estimated 

by SWAN is almost zero but SPM results are rather overestimated. The root-mean-square 

error of SWAN is smaller than that of SPM although both are in an acceptable range. The 

correlation coefficient values are rather high and similar to each other showing that the results 
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of both models are well correlated with the measured Hm0. The scatter index of SPM is almost 

the double. The higher Hm0 values are rather overestimated (Figure 20 and 52a) while the 

lower Hm0 values are underestimated in the first half of the calibration period (Figure 20) and 

overestimated in the second half of the calibration period. 

The scatter plot of the model-data comparison for Tm01 is shown for SPM in Figure 41b 

and for SWAN in Figure 52b. The SWAN model predicted Tm01 more precisely than the SPM 

formula. The SPM formulas tend to overestimate while the estimation of SWAN is largely 

unbiased. All error indicators demonstrate the superiority of the SWAN model, but the results 

of both models are actually well correlated with the measured Tm01. 

During the first almost 2.5-day part of this measurement period the SWAN model mostly 

underestimate Hm0 and during the last 2-day part overestimate it (Figure 20). During the 

intermediate period the measured Hm0 values are scattered around the Hm0 time series 

estimated with SWAN. Except the first 2-day part of the period the wind speed was over 

5 m/s, but there is no clear relation between the higher wind speed and the behaviour of the 

SWAN model because during the intermediate period the wind speed was as high as during 

the last 2-day part. It is also not possible to find explicit relation between the wind direction or 

the fetch and the behaviour of the SWAN model. The Tm01 values are well predicted during the 

whole measurement period. The difference in the behaviour of the SWAN model between first and last 

2-day part does not appear in the Tm01 series.  

The SPM formulas mostly overestimate Hm0 and Tm01 during the whole measurement 

period (Figure 20). The higher differences between the measured and the predicted values are 

associated with fetch longer than 10 km. It seems there is a relation between the error of the 

prediction and the length of the fetch.  

Two representative wave spectra are shown in Figure 53. One spectrum was chosen to 

represent wave states with higher Hm0 (Figure 53a and b) and one with lower Hm0 (Figure 53c 

and d). Both time instants were chosen to be preceded by more or less constant wind 

conditions: the average wind speed was 12 m/s with N-NE direction and 4 m/s with N 

direction during the preceding hours. Measured wave spectra were smoothed with a 0.16 Hz 

wide moving average to be easier to compare with modelled wave spectra. 

Turbulence and measurement errors are present in the whole measured spectrum but they 

are negligible except at higher frequencies. To reduce errors in the calculated wave 

parameters tails of the measured wave spectra were replaced with a power function (see §2.6). 

The shape of the measured and modelled wave spectra is similar, which reflects why the Tm01 

estimation was found statistically quite good.   
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Figure 53. Raw (circles) as well as smoothed (solid line) measured and modelled energy 
density spectra (dashed line) at 12:00 on 17 October (plots a and b) and 12:00 on 14 October 
(c and d), 2005. 

To validate the calibrated SWAN model I used the measurements in July. The scatter plot 

of the model-data comparison for Hm0 is shown for SPM in Figure 40a and for SWAN in 

Figure 54a. 

 

Figure 54. Scatter diagram of wave height (a) and period (b) for the validation period. The 
dashed diagonal represents an exact match. 

Considering the whole validation period in July, SPM gives a lower RMS error for Hm0 

than SWAN, but highest Hm0 values are estimated more accurately by SWAN. In July both 

methods underestimate Hm0, while in October SPM overestimate it and the SWAN model is 

unbiased. The difference is minor between the root-mean-square error and the scatter index of 
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SWAN and SPM. Lastly, the two models are well correlated with the measured Hm0, which is 

in a similar range as in the calibration period.   

The scatter plot of the model-data comparison for Tm01 is shown for SPM in Figure 40b 

and for SWAN in Figure 54b. The SWAN model predicts Tm01 more precisely than the SPM 

formula, similarly to the calibration period. The SPM formula overestimates Tm01 while the 

estimation of SWAN is unbiased. There are still large differences in the error parameters 

between SPM and SWAN, but the ratio is ~1.5 only instead of ~2 for the calibration dataset. 

Neither estimate is especially well correlated with the measured Tm01, though the R2 

coefficients would improve if more records were classified outliers and were excluded.  

