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Abstract 

 

Melinda Kiss 

“Physical interaction mechanisms at the littoral-pelagic interface of shallow lakes” 

Ph.D. thesis 

 

In shallow lakes various gradient-driven interactions take place at the interface of the 

characteristic open littoral and the vegetated pelagic areas strongly affecting both zones and 

consequently the whole lake. Based on extensive field measurements at the reed - open 

water interface of Lake Fertő, a comprehensive methodology was introduced to reveal the 

complex exchange processes of the interface zone. This selected case study provides the 

generalisation possibility of the developed procedure for other shallow lakes with emergent 

aquatic canopy. 

The investigation of the interface zone was conducted along three main topics: (a) wind 

profile and shear stress, (b) hydrodynamic characteristics as well as (c) energy budget and 

evaporation of the two zones. First, to reveal the driving factors of the interface zone 

mechanisms, the complex effect of the reed canopy on the above-lake wind field was 

investigated and the parameters of the classical logarithmic wind profile were estimated 

separately above the reed and open water.  

The hydrodynamic characteristics of the reed - open water interface were quantified 

based on multiple point 3D flow measurements near and even inside the reed canopy. 

Specific discharge, energy dissipation rate, turbulence parameters and sediment deposition 

as well as resuspension tendency were parameterised and analysed at the interface. 

Numerical hydrodynamic simulations driven by wind shear stress field modified according to 

the micrometeorological measurements showed reasonable fitting to the measured lake 

flows even in the vegetation-affected near-canopy lake zone. 

Finally, it was proved that the energy budget of shallow lakes and their evaporation rate 

can be quantified by the implemented micrometeorological measurement system including 

an Eddy-Covariance station and using the developed data processing procedure. In addition, 

the applicability of the flux-gradient method was confirmed to derive the turbulent energy 

fluxes separately above open water and reed canopy.   
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Kivonat 

(Abstract in Hungarian) 

Kiss Melinda 

“Jellegzónák fizikai kölcsönhatásának vizsgálata sekély tavakban” 

PhD értekezés 

 

Sekély tavak nyílt vízi (pelágikus) és víz növényzettel benőtt (litorális) jellegzónáinak 

határfelületén számos gradiens-hajtotta kölcsönhatás játszódik le, amelyek jelentős hatással 

vannak mindkét zónára és következésképp a tó egészére. A Fertő tó nádas és nyílt vízi 

jellegzónáinak határán végzett kiterjedt terepi mérésekre alapozva átfogó módszertant 

fejlesztettem ki ezen átmeneti zónák komplex cserefolyamatainak feltárására. A választott 

esettanulmány a kialakított eljárás általánosíthatósági lehetőségét hordozza további vízi 

növényzettel benőtt sekély tavak számára. 

Az átmeneti zónát három fő szempont mentén vizsgáltam: (a) szél profil és szél-

csúsztatófeszültség, (b) hidrodinamikai jellemzők illetve (c) energia-háztartás és párolgás. 

Elsőként az átmeneti zónákban lejátszódó kölcsönhatások feltárására, a nádasnak a tó feletti 

szélmezőre gyakorolt összetett hatását elemeztem, melynek során a klasszikus logaritmikus 

szélprofil paramétereit számszerűsítettem mind a nádas, mind a nyílt víz felett.   

A nádas - nyílt víz határfelület hidrodinamikai jellemzéséhez a nádas közvetlen 

közelében illetve a nádason belül több pontban 3-dimenziós áramlási sebességmérést 

végeztem. Ezekből az átmeneti zóna egyes pontjaiban az áramlási sebességet, fajlagos 

vízhozamot, energia disszipációs rátát, a turbulencia-paramétereket illetve a hordalék 

lerakódás és felkeveredés tendenciáját parametrizáltam, majd elemeztem. A 

mikrometeorológiai és áramlásmérések és ezek elemzése alapján felállított numerikus 

hidrodinamikai modell jó illeszkedést mutatott a mért áramlási sebességekkel még a 

növényzet által befolyásolt nádasközeli tórészekben is. 

Végül igazoltam, hogy sekély tavak energiaháztartása és párolgása számszerűsíthető a 

kialakított, örvény-kovariancia rendszert is magában foglaló mikrometeorológiai 

mérőállomással és a kidolgozott adatelemzési eljárással. Továbbá bizonyítottam a fluxus-

gradiens módszer alkalmazhatóságát a turbulens energia fluxusok egyidejű, egymástól 

független meghatározására a nádas és nyílt vízi jellegzónák felett.  

 



Chapter I 

INTRODUCTION 

1.1 Preliminaries  

Shallow lakes are often covered by emergent aquatic vegetation (such as reed) in the 

form of extended areas of the littoral zone (so-called reed belts) or smaller distinct patches. 

These zones differ in a number of features from the open water (often called pelagic) zones. 

Consequently, these features present sharp gradients across the littoral-pelagic interface, 

which lead then to gradient-driven interactions and exchange mechanisms strongly affecting 

both zones and thus the whole lake. 

The vegetated zones provide a vital source of habitat and food for zooplankton, 

invertebrates, fish and for many bird species (see e.g. Clarke, 2012) thus they enhance the 

biodiversity of the lake. Regarding the physical processes, the emergent aquatic canopies 

modify the wind field above the lake in several ways. It is due, on the one hand, to their 

higher roughness (Józsa et al., 2007); on the other hand, to their wind sheltering effect (see 

e.g. Markfort et al., 2010), both resulting in altered lake flow field. The near-canopy lake flow 

has then a great influence on the nutrient transport and fresh water exchange through the 

interface of the two zones and thus on the status of the canopy (Huang et al., 2008). 

Furthermore, the emergent plants also cause shading from the solar radiation which results 

in differential heating of the water body and smaller scale thermally-driven exchange flow 

between the two zones (see e.g. Jamali et al., 2008). 

In addition, waves entering the vegetated zone quickly attenuate, thus sediment stirring 

up ability drops and deposition becomes dominant (Hoppila and Nurminen, 2005). The 

consequence is the gradual siltation of the littoral zones offering shallow enough conditions 

to the vegetation cover to expand. In turn, at places with significant, direct exposure to 

strong flows and waves, as well as with deeper water, the conditions are unfavourable for 

the emergent plants, which cannot then grow, in the opposite, the existing canopy may be 

even gradually deteriorated. 

Part of the research activities in such lake environments focused on the properties if 

zones covered by aquatic canopies, only, considering a number of different aspects, such as 

flow velocities, flow energy, convective circulations and surface energy fluxes of the littoral 

zone (see e.g. Leonard and Luther, 1995; Burba et al., 1999; Nepf, 1999; Oldham and 

Sturman, 2001). Whereas some others dealt exclusively with open waters, looking at flow 
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velocity, waves, sediment transport, temperature stratification and evaporation (e.g. Dake 

and Harleman, 1969; Bengtsson and Hellström, 1992; Bailey and Hamilton, 1996; Homoródi 

et al., 2007; Assouline et al., 2008).  

There were remarkable efforts to investigate the exchange flow between open water 

and aquatic canopy zones by means of numerical simulation and also by laboratory 

experiments (Jamali et al., 2008; Zhang and Nepf, 2009). In idealized simple geometry, 

thermally driven exchange flows were reproduced between the open and canopy covered 

zones, applying scale analysis for the evaluation, while in the laboratory experiments, 

thermal differences-related density gradients were mimicked by salt concentration. Lövstedt 

and Bengtsson (2008) investigated the density-driven currents in situ at the reed-open water 

interface zone. They detected surface currents with drogues near the reed borderline in the 

open water zone in Lake Krankesjön. In addition, water temperature profiles and radiation 

were recorded both in the reed belt and open water. Peterson et al. (2004) studied the flow 

attenuation inside submerged aquatic canopies. Based on field measurements, they 

developed a numerical model to investigate the effect of plant type and vegetation density 

on the flow velocity distribution inside and above the canopy, the latter in case of 

submerged plants. Despite these efforts, up till now the interactions between the 

characteristic zones of shallow lakes have been insufficiently revealed. 

In the thesis, a complex and comprehensive investigation was performed to reveal the 

interaction and exchange processes between open water and emergent aquatic canopies, 

focusing the exploration to their interface, where sharp transitions of the aero-, hydro-, 

sediment- and thermodynamic conditions can be assumed. In this study, a number of 

aspects were considered. Though these are interrelated in several ways, they can be aligned 

along three main topics: 

1. Wind profile and shear stress at the reed - open water interface  

2. Hydrodynamic characterisation of the interface zone and 

3. Energy budget and evaporation rate in the reed and open water zones. 

For the investigations Lake Fertő (Neusiedlersee in German) was ideally at hand. The 

lake – selected as case study site – is a sufficiently representative example of shallow lakes 

largely covered by emergent aquatic vegetation.  Field activities comprised extensive, 

concise field measurements conducted at the reed - open water interface. It is believed the 

measurement setup and data processing methods developed in this work can be reasonably 

generalized for a number of other shallow lakes. 
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In the measurement campaigns (from spring 2012 to autumn 2013), high frequency, 

synchronised micrometeorological and lake flow measurements were conducted with state-

of-the-art instrumentation, adapted to the high complexity of the processes. An important 

part of the recording system was the Eddy-Covariance station considered the most direct 

way to measure turbulent energy fluxes and evaporation. This technique, still new in 

Hungary, but nowadays extensively applied abroad (mainly in Germany and in the USA) was 

the basis for the wind profile, energy budget and the evaporation calculations in the two 

characteristic zones.  

The relevance of the investigated topic is strengthened by the followings:  

- Like other shallow lakes, at some parts of Lake Fertő the reed cover expands to 

extremely great extent and occupies valuable lake areas thus limiting their utilization. 

- At other parts of the lake, however, the reed zones rapidly deteriorate. This process is 

also highly unfavourable since the alternation of good quality reed and open water 

zones guarantee habitat and food for a number of aquatic species thus enhancing the 

biodiversity of the lake, in such a way making the Fertő Cultural Landscape worth 

keeping on the Word Heritage List. 

- The reed zones might significantly affect the sediment deposition and resuspension 

processes, therefore the spatial and temporal distribution of the lake bottom sediment 

composition and dynamics can be better understood by quantifying the effect of reed 

canopy on the flow, turbulence and wave conditions, hence on sedimentation. 

- Typical to shallow lakes, the costly water supply of Lake Fertő from external water 

bodies becomes from time to time an issue. For its planning, the various terms of 

water balance have to be estimated at enhanced precision; it is particularly so for the 

evaporation and evapotranspiration terms, usually affected by high uncertainty. 

- Presumably, the turbulent energy fluxes and the evaporation rate considerably differ 

in the reed and open water zones. Till now, however, except of some research 

activities, the evaporation estimation has been based on the open water evaporation 

and that of the reed zones was taken into account only by the so-called reed 

constants. Hopefully, the accuracy of the evaporation estimations can be increased by 

separately measuring then determining open water and reed zones evaporation. 

In conclusion, the investigations presented in this thesis could also play a decision 

support role in the planning of strategic interventions of shallow lakes (in the present case 

for Lake Fertő, see Wolfram et al., 2013). 
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1.2 Objectives 

Considering the above mentioned aspects, the main objectives of the thesis are the 

following: 

- To prove that complex and comprehensive micrometeorological and flow velocity 

measurement and processing are suitable to reveal the interaction of the reed - open 

water interface of Lake Fertő. 

- To introduce a procedure through this concrete case study with generalisation 

possibility, enabling its application for any shallow lakes with emergent aquatic 

canopy. 

- To explore the exchange processes and their dynamics at the reed - open water 

interface and show that this zone is characterised by strong horizontal gradients. 

- To quantify the wind profile and wind shear stress at the interface separately in the 

reed and open water zones and investigate the transition between the two zones. 

- To record the exchange flow through the reed - open water interface and inside the 

canopy, furthermore, to reveal the flow features in that zone such as flow field, 

specific discharge, energy dissipation rate, turbulence parameters and sediment 

deposition as well as resuspension tendency.  

- To enhance the accuracy of the evaporation estimation of shallow lakes. Previous 

investigations (Burba et al., 1999; Lenters et al., 2011; Baros and Zsoldos, 2013) 

revealed some seasonal features of the ratio between the evaporation of reed and 

open water. Present work aims to separately investigate the evaporation of the reed 

and open water zones by means of the Eddy-Covariance Technique and to compare it 

with further methods (Priestley and Taylor, 1972; Morton et al., 1985; Kovács, 2011). 

 

1.3 Outline 

The thesis is organized as follows: 

First, Chapter 2 gives a picture about the field measurement campaigns. It describes the 

field conditions, introduces the measurement area and the applied instruments and specifies 

the data acquisition procedure. 

Chapter 3 investigates the processes and their dynamics at the reed - open water 

interface. The interaction between the two zones is presented here through statistical 
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analysis of the simultaneously measured physical parameters of the reed and open water 

zones in characteristic periods.  

Chapter 4 starts with a literature overview about the research efforts of wind field and 

wind-driven currents in shallow lakes. Then, the wind profile parameters determined 

separately above reed and above open water are presented. In the reed zone, the 

comparative and sensitivity analysis of the derived parameters are performed, while in the 

open water, the dependence of roughness length is shown on thermal stability, wind speed, 

wind direction and on the combination of these. Furthermore, it is quantified how the 

presence of reed zone alters the spatial distribution of wind speed, friction velocity and wind 

shear stress. 

After receiving the wind features of the interface zone as the driving factor of lake flow 

in the immediate vicinity of the reed zone, the thesis focuses on the hydrodynamic 

characterisation of this zone. Chapter 5 presents the measured flow velocity components, 

their spatial and temporal variation and additional flow characteristics near and inside the 

reed canopy. The water exchange across the interface zone is quantified by the specific 

discharge calculated from the velocity component perpendicular to the reed borderline. 

Through energy dissipation calculations, the way of turbulent production in emergent 

vegetation is proved to be diverse from the one in the open water. Before deriving the 

turbulent parameters of the flow, decomposition procedures of the turbulent components 

are compared and the most accurate is suggested for further calculations. For evaluation of 

the sediment deposition potential, two simple procedures are presented. Finally numerical 

hydrodynamic simulations are performed based on the micrometeorological and flow 

measurements and their analyses. 

The main topic of Chapter 6 is the energy budget and evaporation of the two 

characteristic zones. The chapter starts with the theoretical background of the near-surface 

energy budget and Eddy-Covariance Technique. Afterward, the diurnal and monthly course 

of the energy budget terms is presented. Then the energy balance closure is investigated by 

sensitivity analysis. Finally, the turbulent energy fluxes are derived separately above open 

water and reed canopy by means of the flux gradient method and the monthly sum of 

evaporation is compared to the result of further evaporation estimation methods.   

Finally, Chapter 7 summarises the work in the form of theses and lists the publications 

related to the theses. 



Chapter II  

FIELD CONDITIONS AND DATA ACQUISITION  

As mentioned in Chapter 1, as case study, Lake Fertő located at the Hungarian-Austrian 

border was chosen due to its extended reed cover and extreme shallowness. It has a surface 

area of 315 km2, out of which 180 km2 is covered by reed (Pannonhalmi and Sütheő, 2007), 

not just along the shoreline as a belt but also in patches of various scale, especially on the 

Hungarian side. The average depth of the pelagic zone is not more than 1.5 m at long term 

average water surface elevation, while the water depth in the reed zones is just a few tens of 

centimetres, even in high water surface elevation. However, by low water conditions, which 

were observed for example in 2012, large parts of the reed zones dried out for the summer 

period. The primarily chosen measurement site is characterised by a sharp transition 

between reed canopy and open water, typical of the lake. The average canopy height of the 

investigated area was between 2.9 and 3.4 m depending on the actual water surface 

elevation. The vegetation density right at the reed border was around 230 stem/m2 where 

the environmental conditions enable the growth of vegetation, while inside the canopy it 

was 120 stem/m2. The stem diameter at the water surface was 8-10 mm. As an overall 

characterisation of the aerodynamic exposure of Lake Fertő and its surroundings, the two 

prevailing wind directions are NNW and SSE, which was experienced also during the 

measurement campaigns (Figure 1). 

  

Figure 1. Wind rose merged for the investigation period. The colour scale represents wind speed in 

m/s and the axis scale gives the occurrence of wind direction in percentage 



 

Figure 

a) Lake Fertő; i
b) The part of the lake

c) Measurement station locations (black points), the 
line) and the reed borderline according to the latest survey in 2012 (red line)

To reveal the spatial and temporal variation in aero

thermodynamic conditions of the interface between re

frequency, synchronized measurement stations 

(Figure 2) were selected to sufficiently represent the lake conditions. 