As it was mentioned above the SWAN model underestimates the Hm0 and the fetch is 

shorter than 5 km during the whole period witch agrees with the conclusion described above 

(Figure 19). In this case there is no relation between the wind speed and the behaviour of the 

SWAN model. The Tm01 values are well predicted during the whole period. 

During the first 0.5-day part of this period the SPM formulas underestimate Hm0 but give a 

good estimation while during the last three days of this period they overestimate Hm0 and Tm01 

(Figure 19). It seems that there is a connection between the wind speed and the behaviour of 

the SPM formulas, but further measurements are needed to judge this idea. 

The shape of the measured and modelled wave spectra (Figure 55) agree well similarly to 

the calibration period. Again, both wave states are preceded with more or less constant wind 

conditions with NW direction and 12 m/s and 6 m/s average speed.  

 

Figure 55. Raw (circles) as well as smoothed (solid line) measured and modelled energy 
density spectra (dashed line) at 13:48 on 5 July (a-b) and at 15:48 on 8 July (c-d), 2005. 
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3.3 Effects of fetch-dependence of wind on waves 

The validated SWAN model of Lake Neusiedl is applicable to investigate the effects of the 

fetch-dependent wind speed distribution on the wave field. In the SWAN model the 

inhomogeneity of the wind field can be taken into consideration explicitly while it is not 

possible with the SPM formulas.  

As described in §2.5, the abrupt change of roughness at the land-water and reed-water 

interface causes fetch-dependent wind speed distribution over the lake even in uniform 

overland wind conditions which can be described by an algebraic IBL model. The effect of 

the IBL-based wind variability on hydrodynamic processes (Krámer and Józsa, 2005 and 

2007) in shallow lakes like Lake Neusiedl and on wave properties on lakes deeper than Lake 

Neusiedl (van Vledder, 1999) was investigated. However the effect of the IBL-based wind 

variability on wave properties on lakes as extreme shallow as Lake Neusiedl was not 

quantified.  

To see if there is significant effect of the wind field variability on the wave properties and 

the wave induced bottom shear stress, I determined the difference between the wave 

properties and the wave induced bottom shear stress calculated with uniform wind field and 

with fetch dependent wind field using rectangular test basins with uniform depth.  

The wind direction can have significant effect on the resulting current field. To see if there 

is some effect also on the wave properties when the wind is not parallel to either side of the 

basin, three of the simulations with wind direction parallel with two borders of the basin were 

repeated with an oblique NNW wind direction. 

Rectangular basins with uniform depth were used to show only the effect of the fetch 

dependent wind field and the model of Lake Neusiedl was used to see how it works in a real 

shallow lake. 

I also investigated on the test basin and on the Lake Neusiedl whether it is possible to find 

a uniform wind speed which results in a good estimation of all wave properties and also the 

wave-induced bottom shear stress. 

3.3.1 Test basins 

The first four model runs were performed in a 1.5 m deep, 10 km × 10 km large test basin. 

The first one (‘const10’) was made with spatially uniform 10 m/s wind speed; the second one 

(‘IBL1’) was made with an IBL-based wind speed distribution fitted to 10 m/s at the 
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downwind shore; the third one (‘IBL2’) was made with an IBL-based wind speed distribution 

fitted to 10 m/s at the upwind shore and the fourth one (‘const12.65’) was made with uniform 

wind speed equal to the fetch-average of ‘IBL2’, w = 12.65 m/s. The last model run was 

defined to find out if the wave field obtained with an IBL-based wind profile can be 

reproduced using a uniform wind averaging that analytical profile. The longitudinal profiles 

of the four wind inputs and the resulting bulk wave parameters are shown in Figure 56.  

First of all, at these fetch-limited dimensions the wind speed is seen to depart by as much 

as ±30 % from its base value of 10 m/s according to the IBL theory (Figure 56a). This 

indicates in advance that the distribution of waves will be affected. Indeed, differences 

between Hm0, Tm01 and L wave parameters calculated with the various wind profiles are in the 

range 10–15 cm, 0.7 s and 1.0–1.5 m, respectively (Figure 56b-d). The SPM formulas (38) 

and (39) also reflect that Hm0 scales with w2 and Tm01 scales with w. Thus differences in the 

wind profile are more accentuated for the wave height than for the wave period.  