(Station R) has been installed inside the reed zone about 15

provided reference measurements, whereas the other station (Station O) 

the open water and in particular time intervals it 

prevailing wind. Station O is thus denoted as Station O1, O2, O3 and O4 according to its 

location and the period of operation (see 
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a) b) 

c) 

Figure 2. Location of the measurement area 
a) Lake Fertő; its shoreline is indicated by blue line;  

of the lake surrounding the measurement area (denoted by red square
easurement station locations (black points), the position of the current meters (blue point and 

line) and the reed borderline according to the latest survey in 2012 (red line)

To reveal the spatial and temporal variation in aero-, hydro

thermodynamic conditions of the interface between reed and open water, two high

synchronized measurement stations have been deployed. The station locations 

) were selected to sufficiently represent the lake conditions. One of the

installed inside the reed zone about 15 m from the reed border. This 

nce measurements, whereas the other station (Station O) 

the open water and in particular time intervals it has been replaced along the axis of 

Station O is thus denoted as Station O1, O2, O3 and O4 according to its 

ion and the period of operation (see Figure 2.c and Table 1). The base of 

Field conditions and data acquisition 
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The base of Figure 2.c is an 
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orthophoto of the area taken in 2007. To account for its imprecision due to the lack of 

georeferencing, and reveal the exact extension of the reed belt, which among others is 

crucial to the determination of fetch, a GPS-based survey of the reed borderline has been 

conducted in the study area in 2012. The result of this survey i.e. the real position of the 

reed borderline is indicated by the red line in Figure 2.c.  

 

 
a) 

    
b) c) 

Figure 3. a) Micrometeorological measurement stations at the reed - open water interface 
(23. 05. 2012); b) Station in the reed canopy (03. 05. 2013); c) Station in the open water (25.06. 2013) 
 

The two micrometeorological measurement stations shown in Figure 3 have been 

equipped with Campbell Scientific instruments. Wind speed and direction, air temperature 

and relative humidity have been recorded at two heights of each station. For the recording 

of wind speed and direction, two types of sonic anemometers were applied, namely 3-
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dimensional CSAT3 and 2-dimensional WindSonic, while relative humidity and air 

temperature have been measured with HMP45C-type Relative Humidity and Air 

Temperature Probes. Furthermore, water temperature has been measured at the lake 

surface and in the water column with T107 Thermistors, and water level variations have 

been recorded with PDCR1830 Pressure Transducers (Campbell Scientific Inc., 1996, 2007, 

2009, 2010a and 2010b).  

To reveal the turbulent energy fluxes and the rate of evaporation of the two 

characteristic zones, an Eddy-Covariance System has also been installed (Campbell Scientific 

Inc., 2011b). The applied system consists of a CSAT3A Sonic Anemometer for high frequency 

(10 Hz) measurement of 3D wind speed (the same as CSAT3 but with linking possibility to the 

additional parts of the system) and an EC150 Open-Path Infrared Gas Analyzer for detecting 

the water vapour and carbon dioxide concentration at the same time resolution. These can 

be built together in a way to sample the same volume of air without causing impermissible 

flow distortion in the wind measurements. A further part of the system is the EC100 

Electronics for synchronizing the data from the EC150 and the CSAT3A and a reference 

EC150 Thermistor installed at the same height (Figure 4.a).  

The radiation components have been recorded by a CNR1 Net Radiometer (Figure 4.b) 

(Campbell Scientific Inc., 2011a). It is a collective of four instruments: an upward-facing and 

a downward-facing CM3 pyranometer, and an upward-facing and a downward-facing CG3 

pyrgeometer, for measurements of incoming solar radiation, reflected solar radiation, 

incoming far infrafred radiation and outgoing longwave radiation, respectively. The sensor is 

designed so that both the upward-facing and the downward-facing instruments collect the 

energy received from the whole hemisphere.  

     

Figure 4. Measurement facilities; a) Eddy-Covariance System and b) CNR1 Net Radiometer 

Since only one complete Eddy-Covariance System and Net Radiometer were available 

for this study, these have been placed at Station R in the beginning of the investigation 
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(periods R1, R2 and R3) while after 28. 07. 2013 (for period O4) they were placed on 

Station O. 

Table 1 summarizes the most important features of the measurement setup, namely the 

distance of stations from the reed border along the prevailing wind direction (x) and the 

instrument heights above water surface in each measurement period. In addition, Figure 5 

shows the arrangement of the measurement stations in the reed and open water zones 

through the example of Period 4. In the other periods, the arrangement was very similar to 

this; however, the location and the height of the sensors did slightly differ.  

Generally, in the particular time intervals, individual features have been measured with 

identical height and time-resolution at both stations, in order to make the results easy to 

compare. 3D wind speed and water vapour concentration have been recorded at 10 Hz, 2D 

wind data at 10 s and the additional air and water features and radiation at 1-minute time 

resolution. The measurement facilities and the arrangement of measurement stations are 

also specified in details in Kiss (2012). 

As Table 1 shows, measurements campaign have been carried out in 2012 from spring 

to early summer and in 2013 from spring to late autumn, from which the most 

representative periods for each investigation will be presented in the following chapters 

(Chapter 3, 4 and 6). 

Table 1. Summary of the measurement setup. O – open water, R – reed, x – distance from the reed 
border along the prevailing wind direction 

 
period x [m] sensor height [m] 

   
CSAT3 WS 

HMP45C 

(upper) 

HMP45C 

(lower) 
T107 T107 EC150 CNR1 

   
wind wind 

air tem-

perature 

air tem-

perature 
temp. temp. 

water 

vapor 

radi-

ation 

O1 27. 04. 2012 - 12. 07. 2012 -15 5.3 - 5.6 4.0 - -0.5 - - 

O2 03. 05. 2013 - 19. 06. 2013 -50 
5.6 4.1 5.1 3.6 0.0 -0.6 - - 

O3 19. 06. 2013 - 01. 07. 2013 -150 

O4 28. 07. 2013 - 11. 12. 2013 -80 5.9 4.4 5.4 4.0 0.0 -0.4 5.9 5.8 

R1 27. 04. 2012 - 12. 07. 2012 

15 

5.3 4.1 5.6 4.0 - - 5.3 - 

R2 03. 05. 2013 - 19. 06. 2013 
5.5 4.3 5.0 3.0 0.0 0.3 5.5 5.3 

R3 19. 06. 2013 - 01. 07. 2013 

R4 28. 07. 2013 - 11. 12. 2013 5.9 4.4 5.4 4.1 0.0 -0.4 - - 
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Figure 5. The arrangement of the measurement stations a) in the reed belt and b) in the open water 
in Period 4 

Distinct sensor arrangement has been applied for a two-week period (from 07. 11. 2012 

to 20. 11. 2012), when both of the 3D sonic anemometers have been mounted on Station R 

at two heights of 4.2 and 8.4 m above water surface while average canopy height in the 

investigated period was 3.4 m around the tower. The measured 3D wind of multiple heights 

was then used to reveal the wind profile above reed canopy by estimating its parameters of 

friction velocity, aerodynamic roughness length and displacement height, as will be 

presented in Chapter 4. 

To reveal the flow conditions of the reed - open water interface, three 3D Acoustic 

Doppler Velocimeters (ADVs) have been simultaneously applied (Nortek AS, 2005). A Nortek 

Vector Current Meter has been placed in the open water zone, 20 m from the reed border 

and a Nortek Vectrino Lab Probe has been settled right at the reed borderline, both for the 

whole investigation period, while another Nortek Vectrino Lab Probe has been operated 

inside the reed zone, and it has been replaced in ten-minute periods along an axis locally 

nearly perpendicular to the reed borderline (see Figure 2 and Figure 6). Both types of ADV 

are shallow water instruments, however, the Vectrinos were designed for laboratory 

conditions. Hence, its small dimensions and suitable form enabled its application even in 

very low water depth and also between the rather densely standing reed stems, both big 

limitations for such measurements. Some of the most favourable feature of the Vectrino Lab 
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Probe is the low sampling volume distance from probe and the small diameter of sampling 

volume, 5 cm and 6 mm respectively.  

Flow velocities have been revealed at 16 Hz and 25 Hz sampling frequency with the 

Vector and the two synchronized Vectrinos, respectively. The synchronization was made by 

means of PolySync software which enables the control of multiple velocimeters from a single 

computer. The accuracy of the water velocity measurement of both types of ADV is 

±1 mm/s. 

By this sensor arrangement, namely fixing two of the instruments in the reference 

points and moving the third one along a line, high frequency 3D velocities have been 

recorded at several points in multiple depths from 15 m inside to 20 m outside the canopy. 

The water depth ranged between 60 and 80 cm in the investigated period depending also on 

the distance from the reed border. The measurements heights were set at about 25% and 

75% of the water column (further details in Table 5). From the measurements, beyond the 

flow field, the energy dissipation rate, turbulence parameters, sediment deposition and 

resuspension tendency at the interface of the characteristic zones can be revealed as 

presented in Chapter 5. 

 

 

Figure 6. Sensor arrangement of the flow velocity measurements: the Nortek Vector Current Meter 
(green) and the fixed (red) and moving (blue) Nortek Vectrino Lab Probes 



Chapter III  

PROCESSES AND THEIR DYNAMICS AT THE INTERFACE ZONE 

To explore the exchange processes and their dynamics at the reed - open water 

interface and reveal the presumably strong horizontal gradients between the two zones, first 

the simultaneously measured physical parameters of the two stations were examined. The 

statistical analysis of data collected during the measurement campaign shows remarkable 

features of the interaction between the reed and open water zones. To present these 

features, two characteristic periods were chosen with strong steady-state developed wind 

conditions and with exclusively NNW and SSE wind directions, in the first P1 (from 

10. 05. 2013 18:00 to 13. 05. 2013 18:00 CET) and second P2 (from 15. 05. 2013 9:00 to 

21:00 CET) period respectively. (The detailed weather condition of these periods can be 

found in the webpage http://www.met.hu/idojaras/aktualis_idojaras/napijelentes/.) 

Table 2 compares the mean, standard deviation and in some cases the difference and 

rate of quantities recorded in the reed and open water zone, moreover, the quantities of P1 

and P2 can be also compared. Positive vertical wind speed refers to upwelling and negative 

one to downwelling. Wind direction is given in meteorological system thus zero degree wind 

direction means wind blowing from North. 

Both P1 and P2 periods are in the time interval when Station O2 was working beside 

Station R (see Figure 2.c and Table 1). In P1, wind was coming from the reed, mean 

horizontal wind speed of Station O2 exceeded the one of Station R with 18%. This is at first 

glance in disagreement with the theoretical consideration, that the density of streamlines 

(namely the density of the lines tangential to the instantaneous velocity vector field of the 

flow field) decreases when moving from the reed zone of dense emergent plants, which the 

wind can hardly enter, into the open water area. According to this, the wind speed at Station 

R should exceed the one of Station O2. On the other hand, after leaving the reed zone of 

higher roughness, the wind can accelerate above the free water surface of reduced drag. 

Considering the measured 314° mean wind direction, Station O2 is in a distance of about 50 

m from the reed borderline. The measurements proved this interval to be enough for 

significant acceleration despite the reverse effect of the spreading of streamlines (see also 

Chapter 4.2.2).  While wind is nearly horizontal at Station R, at Station O2 significant 

downwelling develops indicating the direction of the streamlines.  

In Period 2, the mean horizontal wind speed at Station O2 is 58% higher than at 

Station R, also shown in Figure 7. Observing the location of Station O2 (Figure 2.c), the exact 
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situation of the reed borderline and the measured wind direction of 145°-149° at the two 

stations, the explanation becomes clear. In case of wind directions almost parallel to the 

reed borderline, wind arrives to Station O2 after a long pelagic fetch of approximately 800 m 

allowing the development of high wind speeds, while wind arriving at Station R blew firstly 

along the reed borderline and is significantly influenced by the enhanced drag of reed 

canopy. The same phenomenon was detected at wind direction from 0 to 10 degrees, which 

is the other direction parallel to the reed border of Station O2. Consequently, the deviation 

of wind field between the two stations is occasionally high, although they are situated only 

about 50 m from each other. In Period 2 the SSE wind resulted significant upwelling at 

Station O2 and slight upwelling at Station R, which proves that considering only the 

horizontal wind direction at the boundary of characteristic zones might be insufficient; 

instead, a 3D description could be needed at some cases. 

 

Table 2. Mean (bold) and standard deviation (italic) and in some cases the difference and rate of 
quantities of two characteristic periods. Positive vertical wind speed refers to upwelling and negative 

one to downwelling. Wind direction is given in meteorological system 

  

Period 1 
(10. 05. 2013 18:00 - 

13. 05. 2013 18:00 CET) 

Period 2 
(15. 05. 2013 9:00 - 

15. 05. 2013 21:00 CET) 

mean std mean std 

horizontal 

wind speed 

[m/s] 

open 6.2 1.5 7.9 1.4 

reed 5.3 1.4 5.0 0.9 

delta 0.9  - 2.9 -  

rate 1.18  - 1.58 - 

vertical wind 

speed [m/s] 

open -0.14 0.17 0.23 0.14 

reed 0.01 0.11 0.07 0.11 

delta -0.15 - 0.16 - 

rate -12.68 - 3.31 - 

wind 

direction 

[deg] 

open 314.1 41.0 145.5 10.9 

reed 314.3 49.7 148.8 11.5 

delta -0.2 -  -3.3 -  

water depth 

[cm] 

open 117.3 2.0 104.5 1.5 

reed 51.9 2.0 41.4 1.6 

air temp. [°C] 

open 14.19 1.71 20.94 1.58 

reed 14.21 1.84 21.01 1.42 

delta -0.02 -  -0.07 -  

surface water 

temp. [°C]  

open 17.2 2.1 17.8 0.8 

reed 17.5 1.9 17.5 1.2 

delta -0.36 -  0.22 -  
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Figure 7. One-minute averaged time series of horizontal wind speed at Station R (green) and 
Station O2 (blue) measured at 5.5 m above water surface in 15. 05. 2013 

The water surface elevation of the lake continually changes during the year in 

consequence of the collective effect of precipitation, evaporation and water regulation. 

Inflow, natural outflow and infiltration are negligible compared to these. In May 2013, 

comprising the selected two characteristic periods, average water depth was 110 cm at 

Station O2 while it only reached 46 cm at Station R in non-windy conditions. Beside the 

annual variation, shorter term changes in local lake water level can be observed due to the 

seiche motion developing in consequence of the driving effect of wind along the longitudinal 

axes of Lake Fertő. This has an approximately North-South direction, thus by strong wind 

directing into N or S, seiche motion evolves and causes enhanced water surface elevation at 

the leeward shore. Both stations have been situated in the southern 1/7 of the lake. In the 

first period the steady-state NNW wind pushed the lake water to the southern shore and in 

the second period on the contrary, water was driven by SSE wind to the northern half of the 

lake. As a consequence, mean water depth of the open water station increased with 7.3 cm 

in Period 1 and decreased 5.5 cm in Period 2 compared to the equilibrium water depth of 

the station (Table 2). Water level changes in the reed zone are slightly more moderate than 

in the open water since mean water depth of Station R exceeded the equilibrium water 

depth only with 5.9 cm in Period 1 and failed with 4.6 cm in Period 2. This indicates that the 

dense canopy is able to modify the developing free water surface. 

The air and water surface temperatures are also presented in Table 2 in order to 

compare the temperatures of reed and open water zones and not for comparison between 

the two periods. The latter would be beyond reason since Period 2 is only a shorter 12 hour-

long period without the diurnal course of the temperature. The mean air temperature of the 

reed zone is equal to the one of open water in both periods, while mean surface 

temperatures recorded at the two stations show differences. In Period 1, lake water is 

continuously cooling in consequence of the reduced energy of solar radiation accompanying 
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the extended overcast weather conditions. On the contrary, Period 2 represents a daytime 

period with increasing surface water temperature. The mean values of surface water 

temperature in the two zones indicate that reed water warms up slightly slower and it holds 

the heat longer, which can be explained by the sheltering effect of the canopy. On one hand, 

the emergent canopy prevents the direct penetration of solar radiation energy; and on the 

other hand it moderates the heat exchange between the adjacent regions. Considering the 

standard deviation of the surface water temperature, in Period 1, the open water releases 

the heat faster than the reed zone during the continuous overcastted weather conditions, 

thus the standard deviation is higher at Station O2. On the contrary, in Period 2, it is higher 

in the reed zone which can be caused by the shallowness of the reed water. The shallow 

reed water can warm up fast as the sun reaches high enough position and the energy from 

solar radiation can penetrate the surface between the vertical stems. This steep increase in 

water temperature enhances the standard deviation of it. 

 

 

Figure 8. Step changes in horizontal and vertical wind speed, wind direction and air and surface 
water temperature at the beginning of Period 1. One-minute averages are shown between 

10. 05. 2013 12:00 and 23:59 CET. Wind was measured at 5.5 m above water surface. Parameters of 
reed zone are marked wind green and the ones of open water zone with blue colour; black line in the 

temperature subplot indicates air temperature at 5 m which is equal at the two stations, while the 
coloured lines denote surface water temperature 
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The abrupt arrival of the three-day long windy period of P1 in itself is quite remarkable 

and appropriate to present the dynamics of the processes at the reed - open water interface. 

When the weather front enters the lake, almost all physical parameters show a step change. 

The previous SSE wind slows down and NNW wind of more than 6 m/s replaces it, as can be 

seen in Figure 8. The nearly 180° change in direction and the nearly 5 m/s increase in wind 

speed occur in hardly 4 minutes. At the open water station, the previous slight upwelling is 

replaced by significant downwelling reasonably following the changing wind direction. The 

initial water depths of 110 cm and 45 cm at Station O2 and Station R, respectively, start to 

increase quickly by arrival of the NNW wind, and after 6 hours they reach their maximal 

values of 120 cm and 55 cm.  

The arriving weather front causes a rapid change in the air temperature, too; namely it 

drops from 24°C to 20°C in merely 4 minutes, then due to the advection and the usual 

diurnal cycle, air cools down to less than 15°C in nearly 6 hours. The decrease of surface 

water temperature is, however, much more slow in consequence of the high specific heat 

capacity of the water. The decrease is nearly linear following a trend of 0.1 °C/hour. Thus, 

during P1 surface water temperature exceeds air temperature except a few-hour long period 

resulting in unstable thermal stratification.   

All these analyses of the measured physical parameters are intended to increase the 

understanding of the thermal conditions, wind features and their effect on water exchange 

processes between reed and open water zones. These topics will be discussed in details in 

the following two chapters. 



Chapter IV  

WIND PROFILE AND SHEAR STRESS AT THE REED - OPEN 

WATER INTERFACE 

4.1 Introduction 

Wind fields above shallow lakes and wind-driven currents have been thoroughly studied 

through field measurements and numerical modelling (Sarkkula et al., 1991; Józsa, 2001; 

Laval et al., 2003 and Józsa, 2014). These investigations provided good large-scale results for 

the lake as a whole, but usually they did not intended to take into account phenomena of 

smaller scale. However, in some aspects these small-scale features might have a great 

influence on the fate of the given lake. Emergent aquatic plants growing in littoral zones of 

shallow lakes are often simplified in such research – if even considered – as a medium of 

diverse roughness and density conditions; nevertheless in reality they have much more 

complex effect on the physical and ecological processes of the lake. Due to the enhanced 

hydraulic resistance of the canopy, the wind-induced flows slow down inside the canopy. At 

the same time wind shear stress as local driving factor can hardly develop at the lake surface 

below these canopies. Thus emergent aquatic canopies might modify the wind field not only 

due to their larger roughness but also due to their emergent characteristic causing wind 

sheltering inside and downwind the vegetation.  

On the one hand, with the rapid progress of computers (appearance of supercomputers) 

and advancement of numerical models (e.g. parallelization, application of unstructured or 

quad-tree mesh technique) and on the other hand with the continuous improvement of new 

measurement techniques and instrumentation (Campbell Scientific Inc., 2011b), and 

development of processing software (Babel et al., 2011), the detailed investigation of these 

complex phenomena by field experiments and numerical modelling became a reasonable 

task.  

For numerical lake hydrodynamic and water quality models, the spatially varying wind 

shear stress is a crucial boundary condition, because water motions in shallow lakes are 

predominantly wind-induced (Józsa et al., 1990 and Curto et al., 2006). Wind shear stress on 

the lake surface transmits part of the momentum of wind into the water, generating 

currents, waves and turbulent mixing. The zero-order approach, i.e. considering only a mean 

wind shear stress from a single point wind measurement - as it was done so far in many 

cases - can be insufficient for modelling wind-driven currents, turbulent mixing, surface gas 
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transfer and evaporative heat exchange at the air-water interface, especially if wind data are 

only available at the nearest meteorological station, often located several kilometers from 

the lake. In order to determine the dependence of wind shear stress on fetch and on canopy 

features, e.g. canopy height and density, more detailed measurements and analyses are 

needed. 

The introduction of the Internal Boundary Layer (IBL) approach improved significantly 

the performance of the hydrodynamic models to fit the measured lake currents (Józsa, 

2001). According to this approach, the abrupt changes in surface roughness conditions at the 

separation line of different roughness zones cause the development of a new internal 

boundary layer. The IBL height (δ) grows along the fetch (Taylor and Lee, 1984). Inside the 

new IBL the logarithmic vertical profile of horizontal wind develops whereas outside of it the 

airflow remains undisturbed. Passing the roughness transition, however, the momentum 

transfer from air to water is no more controlled by the original shear characteristics. It is 

governed by the shear stress of the new IBL. In consequence, lake flow models applying wind 

shear stress field according to the IBL development are better at capturing the real lake flow 

patterns than models applying uniform wind shear stress field.  In case of alternating 

characteristic zones along the fetch, the abrupt change of roughness length moving from 

aquatic canopy to open water and vice versa significantly affects the spatial distribution of 

friction velocity, too, as was revealed in Józsa et al. (2007) by field measurements and 3D 

numerical modelling. In consequence, it also influences the lake currents and corresponding 

water exchange of the whole lake. 

Markfort et al. (2010 and 2012) investigated the wind field modification after a 

roughness transition and also the wind sheltering effect of tall vegetation growing at the 

shoreline of small lakes. They regarded the air flow downwind of a tall canopy similar to the 

flow behind a backward-facing step (BFS). It forms a recirculation zone with low wind 

velocities and low wind shear stresses inside, which depend on the density, height and 

length of the canopy. After the flow reattaches, the new IBL development starts. From field 

measurements and laboratory experiments, a reattachment length of 6.2 ��  was estimated 

for BFS-type (solid) and 2.6 ��  for canopy-BFS (permeable) transition, where ��  denotes the 

canopy height. Additionally, it was found that the celerity of surface shear stress recovery 

downwind of the reattachment depends on the canopy density and thermal stability. 

However, a distance from shoreline of 50 ��  can be given as a rule of thumb.  

This chapter investigates the complex effect of emergent aquatic canopy on the 

overlake wind field through detailed field measurements concentrating on the presumably 

quite complex initial section of wind profile realignment and wind shear stress development. 

As described above, some research efforts focus on the reattachment zone in the immediate 
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vicinity of canopy, while others concentrate on the fully-developed new IBL, not dealing with 

the initial section of wind profile realignment. However, the wind field of this region just 

outside the sheltered zone plays a crucial role in governing the lake currents near and inside 

the canopy and it induces water exchange through the interface of canopy and open water 

zones. 

The objective of this investigation is to better understand the phenomena insufficiently 

revealed so far, and to quantify the wind as the main driving factor of processes taking place 

in shallow lakes with extended emergent aquatic canopy. On the other hand, since wind 

shear stress is one of the most important input parameters of numerical lake flow models, 

hopefully the accuracy of these models can be enhanced by the improved knowledge of the 

near-canopy wind field and the characteristics of its development. This can be especially 

important in numerical models that intend to directly reproduce such a local effect of an 

emergent aquatic canopy.  

 

4.2 Results and discussion 

After data processing described in Appendix A.1, the results of the wind profile and wind 

shear stress calculations at the reed - open water interface and some discussion is presented 

in the following chapter.   

 

4.2.1 Wind profile above reed canopy 

To investigate the wind field above reed canopy and capture its driving effect on water 

exchange processes, the parameters of logarithmic wind profile formula above the reed has 

to be determined first. A number of different studies can be found in the literature focusing 

on the estimation of roughness length (��) and displacement height (�) above various 

vegetation types. With the same method applied in this study, namely with the Eddy-

Covariance Technique, Llyod et al. (1991) established the magnitude of �� and � to reach 0.17 � 0.01 m and 0.93 � 0.35 m, respectively at a fallow savannah site covered 78% with 

leguminous and grass vegetation with an average height of 0.74 m and in the remaining 

portion with woody shrubs with an average height of 2.3 m and with occasional trees of up 

to 10 m height.  

Martano (2000) compared three analytical methods to estimate the same two 

parameters. Two datasets were considered with different features; the first was recorded in 

a horizontal but not uniform terrain covered by buildings, 5-10 m high trees and patches of 
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shorter vegetation, whereas the second originated from an area covered by bushes with an 

average height of 1 m. Roughness length and displacement height for the first dataset are 

0.51 m and 7.5 m for Method 1, 0.42 m and 8.5 m for Method 2, furthermore 0.65 m and 

6.5 m for Method 3, respectively. While in case of the second dataset, the parameter pairs 

are the following: 0.52 m and 1 m (Method 1), 0.5 m and 1.5 m (Method 2) and 0.68 m and a 

slightly negative value (Method 3). 

Wind tunnel experiments of Dong et al. (2001) showed the increasing trend of 

displacement height with increasing height and density of standing vegetation. The 

maximum value of � was found to reach 0.87 times the vegetation height in case of dense 

canopy. 

Additionally, the investigation of Józsa et al. (2007) gives 0.15 m for the reed roughness 

height. Wind data were measured at two stations in Lake Fertő only 2-3 km away from the 

present measurement site thus this �� refer to reed cover possessing very similar 

characteristics to the one observed in our investigation. 

In the present study, the Eddy-Covariance Method was applied in the way described in 

Appendix A.1.2. As it was presented in Chapter 2, a two-week long measurement campaign 

was conducted (from 07. 11. 2012 to 20. 11. 2012), when both of the 3D sonic anemometers 

were mounted on Station R, distinctly form the general sensor arrangement. Hence three-

dimensional wind speed could be measured at two heights of 4.2 and 8.4 m above water 

surface while average canopy height was 3.4 m around the tower. Kiss (2013); Kiss and Józsa 

(2014a) and Appendix A.1.2 provided a detailed description of the calculation, where friction 

velocity (��), aerodynamic roughness length (��) and displacement height (�) were found to 

be in the order of magnitude of 0.3 m/s, 0.18 m and 3 m, respectively, all very reasonable 

with respect to the given conditions and previous investigations. The 0.18 m of roughness 

length is in good agreement with the one presented by Józsa et al. (2007) in the same 

environment, while the rate of displacement height and canopy height with its value of 0.88 

matches very well the value of 0.87 found by Dong et al. (2001). 

To investigate the dependence of the roughness length and displacement height on 

wind speed, the same procedure was repeated for datasets belonging to wind speed larger 

than 2, 3 and 4 m/s at the measurement height of 8.4 m. Table 3 shows �� and � for the 

different wind classes along with the number of data available for the calculation and the R2 

of the regression between � and �� at both heights (see Figure 33). The roughness length 

decreases by 11% and the displacement height increases by 5.7% when extracting the data 

below 4 m/s of wind speed. This is in agreement with Dellwik et al. (2006) who found that 

the sum of the roughness height and displacement height depends on wind speed above 
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forest canopies. They revealed increasing ��  � with increasing wind speed, but above 6 

m/s ��  � started slightly decreasing with further increase of wind speed. 

Furthermore, the obtained values of �� and � might also change in longer, monthly time 

periods. The magnitude of displacement height varies seasonally according to the vegetation 

growth and decay. These include the growth of reed stems, appearance of leaves and 

development of a dense canopy starting from April and the withering of stems and falling of 

leaves till late autumn. The presence or absence of reed harvest is also an important factor 

affecting the zero-plane displacement height. In addition, the roughness length depends on 

the height and flexibility of reed stems, which are also seasonal characteristics. 

Table 3. Aerodynamic roughness length and displacement height above the reed canopy  
for different wind speed classes in the period from 07. 11. 2012 to 20. 11. 2012, # denotes the 

number of data 

  

horizontal wind speed at 8.4 m 

> 1 m/s > 2 m/s > 3 m/s > 4 m/s 

�� 0.18 0.17 0.17 0.16 � 3.00 3.11 3.13 3.17 

# 222 160 140 104 

R
2
 upper 0.88 0.95 0.95 0.95 

R
2
 lower 0.94 0.96 0.96 0.96 

 

4.2.2 Wind profile above open water 

The aerodynamic roughness length of the open water surface is several orders of 

magnitude lower than that with standing vegetation. Davenport et al. (2000) gives     2 · 10�� m for �� of open lake (irrespective of wave size). According to Monteith and 

Unsworth (1990), this is in the order of 10�� � 0.1 m while Garratt (1992) reports it to fall 

between 10�� � 0.1 m. While the upper limits of these ranges occur only in oceans under 

extreme winds, the usual value for Lake Fertő is around 2 · 10�� � 10�� m due to moderate 

or strong storms, respectively (Józsa et al., 2007).  

The roughness length of open water is often given by the dimensionless roughness, 

namely the Charnock parameter (��	 � ��� ��

⁄ ). There is a number of parameterizations 

to express this parameter from the inverse wave age (see e.g. Maat et al., 1991 and Smith et 

al., 1992). These all are based on the assumption that ��	 might depend on a wave related 

parameter since the roughness elements of open water are moving surface waves. In 

addition, they found the dimensionless roughness to be inversely proportional to wave age.  
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The above presented rather wide range of the roughness lengths of open sea or lake 

water surface indicates that �� might be influenced by several factors, for instance by the 

wind speed, thermal stratification (Wyngaard, 1992 and Högström, 1996), wave age and 

significant wave height (Vickers and Mahrt, 1997 and Johnson et al., 1998). In this study the 

dependence of �� on these parameters was investigated in the lake environment 

characterized by short fetches, alternating reed and open water zones and young waves.  

The two unknowns of logarithmic profile formula above open water (��  and ��) can be 

derived from a single 3D wind measurement, as described in Appendix A.1.3, thus long term 

measurements were accomplished with the general sensor arrangement presented in 

Chapter 2. The roughness length of open water was determined in every ten minutes of the 

measurement campaign, and statistical analysis was conducted, investigating the 

dependence of this on stability, wind speed, wind direction, and on the combination of 

these. Stability classes were defined according to Thomas and Foken (2002) as presented in 

Appendix A.1.3. The wind speed categories were chosen as follows:  
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Measurements taken at the four open water locations (O1, O2, O3 and O4) at particular 

heights might fall inside the developing new IBL or outside of it, depending on the sensor 

height and the actual wind direction, thus on the IBL height at the corresponding fetch (see 

Appendix A.1.3). In the following analysis of roughness length and wind shear stress, only 

data inside the IBL are considered, since these parameters can only be determined from 

wind data representing the air layer, which is in direct interaction with water surface. 

Figure 9 plots the roughness length against wind direction, also showing the stability 

conditions with different colours. Error bars indicate 25% and 75% percentiles about the 

mean. Wind direction classes are not equally distributed because in the prevailing wind 

directions it is possible to define more classes with statistically sufficient number of data 

than in the non-prevailing sectors. 

A strong influence of the reed canopy on �� was found when wind was coming from SW-

NW direction indicated by the extremely high roughness values at that wind sector. Wind 

coming from this sector moves along an extended reed zone (see Figure 2), which has a 

minimum width of 900 m and a width of more than 2 km in the prevailing NNW wind 

direction. This fetch is long enough to reach an equilibrium profile above the reed zone, 

especially since the boundary layer develops faster above rough surfaces (Savelyev and 

Taylor, 2005). In addition, the open water stations have been operated in a very short 

distance to the canopy, where the equilibrium profile corresponding to the reed still 
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dominates; however it is slightly modified due to effective local change in the roughness 

elements. In this sector, the wind profile might deviate from the theoretical logarithmical 

form of Eq. 20 and Eq. 21 (see Appendix A.1.3), since the assumption of the horizontally 

homogenous and isotropic turbulence is not valid here, furthermore, the effect of the 

displacement height of the reed and the sheltered zone cannot be taken into account by the 

formula. Therefore, the roughness length of this sector was handled carefully, and 

comparative calculations were made as it will be presented in the following. 

On the other hand, wind coming from the NE-SE direction has a long enough pelagic 

fetch to reach an equilibrium wind profile. Accordingly, roughness lengths at these directions 

without direct reed contribution are in the order of magnitude of realistic open water 

roughness lengths, demonstrating the validity of the profile formula here. Wind of the SW-

NW section will be referred hereafter as wind coming from the reed zone, and wind of NE-SE 

section as that from the open water zone. 

 

 

Figure 9. Roughness length of open water according to wind direction categories given in the 
conventional meteorological reference system in the whole investigation period. Thermal 

stratifications are denoted with different colours. Error bars indicate 25% and 75% percentiles about 
the mean 

The dependence of �� on stability classes is also visible. The smallest roughness lengths 

were obtained in stable conditions, which were 48% lower in average than the ones in near-

neutral conditions and 20% lower than in unstable conditions. From similar calculations it 

was gained that the dependence of roughness length on wind speed is smaller than it was on 

stability conditions, but not negligible. The smallest z� values are caused by wind speeds 

larger than 5 m/s, which are exceeded 6% by the wind speed category of 4-5 m/s and 28% by 
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the category of 2-4 m/s. Therefore in further analysis, only wind speed exceeding 4 m/s was 

considered. 

Figure 10 directly presents how the distance from the reed border affects the estimated 

roughness length of open water, plotting �� as a function of fetch. The fetch categories are 

not equally distributed. At short fetches they were settled narrower, since the parameters 

are changing faster here, and the high number of measurements taken at these short 

fetches ensures statistically sufficient data for these categories. The extremely large 

roughness length close to the reed canopy decreases rapidly - note that this is not directly 

visible on the semi logarithmic plot - and it reaches a value typical to open water at larger 

fetch. As mentioned earlier, presumably, the wind profile deviates from the theoretical 

logarithmical form at short fetch, thus the roughness length calculated with the 

logarithmical profile formula might insufficiently describe the real roughness.  