 

 

Figure 56. Modelled profile of w (a), Hm0 (b), Tm01 (c) and L (d) along the wind-aligned 
centreline of the test basin. The line types denote the different wind profile assumptions: 
‘const10’ – dash-dotted line, ‘IBL1’ – dashed line, ‘IBL2’ – solid line and ‘const12.65’ – 
dotted line. 

Following the same argument, defining the profile ‘const12.65’ as the arithmetic mean of 

‘IBL2’ succeeds in equating Tm01 at longer fetches but not Hm0. The root-mean-square of 
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’IBL2’ was w = 12.68 m/s which is close to the average so it is not more adequate for the 

wave height. 

In general both the total wind energy input and its local values differ between the model 

variants and these differences affect waves simultaneously. As the relative difference of the 

wind is greatest at shorter fetches, the relative difference of bulk wave parameters is also 

greatest near the upwind shore. Wave parameters estimated by simulations ‘const10’ and 

‘IBL1’ converge to the same value at long fetches. Similarly to van Vledder’s results, the 

absolute difference in Hm0 between ‘const10’ and ‘IBL2’ winds is 10 cm at the highest 

fetches, which is significant relative to the 25-40 cm magnitude of Hm0. The differences in 

Tm01 and L at the same place are also significant (10 and 15 % respectively). The longitudinal 

profiles of the τwm wave-induced bottom shear stress in the test basin are shown in Figure 57. 

Comparing to the wave properties studied earlier, the differences are higher in τwm and not 

obvious. The ratio of Hm0 calculated with winds ‘IBL2’ and ‘const10’ is ~1.3 but the ratio of 

τwm is ~2.1. The τwm calculated by simulation ‘IBL2’ and ‘const12.65’ are closer to each 

other, but the difference is significant. Although τwm calculated by winds ‘const10’ and 

‘IBL1’ converge to the same value at high fetches, there is significant difference between 

them almost along the whole profile.  

 

Figure 57. Wave-induced bottom shear stress profile along the centreline of the test basin. As 
before, the line types denote the different wind profile assumptions: ‘const10’ – dash-dotted 
line, ‘IBL1’ – dashed line, ‘IBL2’ – solid line and ‘const12.65’ – dotted line. 

I investigated that which uniform wind speed give the best estimation of Hm0, Tm01, L and 

τwm (Figure 58). While these equivalent uniform wind speeds associated with Tm01 and L are 

quite similar these values differ from the equivalent uniform wind speed associated with Hm0. 

The equivalent uniform wind speed associated with τwm is close to the equivalent wind speed 

associated with Hm0. It seems that the behaviour of τwm is dominated by the behaviour of the 

Hm0. 
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Figure 58. The root-mean-square error of the Hm0 (a), Tm01 (b), L (c) and τwm (d) of different 
uniform wind speeds from IBL-based wind speed fitted to 10 m/s at the upwind shore. 

The fact that the equivalent uniform wind speeds associated with the Tm01 and L are quite 

similar because of their definitions. The Tm01 spectral wave period is the reciprocal of the 

average of the f frequencies weighted with the spectral values and the L spectral wave length 

is the reciprocal of the average of the k wave numbers weighted with the spectral values as it 

is described in §2.3.2. These values are not independent because the f frequencies and k wave 

numbers are related to each other by the dispersion relation based on the linear wave theory. 

To see if there is some effect on the results when the wind is not parallel to either side of 

the basin, three of the previous investigations were repeated with an oblique NNW wind 

direction in a 1.5 m deep, 5 km × 10 km large basin. The distributions of the fetch averaged 

on a 24° wide fan around the wind direction and the IBL-based wind speed over the test basin 

are shown in Figure 59. Hm0, Tm01, L and τwm results are shown in Figure 60. 