 

 

Figure 10. Roughness length of open water as a function of fetch in the whole investigation period. 
Stability conditions are coloured differently. Error bars indicates 25% and 75% percentiles. The 
roughness length calculated from wave age relation is denoted with black and grey rhombuses 

To investigate the applicability of the profile formula close to the reed zone, the 

relationship between the dimensionless roughness (��	) and the wave age ��� ��	⁄ � was 

applied. Two of the relations presented in this work are: 

��	 � 0.8 · ��� ��	⁄ � after Maat et al. (1991) and (1) 

��	 � 0.48 · ��� ��	⁄ � after Smith et al. (1992) (2) 
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where ��	 is the phase speed of the waves at the spectral peak, calculated according to 

the Shore Protection Manual (Coastal Engineering Research Center, 1984). The phase speed 

can be imagined as the speed of the points of waves being in the same oscillating phase. In 

the simplest case, knowing the wave length and period, the phase speed can be calculated 

as the ratio of these. 

From Eq. 1 and Eq. 2, the wave age dependent roughness length can be calculated if the 

friction velocity (��) and the phase speed (��	) are known, due to the definition of the 

Cahrnock parameter (��	 � ��� ��

⁄ ). Figure 10 marks the roughness length in near-neutral 

condition, estimated in this way from the relationship according to Maat et al. (1991) and 

Smith et al. (1992) with black and grey rhombuses, respectively. The roughness length of 

near-neutral stratification from the profile formula and from the wave age relations is also 

presented in Table 4. While at small fetch the difference in �� can reach 0.08 m considering 

the two approaches, at larger fetch it is only in the order of magnitude of 0.001 m. 

Consequently, applying the profile formula at short fetch leads to an overestimation of the 

roughness length; however, the approach using the wave age relation provides more 

reasonable ��. Therefore, in further calculation (e.g. by estimating the IBL height) this latter 

approach was applied. 

 

Table 4. Roughness length according to fetch categories in near-neutral condition  
calculated from the profile formula and from wave age relation  

Fetch [m] 40-60 60-80 80-100 100-150 150-200 200-300 300-400 

z� [m] from profile formulas 

(20) and (21) 
0.1011 0.0587 0.0273 0.0231 0.0097 0.0076 0.0020 

z� [m] from wave age relation 

after Maat et al. (1991) 
0.0204 0.0165 0.0089 0.0052 0.0026 0.0007 0.0007 

z� [m] from wave age relation 

after Smith et al. (1992) 
0.0123 0.0099 0.0053 0.0031 0.0015 0.0004 0.0004 

 

4.2.3 Wind shear stress in the near-canopy region 

To investigate how the presence of the reed zone alters the spatial distribution of 

horizontal wind speed, friction velocity and wind shear stress, these features were studied 

more in details in the near-canopy region by wind coming from the reed. Figure 11.a displays 

horizontal wind speed of Station O1, O2, O3 and O4 as a function of fetch. To account for 

wind speed variation during the field experiment and make sensible comparison of data 

measured in different wind conditions, horizontal wind speed was normalized by the 

reference wind speed of Station R. In the course of this, each 10-minute average wind speed 
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was divided by the corresponding one of Station R and their mean, 25% and 75% percentiles 

were determined in each fetch category. With increasing distance from the reed border, 

horizontal wind speed also rises and at about 280 m it reaches a value 1.7 times larger than 

it was at Station R. This is in agreement with Chapter 3. In unstable thermal stratification, 

when the air-flow is strongly turbulent, wind accelerates faster after leaving the edge of reed 

canopy than in near-neutral condition, which is indicated by higher values corresponding to 

the same fetch.  

 

 
a) b) 

 
c) 

Figure 11.a) Normalized horizontal wind speed, b) normalized friction velocity and c) normalized 
wind shear stress above open water along the fetch in the whole investigation period. The base of 

normalization is the reference wind speed measured by the fixed anemometer of Station R. Colours 
represents the stability conditions (blue – near-neutral and green - unstable). Only data inside the 

new IBL are considered 
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The above presented procedure was repeated for friction velocity and wind shear stress 

calculated according to Appendix A.1.3. Normalized friction velocity decreases along fetch in 

near-neutral condition from a value of approximately one at the foot point of the new IBL 

layer to 0.6 at 280 m (Figure 11.b). Shear stress is a function of friction velocity-square (see 

Eq. 22 in Appendix A.1.3); therefore, normalized shear stress (� ���⁄ ) reveals similar nature 

to normalized friction velocity (Figure 11.c). As was expected, � is lower above open water 

than above reed canopy because of the reduced drag coefficient of open water. The 

decreasing � by increasing fetch is, however, at first glance somewhat inconsistent with 

literature assumptions; nevertheless, this quite complex localized initial section of wind 

profile realignment and wind shear stress development revealed from the data of this study 

has been insufficiently investigated and explained so far. According to the results presented 

here, normalized shear stress decreases exponentially along fetch in the measured interval, 

at the end of which normalized � seems to converge to a single value in all stability 

conditions. At small fetch, normalized shear stress is consistently lower in unstable 

conditions than in near-neutral, and it reaches the common final value already at about 

100 m. One explanation might be that the extent of sheltered zone is smaller in unstable 

condition when enhanced turbulence dominates, which would suggest that the length of 

sheltered zone depends on thermal stratification.  

Although, to evaluate roughness length and wind shear stress, only wind data inside the 

new IBL layer could be included; this is not a restriction for the investigation of spatial 

distribution of horizontal wind speed. Therefore normalized horizontal wind speed of both 

inside and outside the IBL was plotted against fetch (Figure 12). Again, only wind coming 

from the reed was considered. At the immediate vicinity of the reed zone, the horizontal 

wind speeds are still close to the ones recorded above reed. Above the open water, 

however, the drag raised by the underlying smooth surface becomes smaller, thus wind 

starts to accelerate arriving at this new surface. The effect of the decreasing drag exceeds 

here the reversed effect of the spreading of streamlines, as discussed in Chapter 3, hence 

normalized u starts to grow along fetch. In the initial stage of the new IBL estimated 

according to Eq. 23 (Appendix A.1.3) at the sensor height of 5.6 m, namely at about 35 m of 

fetch, the horizontal wind speed drops significantly again. It is most likely the consequence 

of the rather 3-dimensional air-flow at this distance from the reed borderline (Figure 13). 

Due to the smoother surface and increasing distance from the reed zone, horizontal wind 

speed starts to increase along fetch in the new IBL, and at the end of measured interval it 

grows to approximately 60% higher than it was at the reed station. Figure 12 and Figure 13 

show only wind speed in the near-neutral condition, but the same pattern can be found in all 

three thermal stratifications. 
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Figure 12. Normalized horizontal wind speed above open water along the fetch in the whole 
investigation period, representing both data sets inside (light blue dots) and outside (dark blue dots) 

the new IBL. Only wind speed observed in near-neutral condition is displayed 

 

Figure 13. Vertical wind speed at Station O along the fetch in the whole investigation period, 
representing both data sets inside (light red dots) and outside (dark red dots) the new IBL. Only wind 

speed observed in near-neutral condition is displayed 
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4.3 Summary and conclusion  

High frequency wind measurements and detailed analysis were conducted regarding the 

interface zone of the open water and reed zones of Lake Fertő to reveal the complex effect 

of the reed canopy on the above-lake wind field. The parameters of classical logarithmic 

wind profile were estimated separately above reed and open water, thus the wind field of 

air-flow in local equilibrium can be described above the two zones.  

The dependence of aerodynamic roughness length of open water on thermal 

stratification, wind speed, fetch as well as on the combined effect of these was explored 

through statistical analysis. It was found that roughness lengths characterizing the previous 

reed zone still turn up at short pelagic fetch, which indicates that wind conserves its 

preceding equilibrium profile for a given short distance downwind of the reed canopy. At 

longer fetch it quickly transform into the new open water profile. In addition, it was shown 

that at short fetches �� can be more sufficiently estimated from wave age relations than 

from the logarithmical profile formula, indicating that near the canopy, the wind profile 

might deviate from the theoretical logarithmical form. Considering the wind profile 

parameters of distinct thermal stability classes, it can be concluded that the length of 

sheltered zone behind the canopy and the celerity of the IBL development depend on 

thermal stratification, namely the profile realignment takes place closer to the reed zone in 

unstable conditions. Finally, abrupt change of the horizontal wind speed was detected at 

about 35 m of fetch, which might indicate the boundary of the developing IBL. The cause of 

the abrupt decrease of horizontal wind speed in the initial stage of the new IBL can be the 

strong vertical wind component at that fetch.  

From these analyses, the reasons and driving factors of the interface zone mechanisms 

can be better understood. Furthermore, the present study can provide input parameters for 

lake flow models, which aim to consider the quite complex effect of emergent aquatic 

canopies, as it will be presented in Chapter 5.2.6. 

 



Chapter V 

HYDRODYNAMIC CHARACTERISATION OF THE REED - OPEN 

WATER INTERFACE ZONES 

5.1 Introduction 

Lake flow inside and in the immediate vicinity of reed canopies can be assumed as a 

flow of great complexity, since it is induced by the spatially and temporally varying wind field 

of the reed - open water interface zone, and altered by the abruptly changing morphology of 

the near-canopy lake bottom and by the enhanced drag of reed stems. The flow field near 

and inside the reed zone differs in a number of characteristics from the ones of the open 

regions, such as flow velocity, wave and turbulent characteristics, energy budget, etc.  

Water exchange across the interface of the vegetated littoral and the open pelagic lake 

zones have a great influence on the flushing, but at the same time sedimentation of the 

littoral zone. The mixing of the two water bodies possessing different physical properties 

contributes to the relatively fresh water supply of the littoral zone from open water areas 

and the transport of oxygen, phosphorus and other substances between the two zones 

(Fukuhara et al., 2007). These result in an improved status of the vegetation in the long 

term, while the canopy in such a good status provides then a vital source of habitat and food 

for zooplankton, invertebrates, fish and for many bird species. Thus, they enhance the 

biodiversity of the lake (Clarke, 2012).  

On the other hand, dense canopy with its enhanced drag due to the plant stems causes 

wave damping and decreasing flow velocities. Consequently, the entering sediment-laden 

water bodies tend to deposit their sediment content at the interface zone (Hoppila and 

Nurminen, 2005). In the pelagic zones of shallow lakes, resuspension has got a great 

influence on the lake ecosystem. It causes not only light attenuation, thus affecting the 

growth of submerged plants, but also assists the increase of phytoplankton mass due to its 

potential to release nutrients into the water column (Madsen et al., 2001). Within aquatic 

plants, the resuspension potential significantly decreases with the decreasing flow velocity 

and turbulent energy content, and thus with the reduced near-bed stresses. According to 

Hoppila and Nurminen (2005), the resuspension rate within emergent plants was on average 

43% of that in the adjacent open water, and the internal phosphorus loading decreased with 

26 mg/m2/day within the canopy.   



CHAPTER 5 – Hydrodynamic characterisation of the reed - open water interface zones 

- 32 - 
 

As was presented in the previous chapter, extended reed zones affect the spatial 

distribution of the over-lake wind field in a complex way. The basis of the developing lake 

currents and water exchange processes at the reed - open water interface is the near-

canopy wind field, since these water motions are predominantly wind-driven. Therefore, the 

spatially and temporally varying near-canopy wind field might generate complex lake flow 

conditions in the immediate vicinity of the reed zone. In addition, the presence of the reed 

canopy itself modifies the spatial distribution of wind-driven lake currents due to the drag 

exerted by reed stems. However, as exchange mechanisms are controlled primarily by the 

near-canopy flow conditions, the exploration of this quite complex flow field near and inside 

the canopy has got great importance.  

Though several types of current meters are available for researchers, most of them are 

not adaptable for measurements inside the canopy of low water depth and densely standing 

plant stems. Probably, this is one of the reasons for the insufficiently revealed flow features 

near and inside these canopies. However, the exploration of the quite complex flow field 

near and inside the canopy has got a great importance, since the exchange mechanisms play 

a crucial role in the quality of the reed water and in the status of reed zones.  

From the simultaneous wind speed and lake flow velocity measurements at the reed - 

open water interface of Lake Fertő, the present study attempts to reveal these gradient-

driven interactions and exchange mechanisms of the reed-open water interface. Therefore, 

the flow field, specific discharge, energy dissipation rate, turbulence parameters and 

sediment deposition as well as resuspension tendency were investigated near and inside the 

reed zone.  

 

5.2 Results and discussion 

After data processing described in Appendix A.2, the results of the hydrodynamic 

characterisation of the reed - open water interface and some discussion is presented in the 

following chapter.   

 

5.2.1 Flow velocities in the interface zone 

The lake flow measurements conducted at several points of an axis locally perpendicular 

to the reed border (see Chapter 2) allow observing the spatial variation of flow features at 

the interface of the reed and open water zones. Three measurement series have been 

performed with nearly identical instrumentation setup, on 28. 07. 2013, 18. 10. 2013 and 
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15. 07. 2014. The results presented here are mainly originated from the third measurement 

series due to its more suitable weather conditions for this kind of investigation (strong 

northern wind) and the greater number of measurement points. However, the conclusions 

will be drawn based on all three investigations. Similar calculations and the results of the 

first two measurement series can be found in Kiss and Józsa (2014b). 

After spike filtering and coordinate rotation was applied on the raw data sets according 

to Appendix A.2.1, a reed border-aligned coordinate system was defined with velocity 

components perpendicular (�) and parallel (�) to the reed border and with the unchanged � 

vertical velocity component.  

 

Table 5. Reynolds averaged mean and fluctuation of the three velocity components near and inside 
the reed canopy with the corresponding wind features on 15. 07. 2014 

distance 

from reed 

border 

relative 

depth 

wind 

speed 
wind dir �� |�′| �� |�′| ��  |�′| 

m m/m m/s grad cm/s cm/s cm/s cm/s cm/s cm/s 

-20 0.32 3.4 N 5.87 2.02 4.97 2.50 0.02 0.61 

-5 0.41 3.3 N 2.15 1.13 3.01 2.18 -0.11 1.00 

-5 0.65 3.2 N 1.96 1.49 1.21 1.91 -0.05 0.78 

0 0.29 3.5 N 0.41 2.14 0.24 2.37 -0.23 2.14 

0 0.65 3.5 N 0.44 1.39 0.18 1.81 0.05 0.92 

5 0.39 3.0 N 0.36 1.15 -0.10 1.52 -0.09 0.80 

5 0.61 3.0 N 0.28 2.01 0.01 1.07 -0.03 1.56 

10 0.47 3.3 N -0.19 1.06 0.34 2.14 -0.04 1.27 

10 0.60 3.1 NW 0.21 1.49 0.36 1.49 -0.01 0.80 

15 0.41 3.6 NW 0.95 2.03 0.57 2.13 -0.07 0.95 

15 0.61 3.4 NW -0.18 1.91 0.08 2.00 -0.01 0.80 

 

Table 5 summarizes the Reynolds averaged mean and fluctuation term of the three 

components at each measurement point along with the main wind features characterising 

the time interval of the given 8-minutes flow measurement. Positive � points toward the 

reed (close to the West) and positive � points close to the South. In the first column 0 m 

denotes the location of the reed border, positive values refer to distances inside the canopy 

while negative ones to locations outside of it. Relative depth is given by the ratio of 

measurement depth and total water depth. Generally, the decrease of mean velocity of the 

three velocity components was detected moving toward and into the canopy and 

approaching the bottom. Perpendicular velocity components directing toward the reed at 

�20 and �5 m indicate that wind-driven flow approaches the reed zone, while moving into 
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the canopy mean flow velocity decreases rapidly due to the enhanced drag of the dense 

vegetation. At some locations mean perpendicular velocity is negative indicating a 

developed return flow within the canopy. The occasional diverse directions of flow 

velocities, at two points of the same vertical, suggest that near and within the canopy 3D 

description of the flow structure is needed.  

 

   

   

   

a) b) c) 

Figure 14. Time series of the instantaneous velocities a) at -20 m, b) at the reed border (0 m) and c) 
at 10 m (above: horizontal flow velocity and direction, in the middle: perpendicular velocity 

component, below: parallel velocity component) 
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Figure 14 shows the spatial and temporal variation of near-canopy currents by 

displaying the time series of the instantaneous horizontal flow velocity, flow direction, as 

well as perpendicular and parallel velocity components of the same time interval at three 

measurement points, namely at -20, 0 and 10 m from the reed border. In agreement with 

Table 5, the reduction of mean perpendicular and parallel velocity can be observed moving 

toward and inside the vegetation. The figure also shows that the same is true about the 

horizontal flow velocity. Since the flow direction refers to the rotated coordinate system, 

zero degree denotes flow with positive perpendicular and zero parallel components. 

According to this, flow observed at -20 m points to the SSW direction without significant 

fluctuation. At the reed border, this direction becomes less dominant and more fluctuating; 

for short periods also opposite direction flow (to the open water) appears. At 10 m, the 

effect of wind-driven flow can hardly be seen any more, the flow direction fluctuates 

strongly and flow directions into the reed and into the open region are almost equally 

distributed. 

 

 

Figure 15. Normalized perpendicular and parallel flow velocity and mean specific discharge (q) versus 
the position relative to the reed border. Negative positions refer to open water locations and positive 

ones to locations within the reed zone 

During the 2-hours long investigation, the wind speed and direction were nearly 

constant, however, already small changes of the wind features could affect the flow velocity 

and make it hard to compare. For example, during the recording taken at -15 m in the upper 

point, the wind was slightly stronger (see Table 5) causing larger flow components than the 

ones of the surrounding points. To account for unsteady conditions occurring during the 

whole investigation period, the one-second averages of each velocity component were 

normalized with the ones of the reference point placed at the reed border at 0 m. The 

exponential reduction of normalized velocity components can be observed moving towards 
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and into the reed zone (Figure 15 and Table 6). Normalized perpendicular (�) and parallel (�) 

velocity components at -20 m are 9 and 10 times larger than the ones at the reed border. 

Moving further inside the canopy the decrease of � and � velocity components is not that 

much rapid any longer; furthermore, they might change their sign at some inner locations, 

which in case of the perpendicular component means direction toward the open water.  

 

5.2.2 Specific discharge across the interface zone 

The specific discharge across the reed - open water interface can be calculated 

multiplying the perpendicular velocity and the water depth. Flow measurement was 

conducted in two depths of about 25% and 75% of the total water depth. An assumption 

was made that velocity measured at the upper point characterises well the upper half of the 

vertical while the velocity of the lower measurement point characterises the lower half of 

the vertical. Therefore, the specific discharge of the whole vertical can be estimated as the 

mean of the specific discharges at these two points. This is a more sufficient way of 

discharge calculation than considering only a single point measurement of the vertical, 

especially under weak wind or calm conditions when thermally driven exchange flow can 

become important with a complex vertical velocity profile as suggested by Zhang and Nepf 

(2009). Figure 15 includes the mean specific discharge (�) versus the position relative to the 

reed border with a second vertical axis, showing the exponential decrease of � when moving 

toward and into the reed zone. According to the calculations, the mean � right at the reed 

border was 23 m3/hour/m during the measurement, while the mean incoming ��� and mean 

outgoing ���� were 27 m3/hour/m and 4 m3/hour/m, respectively (Table 6).  

Table 6. Normalized perpendicular and parallel flow velocity and mean specific discharge through the 
reed - open water interface zone 

distance from 

reed border 
� ����⁄  � ����⁄  
�� 
��	 
 

m - - m
 �hour · m�⁄  m
 �hour · m�⁄  m
 �hour · m�⁄  

-20 9.21 10.05 175.12 0.00 175.12 

-5 3.99 6.41 54.34 -1.05 53.29 

0 1.00 1.00 26.95 -3.91 23.05 

5 0.39 -0.43 24.64 -14.51 10.13 

10 0.28 0.63 12.53 -12.27 0.26 

15 -0.31 0.14 28.44 -16.79 11.65 

 

Specific discharge provides information not only about the rate of water exchange but 

also the transport of substances such as dissolved oxygen, phosphorus or even suspended 



CHAPTER 5 – Hydrodynamic characterisation of the reed - open water interface zones 

- 37 - 
 

sediment particles across the reed - open water interface, since transport of a given 

substance can be estimated as the product of its concentration and the specific discharge. 

An example of sediment deposition estimation from � will be given in Chapter 5.2.5 

 

5.2.3 Energy dissipation 

The rate of energy dissipation was evaluated in each measurement point with the 

inertial dissipation method (IDM) described in Appendix A.2.3. The mean and standard 

deviation of the dissipation rate obtained from velocity recordings of all three measurement 

series are plotted in Figure 16 with blue symbols and error bars. Along this, the dissipation 

calculated by the theoretical formula (Eq. 33, Appendix A.2.3) according to Tennekes and 

Lumley (1972) is presented with green dots. Here, water depth (H) and the Root Mean 

Square of the velocity component ����� �  ∑ ��

 �

��� #⁄ $ were applied as the characteristic 

length (L) and velocity scale (U), respectively.  

 

 

Figure 16. Energy dissipation rate derived from the inertial dissipation method (IDM) and the 
theoretical formula according to Tennekes and Lumley (1972) versus the position relative to the reed 

border 

While in the open water region the theoretical formula approaches the spectrum-based 

estimates of dissipation rate reasonably well; in the reed zone an underestimation of one to 

two orders of magnitude was observed. Presumably, the reason lies in the diverse turbulent 

production in emergent vegetation. Within the reed stems, the production of turbulence 

through bed shear becomes negligible compared to the production within stem wakes, 
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except a thin layer very close to the bed (Nepf et al., 1997). Thus the kinetic energy budget 

can be reduced to the balance of wake production and energy dissipation. In this case, 

however, the characteristic length scale of the turbulence is not any more given by the water 

depth, but rather by the average stem diameter (') as it was suggested by Nepf (1999). In 

fact, the estimated dissipation rate based on the scale assumption L~', indicated by red 

dots in Figure 16, is in good agreement with the spectrum-based estimation. 

 

5.2.4 Decomposition aspects and outcome of the turbulent 

components  

Turbulent characteristics (such as TKE, shear stress and friction velocity) can be 

calculated from the turbulent fluctuation of the flow velocity components (�), �) and �)) as 

described in Appendix A.2.4. The turbulent fluctuation term is most frequently determined 

by means of Reynolds decomposition (RD) which gives the turbulent fluctuation by 

subtracting the Reynolds averaged mean velocities from the instantaneous velocity 

components as was presented in Appendix A.2.2. In lake environments, however, where 

waves have a significant contribution to the flow and the energy of waves appears in the 

total flow energy, calculating the turbulent fluctuation term via RD without further 

separation of the wave-related components from pure turbulence might lead to an 

inaccurate description of the turbulent characteristics. To investigate the degree of this 

inaccuracy, RD and a second procedure (referred hereafter as WD from the “wave 

decomposition” expression) which enables decomposition of wave related components from 

turbulent components were applied on the same data series. Furthermore, the turbulence 

parameters gained via the two descriptions were compared to each other. 

The detailed description of WD can be found in Homoródi et al. (2012), in the following 

only its main idea will be presented. Firstly, high pass filtering is used to remove the 

components of longer time scale (e.g. seiche, circulatory motion or Stokes-drift) which yields 

time series containing only wave and turbulent components. Note, that in case of quasi 

steady flow, which criteria is fulfilled by the investigated time series,  the high pass filtering is 

basically equivalent with the subtraction of the Reynolds averaged mean. In the next step of 

WD, the spectrum of the wave and turbulence related velocity components are separated in 

the frequency domain. Finally, returning from the frequency domain to the time domain, the 

time series of the orbital velocity components are calculated by inverse discrete Fourier 

transformation (DFT).  

Figure 17 demonstrates the role of decomposition of wave related components from 

turbulent components through the example of one investigated time series. The plot shows 



CHAPTER 5 – Hydrodynamic characterisation of the reed - open water interface zones 

- 39 - 
 

together the turbulent fluctuation time series obtained via RD (blue line) and WD (red line). 

The turbulent fluctuation term derived via RD is on average one order of magnitude larger 

than the one derived via WD. It is also clearly visible that after RD the remaining time series 

still contains a regular periodic wave component showing characteristics different from the 

ones expected from the pure turbulent fluctuation. The presented difference might be 

important regarding the turbulent kinetic energy budget, the magnitude and the variation of 

the friction velocity and shear stress at the sediment surface and thus the resuspension 

potential of the sediment. The sensitivity of aquatic species (such as phytoplankton, 

zooplankton or fish) to the impact of turbulence depends mainly on the characteristic length 

scale of eddies and the destructional effect of shear stress. Thus in investigations which take 

into account the effect of turbulence on these species (see e. g. Baranyai et al., 2011) 

considering the turbulent fluctuation from RD or WD might lead to relevant differences. 

 

 

Figure 17. An example of turbulent fluctuation time series derived via Reynolds decomposition (RD, 
blue line) and wave decomposition (WD, red line) 

Several data series were used to investigate the difference between the turbulence 

parameters gained via the two procedures and the effect of wind and wave conditions, 

measurement locations (sheltered or wave exposed) and measurement depths. To extend 

the investigation in such a way, not only the flow dataset presented in Chapter 2 and 

analysed in the previous chapters was used, but additional flow data recordings were also 

involved in the analysis. The main characteristics of the four applied data sets are 

summarized in Table 7. Two of them (Fertő 2009 lower and Fertő 2009 upper) were 

recorded near the eastern shore of the lake exposed to the observed NNW wind as it 

appears in higher average wave height of Table 7. The notation “lower” and “upper” refers 

to two measurement depths (1.2 and 0.4) of the same vertical. The data set labelled as 

Fertő 2013 and Fertő 2014 originates from the measurement campaign presented above, 

when the ADV sensors were located in the immediate vicinity of the reed zone. Fertő 2013 
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can be characterised with moderate wind speed, low flow velocities and small wave heights 

while during the data recording of Fertő 2014 slightly higher wind speed and flow velocities 

were observed. All datasets contain 8-minutes long recordings of 3D flow velocity data 

series.  

Table 7. The main features of datasets applied in the investigation of decomposition procedures 
prior to turbulent characteristic estimation 

  
GPS coordi-
nates - East 

GPS coordi-
nates - North 

avg. 
wind 
speed 

avg. 
wave 
height 

water 
depth 

meas. 
depth 

    m/s cm m m 

Fertő 2009 lower E 16°44'36.6"     N 47°46'16.5" 5.9 13.2 1.6 1.2 

Fertő 2009 upper E 16°44'36.6"     N 47°46'16.5" 5.9 14.6 1.6 0.4 

Fertő 2013 E 16°43'32.2"     N 47°42'51.1" 1.7 3.5 0.7 0.2 

Fertő 2014 E 16°43'32.2"     N 47°42'51.1" 3.3 3.2 0.8 0.3 

 

Turbulent kinetic energy (*+,), shear stress (��) and friction velocity (���
) were 

calculated from the turbulent time series of both procedures (see Appendix A.2.4). Since 

shear stress is given by the turbulent kinetic energy multiplied by a constant according to Eq. 

35 and the relationship of Eq. 36 exists between friction velocity and shear stress, only the 

most representative TKE was chosen for presentation.  

In Figure 18, TKE of turbulent time series gained via WD and RD are plotted against each 

other. The four data sets are marked distinctly. Different degrees of discrepancy can be 

observed from the red line representing the line of perfect agreement between the two 

procedures. In case of the minimal discrepancy, which characterises some of the time series 

of Fertő 2013 and Fertő 2014, TKE�� is twice as large as TKE��. The common feature of 

these recordings is that these have been taken inside the reed zone, where low flow 

velocities and low average wave heights occurred due to the dense canopy. The ratio of TKE�� and TKE�� is significantly higher at the open water locations of the same two 

datasets, although, the average wave height is still not exceeding 4 cm because of the 

sheltered location from the NNW wind. The points of Fertő 2014 are widely distributed on 

the figure from a very low ratio of 2 to a very high of 16 which can be explained with the 

diverse locations of recordings from 15 m inside the reed zone to 20 m outside of it. In case 

of Fertő 2009 lower and Fertő 2009 upper, the ratio is even higher, presumably due to the 

wind and wave exposed locations. As a maximum, the ratio reaches an extremely high value 

of nearly 70 in the upper measurement point of Fertő 2009 campaign when rather strong 
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wind of 7.1 m/s arrived exceeding the average wind speed of the dataset and as a 

consequence high waves about 18 cm high developed. 

 

 

Figure 18. Turbulent kinetic energy (TKE) estimated from turbulent time series gained via Reynolds 
decomposition (RD) and wave decomposition (WD) procedures 

These calculations confirm that in a lake environment turbulence estimation based on 

turbulent fluctuation time series derived from Reynolds decomposition can be inaccurate, 

even with several orders of magnitude, and the rate of inaccuracy rises with the magnitude 

of wave-related energy content of the flow. Consequently, in cases when precise estimation 

of turbulent characteristics is needed or when waves are significant, the use of a more 

sophisticated decomposition procedures is suggested to separate the wave related 

components from turbulent components. 

 

5.2.5 Turbulence parameters and sediment resuspension 

According to the previous chapter, the turbulent fluctuation time series derived from 

the decomposition procedure after Homoródi et al. (2012) was applied to estimate the 

turbulence parameters near and inside the reed canopy. The parameters of Table 8 

characterise the near-bed structure of turbulence, resuspension and deposition of sediment 

at each measurement location.  
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Table 8. Turbulence parameters and sediment resuspension near and inside the reed canopy on 
15. 07. 2014; Re – Reynolds number, ReD – diameter based Reynolds number, TKE – turbulent kinetic 

energy, �� – bottom shear stress, ��
�

– friction velocity, TI – turbulent intensity 

distance 

from reed 

border 

relative 

depth 

wind 

speed 
wind dir Re Re� TKE � �

�
 TI 

m m/m m/s grad - - m
2
/s

2
 N/m

2
 m/s - 

-20 0.32 3.4 N 70296 - 8.47E-04 1.61E-04 4.01E-04 0.37 

-5 0.41 3.3 N 31330 - 1.48E-04 2.82E-05 1.68E-04 0.98 

-5 0.65 3.2 N 22375 - 1.26E-04 2.39E-05 1.55E-04 1.53 

0 0.29 3.5 N 12811 150 1.27E-04 2.42E-05 1.56E-04 2.44 

0 0.65 3.5 N 9478 111 1.38E-04 2.63E-05 1.62E-04 2.84 

5 0.39 3.0 N 10091 112 9.40E-05 1.79E-05 1.34E-04 4.48 

5 0.61 3.0 N 9255 102 8.10E-05 1.54E-05 1.24E-04 3.18 

10 0.47 3.3 N 8984 119 1.33E-04 2.54E-05 1.59E-04 2.45 

10 0.60 3.1 NW 8337 111 8.07E-05 1.53E-05 1.24E-04 1.63 

15 0.41 3.6 NW 14075 165 4.67E-04 8.88E-05 2.98E-04 2.97 

15 0.61 3.4 NW 11392 134 6.54E-04 1.24E-04 3.52E-04 5.65 

 

Reynolds number (Re) of the open water zone decreases with decreasing distance from 

the reed border, which is in agreement with Leonard and Luther (1995). Within the reed 

zone Re reaches a nearly constant value which is lower than the ones of open water zone. At 

a critical Reynolds number, which is between 600 and 12500 (Kadlec, 1990), the fully 

turbulent flow at the open water locations becomes transient within the canopy, indicating 

that flow inside the reed zone is neither fully turbulent nor fully laminar. 

Along Re, the stem diameter based Reynolds number (Re�) of the reed zone is also 

presented in Table 8. Re� characterises the wake structure and describes how the wake 

affects the turbulent kinetic energy and diffusion within the array of canopy stems. The 

transition from laminar to turbulent wake structure was investigated by Williamson (1992) 

focusing on an isolated cylinder in a uniform flow. The critical Re� was found to be about 

200 above which the wake becomes turbulent due to the vortex instability; however vortex 

shedding was shown to initiate at lower Re� of about 50. Among others, Nepf et al. (1997) 

demonstrated that within a cylinder array the vortex shedding delays in consequence of the 

lateral shear of the upstream wakes and it occurs at higher Re� of 150 to 200. In addition, 

the dependence of the delay on the array density was also presented. According to these 

studies, the flow within the reed canopy in this research can be regarded to fall into the 

laminar range, since Re� is in the order of 100 at each measurement points of the reed zone. 
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In the following, two simple procedures will be presented to evaluate the sediment 

deposition and resuspension potential in the interface zone. Both procedures are based 

almost solely on velocity measurements denoting the wide applicability of these estimations. 

Considering the suspended sediment concentration (SSC) with its mean value of 70 mg/l 

measured between 1992 and 2006 in the lake in similar conditions, the sediment deposition 

can be estimated as the product of this mean SSC and the specific discharge derived in 

Chapter 5.2.2. Currents entering the reed zone rapidly slow down (see Chapter 5.2.1) and 

penetrating waves quickly attenuate, indicated by the decrease of the wave-related energy 

content (see e.g. Kiss and Józsa, 2014b). As a consequence, the sediment stirring up 

capability drops and deposition becomes dominant. Therefore, the assumption can be made 

that at last all incoming suspended sediment tends to deposit. The specific sediment 

deposition (SD��) estimated in such a way taking into account only the incoming specific 

discharge, was 45 kg/day/m right at the reed border. However, the specific sediment 

deposition (SD) derived from the mean specific discharge considering both the incoming and 

outgoing specific discharge was 38 kg/day/m. In general, it can be stated that under wind 

and flow conditions similar to the ones of the investigation period, the specific sediment 

deposition might be close to the estimated SD�� value and most likely it tends to fall into the 

interval given by SD and SD��.  