   

Figure 59. Distribution of fetch (a) and IBL-based wind speed (b) over the test basin. Wind 
direction is NNW as shown in plot a. 
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Figure 60. Hm0, Tm01, L and τwm distribution for uniform wind speed, w = 10 m/s (a-d), for 
IBL-based wind speed fitted to 10 m/s at the upwind shore (e-h) and for uniform wind speed 
w = 12.40 m/s, average of the IBL-based distribution (i-l). 
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The conclusions are quite similar to the investigation done with shore-aligned wind. The 

difference between results with uniform 10 m/s wind speed and the IBL-based wind speed 

fitted to 10 m/s at the upwind shore is growing along the fetch (Figure 61). The highest 

magnitude of the difference of Hm0, Tm01, L and τwm is about 10 cm, 0.15 s, 0.7 m and 

0.15 N/m2, respectively, i.e., all proved significant. This time the area-average of the IBL-

based wind speed over the lake yielded a different value as in the case of coordinate aligned 

wind. This 12.4 m/s uniform wind speed produced higher Hm0 along the upwind shore 

(Figure 62a-b) and higher τwm in the offshore areas (Figure 62c-d).  

 

 

Figure 61. Hm0 (a-b) τwm (c-d) differences of IBL-based wind speed fitted to 10 m/s at the 
upwind shore from the uniform wind speeds, w = 10 m/s in Figure 60a-d. 

 

 

Figure 62. Hm0 (a-b) and τwm (c-d) differences of the uniform wind speed, w = 12.40 m/s 
(average of the IBL-based distribution) from the IBL-based wind speeds in Figure 60e-h. 
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In this case the equivalent uniform wind speeds associated with wave parameters are 

smaller (Figure 63). The difference between the equivalent wind speeds associated with Hm0 

or τwm and associated with Tm01 or L is a bit higher than in the case of coordinate aligned 

wind. 

 

 

Figure 63. The root-mean-square error of the Hm0 (a), Tm01 (b), L (c) and τwm (d) of different 
uniform wind speeds from IBL-based wind speed fitted to 10 m/s at the upwind shore. 

3.3.2 Lake Neusiedl 

As it was demonstrated above, the inhomogeneity of fetch dependent wind speed distribution 

has significant effect on the wave and sediment transport properties in a shallow lake with 

uniform depth. To show this, rectangular test basins with uniform depth were used. To see 

how the IBL model affects the wave and sediment transport properties in a real shallow lake 

with irregular shape and variable depth conditions the numerical wave model of Lake 

Neusiedl was used. During these investigations the water level was 115.2 m ASL which is 

similar to the water level during the first measurement campaign in July, 2005. The wind 

direction was identical with prevailing NNW wind direction. The distributions of the fetch 

(averaged on a 24° wide fan around the wind direction) and the IBL-based wind speed over 

the test basin are shown in Figure 64. 
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Figure 64. Distribution of fetch (a) and IBL-based wind speed (b) over Lake Neusiedl. Wind 
direction is NNW as shown in plot a. The three white points in plot b indicate the sampling 
places of the wind speed distribution for the three simulations with uniform wind speed. 

To give a suggestion for the wind speed measurement location (taking the prevailing wind 

direction into account) the results of the model with the IBL based wind distribution 

(Figure 65) was compared with model results driven with three different spatially uniform 

wind fields. For this the fetch dependent wind speed distribution was sampled at three 

locations. One of these locations was the wind and wave measurement location in 2005. The 

wind speed there was 12.9 m/s. The distance of this location is 200 m from the downwind 

shore hence the second sampling location was 200 m from the upwind shore where the wind 

speed was 10.5 m/s. The third location was in the middle of the lake (Figure 64) with wind 

speed equal to 12.5 m/s. The area-average of the IBL-based wind speed over the lake was 

12.4 m/s (close to the wind speed near the downwind shore), the line average along the fetch 

line associated with the measurement location was 12.2 m/s. 

The conclusions are more or less similar to the ones of the previous investigations done 

with rectangular basin with uniform depth. The difference between results with uniform 

10.5 m/s wind speed and the IBL-based wind speed fitted to 10 m/s at the upwind shore is the 

highest at the long fetches. (Figure 67). The highest magnitude of the difference of Hm0, Tm01, 

L and τwm is about 8 cm, 0.15 s, 0.6 m and 0.15 N/m2, respectively, i.e., all proved significant. 

This model underestimates all wave properties and also the wave-induced bottom shear stress. 
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Figure 65. Hm0 (a) and Tm01 (b) distribution for IBL-based wind speed fitted to 10 m/s at the 
upwind shore. 

 

 

Figure 66. L (a) and τwm (b) distribution for IBL-based wind speed fitted to 10 m/s at the 
upwind shore. 
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Figure 67. Hm0 (a) and τwm (b) differences of the uniform wind speeds, w = 10.5 m/s from 
IBL-based wind speed fitted to 10 m/s at the upwind shore in Figure 65a and Figure 66b. 

 

 

Figure 68. Hm0 (a) and τwm (b) differences of the uniform wind speeds, w = 12.5 m/s from 
IBL-based wind speed fitted to 10 m/s at the upwind shore in Figure 65a and Figure 66b. 
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Figure 69. Hm0 (a) and τwm (b) differences of the uniform wind speeds, w = 12.9 m/s from 
IBL-based wind speed fitted to 10 m/s at the upwind shore in Figure 65a and Figure 66b. 

The numerical model gave better estimation for wave properties and bottom shear stress 

with 12.5 m/s wind speed. In this case the results are a bit overestimated. The higher 

differences are located in a narrow band close to the upwind shore (Figure 68). The 

magnitude of these differences of Hm0, Tm01, L and τwm is about 5 cm, 0.15 s, 0.4 m and 

0.10 N/m2, respectively, i.e., all proved significant, because they mean that the relative 

differences are 10-15% for the wave properties and 30-40% for the τwm bottom shear stress.  

The model with uniform 12.9 m/s wind speed also overestimates the wave height and 

hence also the wave-induced bottom shear stress (Figure 69). The difference between results 

with uniform 12.9 m/s wind speed and the IBL-based wind speed fitted to 10 m/s at the 

upwind shore looks similar to the model with uniform 12.5 m/s wind speed but the 

magnitudes of the differences are a bit higher.  

For the adequate estimation of the wave properties along the downwind shore the wind 

speed measured at there or in the middle of the lake can be used. This can be useful for the 

plan of shore protection works or a harbour, but to understand the sediment transport 

properties the adequate estimation of the bottom shear stress is needed on the whole lake. In 

this case the inhomogeneity of the wind field must be explicitly described in the model.  
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Figure 70. The root-mean-square error of the Hm0 (a), Tm01 (b), L (c) and τwm (d) of different 
uniform wind speeds from IBL-based wind speed fitted to 10 m/s at the upwind shore. 

The equivalent uniform wind speeds also exist in this case and they are closer to each other 

than in the previous tests (Figure 70). Although the fetch dependent wind speed distribution 

can be reconstructed with the IBL model from measured data at any location on the lake if 

someone wants to use a simpler model with uniform wind speed distribution it is possible to 

determine a wind speed to reproduce one or two wave parameter with acceptable error. This 

uniform wind speed depends on the further use of the results. For example for shore 

protection planning the Hm0 can be the most important parameter hence the uniform wind 

speed must be used which reproduces the Hm0 with the smallest error. 

For sediment transport models the appropriate estimation of the τwm is necessary because 

it appears in the source term of suspended sediment. Although the τwm seemed to be quite 

sensitive on the wind distribution, but the difference between the τwm and the erosion limit is 

much more sensitive on it. This appears in the changes of the lakebed. The assumption of the 

homogeneous wind filed leads to higher erosion near the upwind shore and higher deposition 

near the downwind shore, which distorts the sediment transport processes.   

In §3.1.1 I investigated how can this fetch dependency of the wind field can be taken into 

account by the wave estimation with the empirical SPM formulas. Although the fetch-

averaged wind speed results the best estimation of the significant wave height, the amount of 

the work invested to the calculation of the fetch averaged wind speed was not proportional to 

the improvement of the matching of the estimated wave heights. Furthermore not the fetch-

averaged wind speed results the best estimation of the average wave period. 
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Chapter IV 

CONCLUSIONS 

In the following section, the main results and the proposed theses of this work are 

summarised. Then the related publications are listed. Finally the possible directions of further 

research are shown. 

4.1 Theses 

As was mentioned above, the surface wave motion causes pressure fluctuation in water. For a 

monochromatic progressive wave the pressure field can be described based on the linear wave 

theory. To reconstruct the surface displacement time series from pressure data a compensation 

procedure has to be applied due to the frequency dependent attenuation of the wave-induced 

pressure fluctuations with depth. The higher the frequency, the larger the attenuation.  