Since erosion and thus resuspension can only occur when the drag and lifting force of 

the flow exceeds the gravitational and friction forces, the sediment resuspension is governed 

by the near-bed turbulence of the flow (Middleton and Southard, 1984). According to 

Bengtsson and Hellstrom (1992), resuspension occurs when shear stress at the sediment 

surface �� exceeds the critical shear stress ��,����. The latter can be determined by means of 

the Shields diagram. Applying the average particle size of silt (0.02 -0.002 mm), the 

estimated critical shear stress is in the order of 7E-03 N/m2, which is greater than the 

calculated actual shear stress (Eq. 35, Appendix A.2.4) at each location (Table 8). The results 

indicate that presumably no resuspension took place during these investigations neither 

within the reed zone nor in a short distance from it, which also proves the previous 

assumption of sediment deposition tendency to be correct. As a good indicator of the 

sedimentation rate, gradual slight expansion of the reed cover can be observed in the area 

of our measurement site from year to year. This is the sign of gradual siltation, and as a 

consequence shallow enough conditions for the reed to expand. 
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5.2.6 Numerical hydrodynamic simulation of the near-canopy lake 

zone 

As it was shown in Chapter 4.2, the presence of the reed canopy significantly alters the 

wind field at the reed - open water interface as well as the wind shear stress which is an 

important boundary condition of lake flow models. This can cause flow velocities of different 

magnitude and direction in the few meter wide lake zone bounding the reed borderline 

compared to the ones in the neighbouring open water regions. Numerical flow models on 

the lake scale generally do not aim to take this phenomenon into account, since it only 

slightly and locally alters the flow field and negligibly influences the specific discharge 

through the cross-section of the lake. Nevertheless, the exchange flow between reed and 

open water areas and thus the sediment and nutrient transport between these zones are 

crucially affected by the direction of the lake flow in the immediate vicinity of the reed zone.  

The flow component parallel to the reed borderline (�) might transport the lake water 

from distant lake zones with given nutrient and sediment content, dissolved oxygen, 

temperature, etc. Since the resuspension of sediment and the mixing of water bodies of 

distinct properties can differ significantly between certain lake zones, the water properties 

arriving to the point of interest and entering the reed zone induced by the perpendicular (�) 

velocity component, depends mainly on the sign of the parallel velocity component. To 

imagine this, an example presented by nature is shown in Figure 19. Here; the brownish reed 

water containing humic acid exits the reed zone at the mouth of a reed canal with the 

perpendicular velocity component and is carried away by the parallel component 

transporting it along the reed borderline.  

 

Figure 19. Mixing of brownish reed water with greyish pelagic water at the mouth of a reed canal as 
a fingerprint of the near-canopy flow conditions (source: maps.google.com) 

As a conclusion, it has a great importance to accurately reveal the near canopy flow 

pattern to determine the features of the exchange flow through the reed - open water 
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interface. For this investigation, the lake flow has been recorded by two RCM-9 Recording 

Current Meters between 04.05. and 14.06.2012 along the micrometeorological 

measurements of Station R and Station O1. One instrument was placed next to Station O1 at 

Site 1 and the other one in the open lake area at Site 2 (Figure 20.b). The locations were 

chosen to represent a point where the direct effect of the reed canopy can be detected 

(Site 1) and another one without any impact of that (Site 2). In the presented period 

(between 05.16. and 05.17.2012), the arriving strong NNW wind induced seiche motion in 

the investigated bay, as indicated by flow directions following the wind direction (Figure 

20.a). However, after a few-hour-long stable strong wind, some circulatory motion evolved, 

when the flow near the reed zone became directed against the wind and the other flow 

vector. This latter characterizes the whole period except shorter periods when seiche motion 

becomes dominant again, in consequence of changing wind speed and/or direction.  

 

 
a) 

 
b) 

Figure 20. a) Wind vector time series at Station R and lake flow vector time series measured next to 
Station O1 at Site 1 and in the open lake area at Site 2 in the period from 16. 05. 2012 to 

18. 05. 2012 CET; b) Location of instruments with the wind and flow vectors in one time step 



CHAPTER 5 – Hydrodynamic characterisation of the reed - open water interface zones 

- 46 - 
 

To reveal the nature of this circulatory motion, numerical hydrodynamic model 

simulations were performed.  The applied 3D model – FVCOM (Finite Volume Coastal Ocean 

Model) – is a coastal ocean circulation model. Its detailed description and the governing 

equations can be found in Chen et al. (2003). The model is based on the “mode-splitting” 

procedure; in the external mode the displacement of the free surface is determined, and 

then in the internal mode the 3D flow field is calculated under the given free surface. The 

model solves the governing equations horizontally on unstructured triangular computational 

grid with a finite volume numerical scheme, while in vertical direction the standard σ-

coordinate transformation is used (Torma, 2012). 

As wind forcing, firstly, homogeneous wind field with spatially constant wind shear 

stress was applied (referred hereafter as “HOM”). Then, according to the considerations 

summarized in Chapter 4, internal boundary layer (IBL) development and a 10 m long 

sheltered zone at the leeward side of the reed zone (in the followings “IBL”) were taken into 

account and the two solutions were compared. In the latter case, the spatial distribution of 

the wind shear stress was calculated by the IBL model introduced by Taylor and Lee (1984) 

and improved by Józsa et al. (2007), which can handle the alternating reed and open water 

zones. The procedure assumes logarithmic velocity profile both over land (in this case reed) 

and open water according to Eq. 20 (see Appendix A.1.3). When moving from reed to open 

water, over the IBL the velocity profile is determined from the �� and �� parameters of reed 

while inside the IBL from the ones of open water. In addition, the two profiles are linked at 

the top of the IBL (δ) assuming equal wind speed of that point calculated from the two 

profile formula. The fetch-dependent friction velocity at the water surface can be iteratively 

expressed using the Charnock relation (�� � ��	 ��

 �⁄ ) to relate friction velocity and 

roughness height. Here, ��	  is a free parameter, which was settled to 0.0185 as proposed 

by Wu (1980, 1982). Based on the flow measurements presented in Chapter 5.2.1, the cells 

of the reed zone were excluded from the calculations since exponential reduction of the 

velocity components was detected moving from open water into the reed and very low flow 

velocities (below 1 cm/s) were found already at a few meters inside the reed canopy. 

Figure 21 compares the recorded and modelled flow velocity and direction at the two 

measurement points. While at the open location of Site 2 both “HOM” and “IBL” provides 

reasonable fitting with both the recorded flow velocity (Figure 21.c) and direction (Figure 

21.d), at the reed-influenced Site 1, “HOM” significantly underestimates the flow velocities 

(Figure 21.a) and fail the wind direction with about 180 degree (Figure 21.b). As it was 

noticed above, this deviation can cause the largest error in the estimation of the exchange 

flow features. The same is summarized in Table 9, where the performance of the simulations 

is given by the Root-Mean-Square Error �456, � 7∑ 89:�� � ;<=�>
�
��� /#�. 
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Figure 21. Recorded and modelled flow velocity and direction at Site 1 and Site 2; HOM – 
homogeneous wind field with spatially constant wind shear stress, IBL – internal boundary layer 

development and a 10 m long sheltered zone; time is in CET 
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Table 9. The main characteristics and the performance of the simulations considering the Root-
Mean-Square Error (RMSE) 

 
wind shear stress 

RMSE - Site 1 RMSE - Site 2 

vhor [m/s] dir [deg] vhor [m/s] dir [deg] 

HOM constant 5.0 126.4 8.2 85.1 

IBL spatially varying 3.6 59.9 7.0 68.6 

 

Summarily, the simulation “HOM” is not able to catch the circulation evolved due to the 

reed zone, while “IBL” performs well at both measurement locations fitting even the reverse 

direction of the flow vectors at Site 1. The Root-Mean-Square Errors summarized in Table 9 

also confirm the significantly better and acceptable performance of “IBL”. The bias in the 

flow direction of Site 1 between “IBL” and the measured one, which is 9° on average, can be 

explained by the excluded reed cells. In the model, the boundary of the reed zone is 

described as a solid wall; therefore, unlike the reality, no perpendicular component can 

enter the reed zone and the near-canopy flow components turn parallel to the reed border. 

 

 

Figure 22. Modelled flow field (black vectors and couture) along the measured two flow vectors 
(white vectors) 
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Figure 22 shows the modelled flow field in the investigated bay along the measured two 

flow vectors. At the presented time step, the water body moves with the NNW wind except 

a narrow zone along the reed borderline. Here, flow vectors direct against the wind. This 

recirculation along the reed zone characterizes the major part of the modelled period, while 

all the other parts of the bay shows the typical flow field of the seiche motion.  

 

5.3 Summary and conclusions 

The present chapter intended to enhance the understanding of hydrodynamic 

characteristics of the reed - open water interface. 3D flow velocities along one interface 

zone of Lake Fertő were investigated. With two synchronised Nortek Vectrino Lab Probes 

and a Nortek Vector Current Meter, high frequency (25 and 16 Hz) recordings have been 

conducted in multiple locations from 20 m outside the reed zone to 15 m inside at two 

depths of each vertical. Furthermore, the flow field, specific discharge, energy dissipation 

rate, turbulence parameters and sediment deposition and resuspension tendency were 

analysed and parameterised near and inside the reed zone. 

The reduction of mean perpendicular and parallel velocity was revealed moving toward 

the vegetation and toward the lake bottom. Similarly, considering the velocity components 

normalized by the reference point measurement to account for unsteady conditions, an 

exponential reduction could be observed moving towards and into the reed zone. At some 

inner locations, perpendicular velocities of the same vertical directed opposite to each 

other, at different depths, indicating a return flow within the canopy. This suggests that near 

and within the canopy 3D description of the flow structure is needed. 

The rate of energy dissipation was evaluated with the inertial dissipation method from 

the calculated power spectral density of each measurement point. It showed an increasing 

tendency moving toward and into the vegetation. The theoretical formula for energy 

dissipation estimations introduced by Tennekes and Lumley (1972) approximated the 

calculated dissipation rate better within the reed zone, if the average stem diameter was 

considered as the characteristic length scale of turbulence instead of the average water 

depth. This confirmed the assumption of Nepf et al. (1997) that within the reed stems the 

production of turbulence through bed shear becomes negligible compared to the production 

within stem wakes, thus the kinetic energy budget can be reduced to the balance of wake 

production and energy dissipation.  

To characterise the near-bed structure of turbulence and the resuspension as well as 

deposition of sediment in the investigation area, the turbulence parameters were estimated. 
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As a first step, the effect of different decomposition techniques on the turbulence 

parameters was investigated. It was found that turbulent characteristics calculated via 

Reynolds decomposition (RD) might significantly exceed the ones derived via a technique 

according to Homoródi et al. (2012) which enables the decomposition of wave related 

components from turbulent components (referred to in this work as WD). As an example, 

turbulent kinetic energy via RD was from twice to nearly 70 times as large as the one via WD 

depending on the location and thus on wind exposure, wind speed and measurement height. 

In general, the dependence of the discrepancy between turbulence parameters gained via 

RD and WD on the magnitude of the wave-related components was found. According to this, 

in cases when precise estimation of turbulent characteristics is needed or when waves are 

significant, the decomposition of wave-related components from turbulent components is 

suggested. Based on this consideration, the turbulence parameters were estimated via WD 

at each measurement point. 

Considering the Reynolds number and the critical one given by Kadlec (1990), the flow 

was fully turbulent at all open water locations and transient within the canopy. According to 

another estimation, however, which lies on the stem diameter based Reynolds number, the 

flow within the reed zone was rather laminar. Regarding the sediment deposition and 

resuspension potential, two estimation procedures confirmed the tendency for continuous 

sediment deposition and the lack of resuspension near and inside the reed zone. The 

presented results characterise well the most frequent processes taking place at the reed - 

open water interface, since general wind and flow conditions of the lake were observed 

during the measurement campaign. Wind speed was moderate up to 3.6 m/s and flow 

velocities did not exceed 6 cm/s. Note however, that stormy weather conditions might 

change the sediment resuspension potential significantly and alter the sediment conditions 

of the interface zone and the lake as a whole. To reveal these situations, on one hand, more 

robust and resistant sensors, and on the other hand still very small and suitably formed 

sensors (e.g. with sampling volume close the probe) would be needed. An additional 

requirement is the capability to operate in leave-alone mode. The presently available 

sensors do not possess all these capabilities. Hence for further investigations, firstly 

instrument development would be necessary for shallow water applications.  

Numerical hydrodynamic simulations fitted the measured lake flow reasonably well 

even in the near-canopy lake zone, when fetch-dependent wind shear stress was taken into 

account by an IBL model according to Józsa et al. (2007) and the sheltering effect of reed on 

its leeward side was considered by a 10 m wide zone of zero wind shear stress. The 

numerical model simulations were based on the micrometeorological and flow 
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measurements and their analyses. In addition, the numerical model provided a detailed 

spatial picture of the flow field and possibilities for further investigations. 

 

   
a) b) 

 
c) 

Figure 23. Some examples on the complex vegetation cover of shallow lakes. a) a “reed island” in the 
open water zone, b) narrow open water channel between extended reed zones and the footprint of 
mixing brownish reed water and greyish pelagic water, c) patches of bulrush vegetation and a small 

“reed island” (source: maps.google.com) 
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Occasionally, the altering reed and open water zones are more complex than in the 

chosen measurement area. Lake Fertő presents small “reed islands” (Figure 23.a) of a size 

less than 0.1 km2, where the deterioration and expansion of the reed cover can be clearly 

observed at their flow-, wave-exposed and sheltered side, respectively. Additionally, narrow 

open water channels between extended reed zones (Figure 23.b) and patches of other 

emergent vegetation such as bulrush (Figure 23.c) enhance the diversity of the lake. These 

complex zones need further studies; however, it is a promising task after the wind and flow 

investigation presented in Chapter 4 and 5. 



Chapter VI 

ENERGY BUDGET AND EVAPORATION RATE IN THE REED AND 

OPEN WATER ZONES 

6.1 Introduction 

Over the past few years, a number of studies have focused on the measurement and 

evaluation of turbulent energy fluxes in shallow lakes or wetlands based on various 

measurement techniques, processing- and modelling tools of different complexity. Among 

others, the energy flux was determined by the Bowen ratio energy balance method (BREB) in 

Burba et al. (1999), by Large Aperture Scintillomter (LAS) measurements in Lenters et al. 

(2011), by Eddy-Covariance technique and by the HM (hydrodynamic multilayer) model with 

shallow water extension in Biermann et al. (2014) and by the FLake and resistance models 

based on the Monin-Obukhov similarity theory applying only standard meteorological data 

in Kugler et al. (2015).  

Several Eddy-Covariance measurement campaigns were conducted above different 

water surfaces (lakes, reservoirs and rivers). Blanken et al. (2008) analysed a six-year long 

Eddy-Covariance data series of the ice covered Great Slave Lake of Canada and indicated the 

highly uneven temporal distribution of the evaporation. The small average evaporation 

increased significantly in periods of the start of ice formation. 

Based on Eddy-Covariance measurements, Liu et al. (2011) investigated the turbulent 

heat fluxes of the Ross Barnett Reservoir of central Mississippi in the winter months of 2007-

2008. They found a definite relation between the variability of the cold front activities and 

the sensible and latent heat exchange of the lake. Zhang (2012) completed this study with 

the long-term investigation of the surface energy budget of the same reservoir. The main 

reasons and characteristics of the seasonal, diurnal and interannual variation in the sensible 

and latent heat flux were revealed. 

Norbo (2012) compared the turbulent fluxes of a boreal lake and three urban sites of 

Helsinki. The long term Eddy-Covariance measurements showed that the deeper layers of 

the lake did not contribute to the energy transfer between the lake and the air. The heat 

exchange mainly originated from the vegetated surface of the lake in the form of nocturnal 

evaporation due to the significant heat storage of the water body. 

Beyond these, some additional studies connect to the exchange processes between air 

and water surface; however they mainly concentrate on the carbon exchange of these 
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surfaces (Anderson et al., 1999; Morison et al., 2000; Eugster et al, 2003; Vesala et al., 2006 

and Guerin et al., 2007). 

Several features of shallow lakes are essentially influenced by the energy exchange 

processes of the lake, which enhance the need for the investigation of the energy balance 

terms. The heat flux into the water determines the magnitude and dynamics of the 

temperature changes in the water body; in other words, it indicates which portion of the 

incoming solar radiation contributes to the heating of the lake. This has a great importance 

for both the lake ecosystem and the human utilization of the lake. The sensible heat flux 

(@* ) provides the portion of the incoming energy contributing to the heating and cooling of 

air masses above the lake, while the latent heat flux (A!,) provides the evaporation rate 

which term is a great contributor in the water balance of shallow lakes. Indeed, the lake 

evaporation often significantly exceeds the surface and subsurface in- and outflow, when 

basically the lake water balance is governed by the relationship between rainfall and 

evaporation. This is particularly the case for Lake Fertő since as an extremely shallow 

endorheic lake its water resources are crucially affected by the evaporation. Due to its great 

shallowness, the water level significantly decreases after periods of drought, therefore, the 

question of the costly water supply comes periodically to surface (Pannonhalmi and Sütheő, 

2007; Wolfram et al., 2013).  

There are a number of procedures for lake evaporation estimation (Priestley and Taylor, 

1972; Kozmáné et al., 1982; Morton et al., 1985; Kovács, 2011), however till now, the highest 

uncertainty belongs to the determination of this water balance term. To better understand 

the hydrologic cycle and to enhance the accuracy of the hydrological forecasting, there is a 

need for the independent and reliable estimate of the evaporation (Kovács, 2011). 

Since a number of shallow lakes present aquatic canopy cover in large portions of their 

surface area and since these zones can significantly differ from the open water zones 

considering the energy processes and evaporation rate; for higher accuracy, the energy 

balance terms of the two zones have to be independently investigated. Furthermore, both 

the evaporation of open water surfaces and the evapotranspiration of lake zones with 

emergent aquatic canopy have to be separately estimated.  

The aim of the present investigation is to reveal the energy exchange processes of Lake 

Fertő through recording and quantifying the energy balance terms, namely the net radiation, 

sensible and latent heat flux and heat flux into the submedium which is now the water and 

the underlying sediment layer. A measurement and data processing procedure was 

introduced for the lake based on the Eddy-Covariance method with generalisation 

possibility, enabling its application for any shallow lakes with emergent aquatic canopy. 
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The principle of the Eddy-Covariance technique is the high-frequency synchronised 

recording of the vertical wind speed and scalars such as temperature and moisture. It is 

considered by some to be one of the most reliable and most direct measurement methods 

of the turbulent energy fluxes between the Earth’s surface and the atmosphere (Foken, 

2008a). 

At first, the energy balance terms were derived from Eddy-Covariance measurements at 

the reed - open water interface of Lake Fertő, then the measured fluxes were separated and 

simultaneously estimated both above the reed and open water zones by the flux-gradient 

method. Finally, from these, the monthly mean evaporation of the two zones were 

quantified and compared with the results of further evaporation estimation methods usually 

applied for shallow lakes.  

 

6.2 Theoretical background 

6.2.1 Energy budget near the surface  

The Earth’s surface is heated by the incoming solar radiation (4�") and part of this is 

reflected from the surface as outgoing shortwave radiation (4�#). The energy budget of the 

surface is also increased by the incoming longwave radiation (4$") emitted by clouds and 

atmospheric gases, while it is reduced by the fourth component of the radiation balance that 

is the outgoing longwave radiation (4$#) (Arya, 1988; Foken, 2008a). 

The energy available for a given surface is determined by the net radiation (4%) which is 

the sum of the incoming and outgoing radiation components:   

  4% � 4�"  4�#  4$"  4$#. (3) 

The surface energy is then transported into the atmosphere by sensible (@* ) and latent 

(A!,) heat fluxes and into the submedium by heat flux into the water or ground (@&), 

additionally, energy is stored in the investigated layer of air, water and canopy (∆@�) and 

will be used for heating the layer and for photosynthetic activity of the canopy (Arya, 1988; 

Foken, 2008a; Moderow, et al., 2009.) 

The energy balance of a surface, a control layer or a control volume can be defined 

depending on the given problem (Arya, 1988). In this study, an interfacial layer bounded by 

horizontal planes was considered according to Figure 24, thus the simplified one-

dimensional energy budget equation can be applied: 
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  4% � @*  A!,  @&  ∆@�. (4) 

The sensible or direct heat flux (@* ) is the energy content which contributes to the 

temperature changes. In the immediate vicinity of the interface, the heat is transferred by 

conduction through molecular exchanges, however outside of the molecular sublayer it is 

driven by convection through mean and turbulent air motions. At daytime, the heat is 

usually transported from the warmer surface heated by solar radiation to the colder air 

above, while at night-time, the process reverses and the sensible heat flux becomes 

negative.      

The latent heat or water vapour flux (A!,) is on the other hand the energy content 

contributing to the phase changes. If the air in the immediate vicinity of the surface has 

higher specific humidity than the air above, usually at daytime, evaporation occurs from the 

surface. The evaporation distracts heat, consequently decreasing the surface temperature, 

which results in heat transfer directing from the surface to the air above. The reverse 

process is the condensation, which might occur at night-time in the form of dew, when the 

surface is colder than the air. 

The heat flux into the submedium (@&) is the heat flow per unit area of the lower 

boundary of the defined layer. It is positive, if the heat flow directs towards the lower layers 

while warming them up and vice versa. The way of heat exchange in the water is similar to 

the one by sensible heat flux; it occurs by conduction in the molecular sublayer and by 

convection in the deeper layer of water in motion. The lower boundary of the investigated 

layer is usually either the water surface or the lake bottom; however in the present work it 

was defined at a given depth distinct from these, where the convective and radiative heat 

exchange become negligibly small. According to Arya (1988), in that case @&  can be 

neglected and only the heat storage of the layer has to be taken into account.  

The energy storage term (∆@�) is the change of the energy storage per unit time per 

unit area in the layer and can be expressed as follows:  

  ∆@ � C '

'�
8D�*>��(�

(�
, (5) 

where D is the mass density, � is the specific heat capacity, * is the temperature at some 

depth (�) of the layer. The integral is over the whole depth of the layer; �� and �
 are the 

depth of the lower and upper boundary of the layer, respectively. Essentially, this term gives 

the difference between the incoming and outgoing energy of the layer. When the incoming 

energy exceeds the outgoing energy, the temperature of the layer is increased due to flux 
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convergence, however, when the outgoing energy is larger, the layer cools in consequence 

of flux divergence. 

The storage term contains both the energy stored in the water and in the canopy. 

According to Moderow et al. (2009), the heat storage in the canopy consists of four further 

terms, the sensible and latent heat storage of the canopy air, the biomass heat storage and 

the biochemical heat storage, which latter is caused by photosynthesis. In the present work, 

the energy storage of the water and the sensible heat storage of the reed air were calculated 

with the above presented formula, while the other terms were assumed to be negligible.  

In the energy budget, further terms beyond the above presented ones are often 

neglected due to their small contribution. These are among others the energy from rain, 

inflows, groundwater, the lateral heat flow between reed and open water and the effect of 

advection (Lövstedt and Bengtsson, 2008).   

  
Figure 24. Schematic plot of the energy budget terms of the control layer a) in the reed zone and b) 
in the open water. Notation: �� – net radiation, ��� – sensible heat flux, ��� – latent heat flux, �� 

– heat flux into the submedium and 	�� – energy storage 

 

6.2.2 Eddy-Covariance method 

The underlying theory of the Eddy-Covariance method originates from the 1950’s 

(Montgomery, 1948; Obukhov, 1951), however, its extensive application in the practise 

started only in the last decade due to the development of sensors, data loggers, processing 

software and computers. The basic idea of the method is that the air flow can be interpreted 

as the horizontal and vertical flow and drifting of three-dimensional eddies of different size 

and lifetime. The size of the turbulent eddies increases with height, since at lower height the 

development of large eddies is limited by the surface. Turbulence develops from two main 
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reasons. The eddy motion created by obstructions is called mechanical turbulence, while 

turbulent air motion generated by the surface heating is the thermal turbulence.  

Considering one point (e.g. the measurement point), the eddies transports air parcels of 

given instantaneous temperature and humidity with given vertical wind speed upwards and 

downwards. The vertical flux in this point can be therefore determined by the covariance 

between the vertical wind speed and the quantity of interests (Foken, 2008a; Burba and 

Anderson, 2010). 

In turbulent flow, the vertical flux can be expressed as  

  E � D)��FFFFFFF, (6) 

where D)  is the air density, � is the vertical wind speed and � is the specific humidity 

(the ratio of water vapour density to the total air density). After Reynolds decomposition 

and reductions, some assumptions have to be made to get the classical equation of the eddy 

flux (Burba and Anderson, 2010): 

  E G D)FFF�)�)FFFFFF. (7) 

These elementary assumptions are the negligible density fluctuations and the horizontal 

homogeneous surface with negligibly small mean vertical flow. Analogously to the classical 

equation, momentum flux, sensible and latent heat flux are the following:  

  � � D)��

 � �D)�)�)FFFFFF, @*� � D)��**�*FFFFFF H#� A!, � D)I�)�)FFFFFF, (8) 

 
where �� is the friction velocity, �) is the horizontal velocity fluctuation, �) is the vertical 

velocity fluctuation, *) is the temperature fluctuation, �) is the fluctuation of specific 

humidity, D)  is the air density which is equal to the mean air density,  �� is the specific heat 

capacity at constant pressure and I is the heat of vaporization for water. The covariance 

between the vertical velocity component and a given quantity can be numerically calculated 

from the discrete synchronous time series with:   

  �)J)FFFFFF � �

%��
∑ K8�� � �+FFF>8J� � J+L >M%��

��� , (9) 

where � is the vertical velocity component, J is the given quantity, < is the discrete 

sample and N is the sample size. 

Consequently, from synchronised measurement of the horizontal and vertical wind 

speed, air temperature and specific humidity at turbulent fluctuation capturing frequency, 
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the momentum flux, sensible and latent heat flux can be derived applying the presented 

formulas. The turbulent flux of trace substances can be also measured based on the same 

principle, this work, however, does not include the analysis of these. 

Beyond the above presented two assumptions, the Eddy-Covariance method is based on 

a number of additional assumptions. Some of them can be fulfilled with appropriate site 

selection and measurement setup; other ones depend nevertheless mainly on the 

atmospheric conditions (Pintér, 2009; Burba and Anderson, 2010): 

- Measurements at a point are assumed to represent an upwind area. 

- Measurements are assumed to be conducted inside the boundary layer of the proper 

surface. This assumption needs particular attention at the boundary of alternating 

characteristic zones (e.g. reed - open water zones), where the development of the new 

internal boundary layer (IBL) begins. 

- Vertical air flow is assumed to be mainly generated by turbulent eddies (fully 

turbulent flux). 

- The measurement terrain is assumed to be horizontal and homogenous: thus the 

average of fluctuations is zero; the flow convergence, divergence and the fluctuations of air 

density (Boussinesq-assumption) are negligible.  

- The sensors have to be appropriate to record very small changes of velocity, 

temperature, density, etc. with very high resolution and precision. 

Despite the most careful measurement setup and site selection, some of these 

assumptions can usually not be perfectly fulfilled. Therefore corrections are needed (Foken, 

2008a). Firstly, plausibility tests and spike detection have to be conducted to filter the 

erroneous data caused by electrical errors and unfavourable meteorological conditions (e.g. 

rain). As the next step of the processing, the initial covariances are calculated. Since time 

delay might occur between two time series measured by different sensors (e.g. due to 

sensor separation or air inlet), the delay can be corrected by finding the maximum of the 

covariances. Finally, a number of corrections have to be applied on the initial covarainces, 

most importantly the Coordinate Rotation, Moore Correction, Schotanus Correction and 

WPL Correction, which are shortly introduced in the following.  

1. Coordinate Rotation (or Tilt Correction): according to the assumption of the Eddy-

Covariance method, the mean vertical wind has to be zero. The correction includes the 

rotation of the horizontal axis into the mean wind direction (new x axis) and a second 

rotation around the new y axis until the mean vertical wind speed becomes zero. It has two 

types differing mainly in the averaging procedure: the Double Rotation (Kaimal and Finnigan, 
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1994) determines the rotation angle of every 30 minutes, while the averaging interval of the 

Planar Fit Method (Paw U et al., 2000 and Wilczak et al., 2001) can be much longer, even a 

whole year. 

2. Moore Correction: depending on the applied sensor types and the spectral resolution 

of the measuring system, different degrees of spectral loss might occur in the 

measurements. In other words, the recording of some frequency domains might be not 

sufficient. The spectral correction is made based on the product of individual transfer 

functions for each characteristic causing spectral loss (Moore, 1986). These are among 

others the time resolution, measuring path length and separation between different 

measuring paths. 

3. Schotanus Correction: instead of recording the actual temperature, the sonic 

anemometer calculates the sonic temperature from the speed of sound using the 

relationship of it with the temperature. The sonic temperature is basically equal to the 

virtual temperature. This is by definition the temperature which dry air would have if its 

pressure and density were equal to those of the moist air (Arya, 1988). The speed of sound 

depends, however, not only on the air temperature but also slightly on the humidity, which 

is the reason for the difference between sonic and actual temperature. Thus the humidity 

effect has to be corrected (Schotanus et al., 1983) in the calculation of the sensible heat flux 

to obtain the fluctuations of the actual temperature instead of the fluctuations of sonic 

temperature. It is important to note, that the sound signal not directly travels between the 

transducer and receiver, but its path is modified depending on the wind velocity and the 

construction of the sonic anemometer. To correct this effect, the Schotanus Correction 

includes the so called crosswind correction. 

4. WPL Correction (Webb, Pearman, and Leuning correction): The air density fluctuation 

was assumed to be negligible in order to make simplifications in the theory of the Eddy- 

Covariance method. Nevertheless, this is not the case in reality, thus density correction is 

necessary according to Webb et al. (1980). Furthermore, the density differences cause 

nonzero mean vertical velocity, since the vertical velocities of the ascending and descending 

air parcels are different. Therefore, the correction of the positive vertical mass flow is 

necessary to satisfy the mass balance equation (Fuehrer and Friehe 2002; Liebethal and 

Foken 2003; Liebethal and Foken 2004; Leuning 2007). 

Since the data quality mainly depends on the measuring conditions and on the applied 

corrections, the quality assessment is an important step in the data processing. Its main aim 

is to assess how well the different assumptions of the Eddy-Covariance method (steady-state 

conditions, homogeneous surface, developed turbulence) are fulfilled under given 
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meteorological conditions. The applied overall flagging system includes the results of the 

Steady-State Test and the Integral Turbulence Characteristics Test. The former compares the 

statistical parameters determined for the whole averaging period to the ones determined 

for shorter intervals of this period, while the latter gives an estimate about the development 

of turbulent conditions through flux-variance similarity analysis (Foken and Wichura, 1996).  

Foken et al. (2004) proposed an overall flag quality system which summarises the results 

of each of the quality test into a general quality flag. The system can include additional tests, 

e.g. a test for the acceptable range of the mean vertical wind velocity (Foken et al., 2004). 

The quality of the different fluxes (momentum, sensible heat, latent heat, etc.) is then given 

at each time step as a combined quality flag which is a number between 1 and 9. Here, 1 

denotes the best and 9 the worst data quality. Based on this, the further use of the data can 

be decided.  

Beside the TKE software applied in this work, developed by the research group of the 

Department of Micrometeorology, University of Bayreuth, several other researchers 

developed their own software (ECPack, EdiRE, EddySoft, etc.). A detailed summary about 

these can be found in Mauder et al. (2008). Despite the identical underlying theory and 

conceptual assumptions, however, the processing methods often consist of different 

calculation and correction procedures, thus they can result in significantly different 

turbulent fluxes (Mauder et al. 2007). Therefore, the quality control and inter-comparison of 

the different methods is necessary. As an important step, Mauder et al. (2008) compared 

seven software packages which are commonly used in the CarboEurope network. They 

found the diverse data preparation, coordinate rotation and Moore correction as the main 

cause of the discrepancy of the fluxes. 

 

6.2.3 Flux-gradient method 

Although the atmospheric surface layer flows are strongly turbulent, the momentum 

and scalar fluxes are clearly determined by certain crucial elements of the processes. Over 

the last decades, a number of theoretical and semi-empirical methods have been introduced 

for describing the mean quantities and the degree of turbulence in the stratified surface 

layer. The turbulent energy fluxes (i.e. momentum, heat and moisture) of the atmospheric 

surface layer are controlled by the vertical gradients of the corresponding mean variables. 

The methods expressing the fluxes through these strong vertical gradients are denoted as 

flux-gradient methods (Brutsaert 1982; Foken 2008a) and are usually based on the similarity 

theory. According to this, the turbulent energy fluxes describe similar dynamic processes; 
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they can be characterised by dimensionless parameters and by similarity functions gained 

from these parameters. Furthermore, the similarity functions are universally valid under the 

given assumptions: horizontally homogenous and quasi-stationary flow, vertically constant 

momentum and heat flux.  

One of the best-known and most prosperous procedures is the Monin-Obukhov (M-O) 

similarity theory (Arya 1988). According to its basic conception, in a horizontally 

homogeneous surface layer the mean and turbulent features of the momentum, 

temperature and moisture fluxes can be given by four independent characteristic 

parameters (the height above the surface, friction velocity, surface kinematic heat flux and 

buoyancy variable). Through the appropriate combination of the normalized mean 

quantities of interest, similarity relations can be defined.  

The gained dimensionless parameters are the following: the length scale is the L 

Obukhov length, the velocity scale is the �� dynamic velocity, the temperature scale is the O� 

dynamic temperature and the humidity scale is the �� dynamic humidity.  From these, the 

gradient function can be formulated as:  

  
P8� � ��><� Q<Q� � R�8S>, (10) 

where ζ is the dimensionless length scale, at the same time it provides the thermal 

stratification: 

  S � � � ��A , (11) 

where L is the Obukhov length defined by Obukhov (1946):   

  A � ��

OP�8O�  0.61O��>. (12) 

The variable < applied in Eq. 10 is one of the mean quantities of the atmosphere, namely 

velocity (�), potential temperature (O), or specific humidity (�), while � is the height above 

the surface and �� is the displacement height. The potential temperature is – by definition – 

the temperature which an air parcel would have if it were brought to a pressure of 1000 

mbar adiabatically (Arya, 1988). 

The R�8S> similarity functions were empirically derived by a number of authors both for 

stable and unstable thermal stratifications (as a summary see e. g. Weidinger et al., 2000). 

Usually, these take the following forms (Brutsaert, 1982): 
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In stable thermal stratification (ζ > 0): 

R,8S> � 1  V S (for momentum flux) 

R�8S> � �  V S (for scalar fluxes) 

In unstable thermal stratification (ζ < 0):  

R,8S> � 81 � W S>�� �⁄  (for momentum flux) 

R�8S> � �81 � W S>�� 
⁄  (for scalar fluxes) 

The �, V and W parameters applied in these formulas present a wide range (Foken, 

2008a), however the parameters can be estimated from measurements.  