In nature the surface displacement time series is the sum of large number of 

monochromatic wave components with different frequencies. As the attenuation depends on 

wave frequency, the compensation has to be carried out by spectral decomposition instead of 

time domain analysis. Due to the attenuation the high frequency range of the spectrum is not 

likely to be related to the wave motion. That is why the wave-related compensation is applied 

under an upper threshold. Wave components beyond the threshold frequency still play a role 

in determining the bulk wave parameters but are absent in the original spectrum.  

Thesis 1: Further improvement of the processing of the measured data 

I introduced a method to improve the processing of the measured wave data, applicable 

both for pressure- and velocity-based measurements. I demonstrated that replacing the 

turbulence-dominated tail of the spectrum with a fitted analytical power function causes 

considerable difference in the derived bulk wave parameters so this procedure is worth 

doing. Investigating a great number of burst data from Lake Neusiedl, I found the 

average integer value of the best fitting exponent of the power function to be –5. [1, 4]  

As many other measurement methods, a single pressure-based wave measurement has a 

deficiency because it is not able to provide information about the direction of the waves, 

though in addition to the wave height direction is another relevant parameter in e.g. beach 
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protection or harbour planning. Using several synchronised gauges it is possible to derive 

some kind of directional data but this is far from being a general solution. 3D velocity 

measurement data inherently contain directional information. 

Thesis 2: Reconstruction of the wave properties from 3D velocity measurements 

I developed an appropriate technique to obtain wave features from 3D velocity time 

series which can also contain larger time scale components such as circulatory currents 

or seiche and smaller time scale components such as turbulence. I proved the 

applicability of the presented velocity-based estimation method by simultaneous 

pressure and 3D velocity measurements in Stagnone di Marsala lagoon, furthermore by 

synchronised velocity measurements carried out at two different depths at the same 

horizontal location in Lake Neusiedl. [1, 4, 5]  

By using suitable velocity decomposition technique we could obtain the components 

representing turbulence accompanying the wave motion, giving room for estimating some of 

its traditional parameters.  

Most of the widely used wave measurement methods can give information about the wave 

properties only at a single point, which is usually not enough for spatial characterisation or as 

a snapshot which is usually not enough for the long term statistical analysis. For the spatial or 

time extent of the description of the wave properties to the whole investigated lake a choice is 

to apply some analytical estimation formulas or numerical models. 

Thesis 3: Numerical wave modelling in shallow lakes 

I proved the validity of the 2D spectral wave model SWAN on lakes as extremely 

shallow as Lake Neusiedl. I verified that the calibrated model can sufficiently reproduce 

the measured properties of the locally generated wind waves. [2] 

The inhomogeneous, fetch-dependent wind speed distribution over the lake caused by the 

abrupt variation of the roughness at the land-water and reed-water interfaces can be modelled 

by an atmospheric internal boundary layer (IBL) model. This IBL model was verified with 

field measurements and it was shown that this IBL-based wind variability has significant 

effect on hydrodynamic processes in shallow lakes. The effect of IBL-based wind variability 

on wave properties was investigated by van Vledder, but those investigations were made in 

conditions deeper than Lake Neusiedl.  
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Thesis 4: Wave modelling in consideration of the fetch dependence of the wind speed field 

I showed that the fetch-dependent wind field described by an internal boundary layer 

model of the neutral atmosphere has a significant effect on the wave properties in waters 

as shallow as Lake Neusiedl. I demonstrated that this effect – the rate of which also 

changes along the fetch – is the most pronounced on the wave induced bottom shear 

stress. I proved that one can find equivalent uniform wind speeds which reproduce the 

wave properties with decent agreement, but they are not the same for all wave 

properties. [2] 

In conclusion, in fetch-limited lakes it is potentially wrong to force a wave model 

uniformly with wind data directly measured overland or onshore, regardless of whether it is 

on the upwind or downwind shore. I therefore advocate the use of micrometeorological 

models for distributing the wind shear stress, and the inclusion of offshore wind stations in 

field campaigns. At larger horizontal scales, say above 20 km, meso- and synoptic scale 

variations become important and atmospheric circulation models are needed to properly 

account for the variability of the wind input in wave models.  

4.2 List of publications related to the thesis 

Peer-rewieved journal papers 

1. Homoródi, K., J. Józsa, T. Krámer, G. Ciraolo, and C. Nasello (2012): Identifying 

wave and turbulence components in wind-driven shallow basins, Periodica Poly-

technica Civil Engineering 56(1), 87–95. 

2. Homoródi, K., J. Józsa and T. Krámer (2012): On the 2D modelling of wind-induced 

waves is shallow, fetch-limited lakes, Periodica Polytechnica Civil Engineering, 

accepted for publication. 

3. Homoródi, K., T. Krámer and J. Józsa (2007): Szél keltette hullámzás mérése és 

becslése a fertő tó példáján, Hidrológiai Közlöny 87(5), 1-9. [Measurement and esti-

mation of wind waves in Lake Fertő]. 
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Conference papers 

4. Homoródi K., T. Krámer and J. Józsa (2009): Analysis of high-frequency correction in 

shallow water wave reconstruction and parameter estimation. In: Proceeding of the  

33rd IAHR Congress: Water Engineering for a Sustainable Environment, 9-14 August, 

Vancouver, Canada, pp. 6139-6145. Paper ID: 11100, (on CD-ROM). 

5. Homoródi K., T. Krámer and J. Józsa (2010): Analysis of wave and turbulence 

measurements in wind-driven shallow basins. In Proceeding of the First IAHR Europe-

an Congress, 4–6 May, Edinburgh, UK, Paper ID: FMIVc, (on CD–ROM). 

6. Homoródi K. (2007): Spektrális alapú hibakompenzálás sekély tavi hullámzásmérések-

ben. In: Barna Zsolt (Ed.), Doktori Kutatások a BME Építőmérnöki Karán 2007, 14. 

November, Budapest, Hungary, pp. 167-176. [Spectral error-compensation of wave 

measurements in shallow lakes]. 

7. Homoródi K. (2008): Hullámparaméterek rekonstruálása pontbeli 3D sebességmérés 

alapján. In: Doktori Kutatások a BME Építőmérnöki Karán 2008, 26. November, 

Budapest, Hungary, accepted for publication [Wave parameter reconstruction based on 

3D velocity measurements]. 

Other 

8. Józsa, J., T. Krámer, K. Homoródi, E. Napoli, J. Sarkkula (2008): Wind-induced hy-

drodynamics and sediment transport of Lake Neusiedl – Hungarian-Austrian-Finnish 

research cooperation from lake-wide to bay-wide scale, research report, Budapest 

University of Technology and Economics, Budapest, Hungary, p. 131. 

4.3 Direction of future research 

In this thesis I demonstrated that a 2D numerical wave model can be adapted to lakes as 

shallow as Lake Neusiedl. It was also shown that the correct description of the fetch 

dependent wind speed distribution must be used for the appropriate estimation of the wave-

induced bottom shear stress. During the investigations, for simplicity, wind generated currents 

were left out of consideration. But in shallow water wind generated waves have effect on the 

currents thought several processes like wave-enhanced bottom friction or wave-induced 
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surface turbulence (Battjes, 1988) and ambient currents have effect on the growth and decay 

of waves. These interaction processes can be taken into account with the coupled modelling 

of waves and currents. It should be necessary to quantify these effects. The building of a 

hydrodynamic forecasting system for Lake Balaton was started recently (Torma, 2012). It 

seems necessary to take into account of the effects of waves estimated with a spectral 

numerical model on the currents. For this a 2D numerical wave model must be set up on Lake 

Balaton. For the calibration and validation of this model further wave measurements are 

needed. 

Moreover, the measurement and estimation of the main wave and turbulence parameters 

should be extended also to the reed zone, where the exploration of their attenuation tendency 

could improve the description of the siltation processes in the nearshore interface region. A 

possible way to express the wave energy dissipation due to vegetation is the cylinder 

approach as suggested by Dalrymple et al. (1984). The vertical variation of the plant 

properties can be implemented with the use of horizontal layers with different properties. The 

tuneable parameters of this method are the drag coefficients of each layer. The diameter of 

each plant stand per layer and the number of plant stands per square meter for each layer also 

must be defined. To the calibration and validation of this method wave measurements must be 

conducted simultaneously at different locations in the reed zone. This can be the part of a 

complex investigation to describe the processes at the interface of the open lake and the reed 

(Kiss, 2012). 
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