Based on the M-O similarity and flux-gradient theory, the turbulent energy fluxes can be 

expressed as:  

  � �  D) · ��

 

@* � �D) · �� · �� · O� 

A!, � �D) · I · �� · �� 

(13) 

where, D)  is the air temperature,  �� is the specific heat capacity at constant pressure 

and I is the heat of evaporation for water. 

 

6.2.4 Evaporation estimation methods 

To the comparative analysis of the Eddy-Covariance Technique a number of evaporation 

estimation methods were selected. These are the most widely used procedures deemed to 

provide the most accurate solutions. Two of the empirical schemes specifically developed for 

Lake Fertő were applied to determine open water evaporation: the scheme finalized by 

Kozmáné and applied by the North Transdanubian Water Directorate (ÉDUVÍZIG) which is 

responsible for the Fertő region (Antal et al., 1982) and the scheme introduced by Neuwirth 

(1980) from investigations of the Austrian lake side. Furthermore, the Bowen-ratio energy 

balance (BREB) method (see e. g. McCaughhey et al., 1987; Todd et al., 2000); the Penman 

equation derived from the combination of aerodynamic and energy balance approaches 

(Penman, 1948) as well as the de Bruin formula eliminating the energy balance terms and 

demanding only standard meteorological data (de Bruin, 1978) were selected for 

investigation. The detailed summary of these methods can be found e. g. in Brutsaert (1982), 

Arya (1988) or Tímár (2014).  
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In addition, the spatial distribution of evaporation was quantified by the complementary 

relationship-based model introduced by Morton et al. (1985). The main input of the model is 

provided by MODIS (Moderate Resolution Imaging Spectroradiometer) datasets. The open 

water evaporation was estimated by the CRLE (Complementary Relationship Lake 

Evaporation) module of the WREVAP program, while the evaporation of the reed zones was 

determined by the linear transformation based CREMAP (Calibration-free Evapotranspiration 

Mapping) (Szilágyi and Kovács, 2011). 

 

6.3 Results and discussion 

After data processing described in Appendix A.3, the results of the energy budget and 

evaporation rate estimation in the reed and open water zones and some discussion is 

presented in the following chapter.   

 

6.3.1 Measured turbulent energy fluxes 

The measured fluxes and the wind features for their interpretation are presented in 

Hovmoller plots (Figure 25). The mean fluxes and wind features can be seen on each day 

(horizontal axis) at every 30-minutes of the day (vertical axis). White pixels denote data gaps 

and filtered data of bad data quality. In the presented period of nearly two months, the 

Eddy-Covariance System was operated at Station R, thus the results of Figure 25 concern 

only the reed zone.  

Friction velocity reaches its maximum value by strong wind coming from the prevailing 

NNW direction, which is the direction from the nearest reed zone, lasting a number of days 

without significant change in wind speed or direction (Figure 25.a, b and c). One reason for 

that is the high wind speed generally belonging to this NNW direction. Another reason lies in 

the findings presented in Chapter 4.2.2 and in Kiss and Józsa (2015a). Accordingly, higher 

friction velocity evolves above the reed canopy than above open water surface; 

furthermore, wind conserves its preceding equilibrium profile and its parameters for a given 

short distance downwind of the transition between the two characteristic zones. 

Consequently, wind coming from the reed has higher friction velocity recorded at Station R 

than the wind coming from the open water.  
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Figure 25. a) Friction velocity, b) wind speed, c) wind direction, d) sensible heat flux and e) latent 
heat flux at Station R between 04. 05. 2013 – 01. 07. 2013 CET 

Figure 25.d and e show the measured sensible and latent heat fluxes in the same period. 

The diurnal course of the heat fluxes can be characterised by a significant increase after 

sunrise, a period between 8 a.m. and 4 p.m. with flux exceeding 150 W/m2 and a quick 



CHAPTER 6 –Energy budget and evaporation rate in the reed and open water zones 

- 66 - 
 

decrease after sunset. At night-time, the sensible heat flux is negative, while the latent heat 

flux has very low positive values. Indeed, the latent heat flux does not change its sign in the 

investigated period (except of very short intervals). Considering the monthly course, a 

change with opposite sign can be observed between the latent and sensible heat flux. While 

in May these two fluxes are in the same order of magnitude, in June the latent heat flux 

shows a significant increase along with the simultaneously decreasing sensible heat flux. This 

can be explained by the growth of leaves of the reed canopy and the increase of their 

evaporative facility. Due to the enhanced latent heat flux, a significant portion of the 

available energy leaves the control layer in this form causing the decrease of the sensible 

heat flux. 

Figure 26 shows the mean diurnal course of the energy budget terms. The sensible and 

latent heat flux presented above are completed with the additional energy budget terms of 

net radiation (4%), the sum of the heat flux into the submedium and the energy storage 

term (X � @&  ∆@�), which will be denoted in the figures as X and finally the residual of 

the energy budget (9:; � 4% � @*� � A., � @& � ∆@�). The latter indicates the degree of 

the energy balance closure. The mean was calculated in 30-minutes time steps separately for 

each month, thus the monthly variation of the energy budget terms can also be examined. 

Note, however, that the plots of May and June represent the energy budget of the reed 

zone, while the ones of the other three investigated months regard to the open water zone. 

Only fluxes with more than 95% contribution to the given characteristic zone were 

considered by the calculation of mean.  

As a common feature of each investigated month, the nearly constant and slightly 

negative night-time net radiation starts to increase abruptly after sunrise due to the arising 

solar radiation. After reaching its maximum about noon, the net radiation decreases and 

about sunset its sign changes again. In summer, the positive domain of the curve is relatively 

wide with almost 14-hour long positive net radiation, which can even reach 600 W/m2 as a 

maximum. With the shortening of days, however, the positive domain of the curve becomes 

narrower (e. g. in October it is only 8-hours long), additionally, with the decreasing angle of 

solar radiation, the daily maximum also shows a decrease (in October it is only 300 W/m2).  

In the reed zone, a great portion of the energy leaves the control layer in form of latent 

heat flux, which significantly exceeds the storage term. Contrarily, in the open water, the 

daytime storage term is definitely higher than both of the heat fluxes. This difference can be 

caused by the diverse exposure to radiation and the diverse water mass of the two zones. 

While solar radiation can directly reach the open water surface, the reed water is sheltered 

by dense vegetation, indicated also by lower surface water temperatures; furthermore, the 
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radiation energy can be stored in the open water zone in a greater water body, which is well-

mixed due to the stronger currents.  

 

  

  

  
Figure 26. Mean diurnal course of the energy budget terms in monthly averaging periods. The plots 

of May and June refer to the reed zone and the ones of August, September and October to the open 

water zone. Through the diverse measurement setup, the energy budget terms of July 2013 were not 

evaluated. Notation: 
� – net radiation, ��� – sensible heat flux, ��– latent heat flux, � – storage 

term and ��� – residual 

 

The distinct heat exchange of the two zones can be also caused by the difference 

between their albedo (the fraction of incoming solar radiation reflected from the surface). 
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From the radiation and PAR (Photosynthetic Active Radiation) measurements conducted 

synchronously at the two stations, the albedo of the two surfaces was calculated. 

Considering only the most representative midday period of 12-14 CET, the albedo of the two 

zones was found to be nearly equal with almost three times larger standard deviation for the 

open water zone. In the investigation period of 2013, the albedo reached the lowest values 

in August with 0.084 and 0.095 for the open water and reed zone, respectively. While the 

highest albedo values were measured in November with 0.111 and 0.118 for the open water 

and reed zone, respectively. 

In the summer months, the latent heat flux exceeds the sensible one in both the reed 

and open water zones. In the open water, none of the two heat fluxes show the general daily 

course usually observed in land but remain nearly constant all day, indicating the permanent 

availability of radiative energy stored in the water. Similar findings are presented e. g. in 

Biermann et al. (2014). 

In agreement with Figure 25.e, the mean diurnal course of the latent heat flux in Figure 

26 also reveals that the latent heat flux remains positive during the whole day; consequently, 

evaporation occurs not only at daytime but also at night-time although with decreased 

intensity. The monthly variation of the sensible and latent heat fluxes detailed above can be 

also observed in this figure. 

The residual of the energy budget can reach as much as 100 W/m2 at daytime (with the 

exception of August 2013, when in parallel with the other terms, the residual is also greater). 

This can be stated as a general value since in the majority of the researches dealing with 

energy budget, the residual fall between 50 and 300 W/m2 (Twine et al., 2000; Wilson et al., 

2002; Foken, 2008b).  The energy balance closure will be further investigated in the 

following two chapters.  

 

6.3.2 Energy balance closure 

According to the first law of thermodynamics (the law of conservation of energy), the 

energy reaching the Earth’s surface is equal to the one leaving the surface: 

  0 � 4% � 8@*  A!,  @&  ∆@�>. (14) 

On the contrary, in the reality a number of research efforts (Foken and Oncley, 1995; 

Twine et al., 2000; Wilson et al., 2002, etc.) demonstrate that by the independent 

measurement of the energy balance components, the energy balance at the Earth’s surface 

cannot be perfectly closed. A residual term turns up in the equation, its magnitude 
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depending on the study area, measurement setup and on a number of additional factors. 

Accordingly:  

  9:; � 4% � 8@*  A!,  @&  ∆@�>. (15) 

The unclosed energy balance is characterised by available energy (4% � @& � ∆@�) 

larger than the sum of the turbulent energy fluxes (@*  A!,), i.e. by the overestimation of 

the former or underestimation of the latter. The relation between available energy and 

turbulent energy fluxes in the investigated period of 2013 is presented in Figure 27 by the 

last square type of linear regression line plotted along with the line of the perfect closure. 

 

 

Figure 27. Regression between the available energy and the sum of the turbulent energy fluxes in the 
investigated period of 2013 

In the 1980’s, when the energy closure problem has first arisen, it was explained by 

sensor inaccuracy, measuring errors and bad data quality. The following numerous 

intercalibrations (Finkelstein and Sims, 2001) and sensor innovations (Halldin, 2004) have 

proven, however, that despite the significant improvement of the flux and radiation 

measurement quality, the energy closure problem still exists.  

Recent studies showed that by increasing the generally used 30-minutes of averaging 

time even to a daily time scale (Charuchittipan et al., 2014), as well as by applying area-

averaging measurement systems instead of time-averaging pointwise measurements (e.g. 

scintillometer technique, Beyrich and Mengelkmap, 2006), the magnitude of sensible and 

latent heat flux can be increased and the residual can be nearly eliminated. 
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According to these, Foken (2008b) concluded that not only small-scale eddies, which can 

be captured by the Eddy-Covariance technique, contributes to the energy balance but also 

larger eddies of the lower boundary layer evolving mainly due to surface inhomogeneities. 

These latter do not reach the Earth’s surface, thus they are outside the footprint of the 

sensors of the measurement stations. Consequently, these large eddies can until now only 

be measured with area-averaging techniques. 

There are more opportunities to flux correction for the forced energy balance closure. 

The most widely used correction is based on the preservation of Bowen-ratio (the ratio of 

sensible and latent heat flux) and the conservation of energy (Twine et al., 2000). The 

residual is partitioned between sensible and latent heat to the Bowen-ratio. Here, the 

Bowen-ratio at small scale is assumed to be equal to the one at large scale; however the 

most recent study of Charuchittipan et al. (2014) revealed that the near-surface secondary 

circulations predominantly transport sensible heat, consequently in larger scale, the ratio of 

sensible and latent heat flux might significantly change. These findings also suggest that the 

underestimation of latent heat flux, from which the evaporation can be determined, might 

be not as large as it was previously assumed and the unclosed energy balance might be 

mainly explained by the underestimation of the sensible heat flux.  

Recently, further parameterisation procedures are tested based on area-averaging 

measurements (Eder et al., 2014), but till now none of the corrections were proved reliable 

enough. According to all of these considerations, the measured fluxes will be accepted and 

applied without any energy balance correction in the further calculations. Note, however, 

that these measured fluxes might include errors depending on the energy balance closure. 

Therefore, sensitivity analysis of the closure was performed, which will be presented in the 

followings. 

6.3.3 Factors affecting the energy balance closure, the effect of 

corrections 

Beside the regression between available energy and turbulent fluxes presented in Figure 

27, the energy balance closure is often quantified by the energy balance ratio (EBR) 

introduced by Mahrt (1998):  

  ,Y4 � ∑8@*  A!,>∑84% � @& � ∆@�>. (16) 

The dependence of EBR on thermal stratification, homogeneity of the measurement 

area, data quality, turbulence and the estimated terms of the energy balance was analysed 

through the example of July 2013 (Table 10). 



CHAPTER 6 –Energy budget and evaporation rate in the reed and open water zones 

- 71 - 
 

The energy balance closure was 76% in the investigated months (excluding the data of 

quality classes 7-9). The closure is significantly better considering only the near-neutral data 

(�0.02 Z z L⁄ [ 0.04), slightly worse in unstable conditions (�6 Z z L⁄ [ �0.02) and 

extremely bad in stable conditions (0.04 Z z L⁄ [ 6). The latter might be explained by the 

underlying theory of the Eddy-Covariance method. It assumes fully turbulent air flow, 

however at night-time, when stable thermal stratification usually evolves, the air flow is 

often quasi laminar, which can result in significant underestimation of the sensible and 

latent heat flux. 

Numerous Eddy-Covariance measurements experienced larger residual at night-time 

than in daytime (Wilson et al., 2002). In addition, if the available energy is close to zero, 

which is often the case at night, EBR does not provide meaningful values but unrealistically 

high ones. Therefore, the data not exceeding net radiation of 100 W/m2 were excluded from 

further analysis. In order to investigate the dependence of EBR on the homogeneity of the 

study area, the measured fluxes were separated into two groups: one including fluxes 

originating solely from the reed zone (FPreed ≥ 95%) and another one with fluxes of 

comparable contribution of the open water zone (FPreed < 95%). The energy balance closure 

is much better considering the first group of data presumably due to the spatial scale of the 

further energy balance. Indeed, both the recorded net radiation and the storage term 

characterises exclusively the homogeneous reed zone. Furthermore, considering only the 

best quality classes (DQ ≤ 3) does not entail better closure proving that quality classes of 

DQ ≤ 6 already provide adequate results and the exclusion of further data is not necessary.   

Table 10. Energy balance closure (EBR) of different net radiation (��), data quality (DQ), stability and 
reed contribution (FPreed) classes in July 2013; # denotes the number of data  

RN [W/m
2
] DQ [-] stability [-] FPreed [%] # [-] EBR [-] 

all ≤ 6 all all 1163 0.76 

all ≤ 6 unstable all 230 0.69 

all ≤ 6 near-neutral all 639 0.82 

all ≤ 6 stable all 294 0.37 

> 100 ≤ 6 all all 552 0.73 

> 100 ≤ 6 all ≥ 95 417 0.77 

> 100 ≤ 6 all < 95 135 0.62 

> 100 ≤ 3 all all 519 0.72 

> 100 ≤ 3 all ≥ 95 398 0.76 

> 100 ≤ 3 all < 95 121 0.59 

 

 

Since the estimation of the energy storage term was based on some assumptions, the 

effect of this term on the closure also has to be investigated. Including the storage term in 



CHAPTER 6 –Energy budget and evaporation rate in the reed and open water zones 

- 72 - 
 

the energy balance, the closure is 73% (in case of RN > 100 W/m2), while without this term, it 

decreases to 64%. It was found that the energy stored in the water has got a great 

contribution to the closure, while the energy stored in the canopy has got only a negligibe 

effect on it since the degree of the closure does not decrease with the exclusion of the 

latter.  

The effect of the turbulence on the energy balance closure is presented in Figure 28. 

With increasing friction velocity the closure also increases (at 0.85 m/s it reaches even 90%) 

which is in agreement with the investigations of Wilson et al. (2002) including a number of 

FLUXNET stations.  

 

 

Figure 28. The effect of friction velocity (�	) on the energy balance ratio (EBR) in July 2013  

The assumptions and simplifications made in the Eddy-Covariance theory as well as the 

measurement conditions can reduce the accuracy of the energy balance terms thus affecting 

the energy balance closure. The general practise to eliminate this is the use of Eddy-

Covariance corrections (see Chapter 6.2.2). Next, the sensitivity of the closure was 

investigated to these corrections. The factors previously found to strongly affect the closure 

were separately considered (Table 11). 

Generally, the energy balance closure was revealed to be negligibly affected by the 

corrections since it fell in the interval of 70 – 75% in the base case. Consequently, the 

corrections cannot provide a solution to close the energy balance.   

From the three types of the coordinate rotation techniques, the applied sectorwise 

Planar Fit Rotation resulted in slightly higher EBR. Both the Moore and WPL Corrections 

increased the closure with 3%, which is in agreement with Mauder and Foken (2006), while 

it was reduced somewhat due to the Schotanus Correction. This tendency holds by different 

reed contribution and thermal stratification classes which have got much greater effect on 

the energy balance closure, than the corrections as it was previously presented in Table 10. 
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Table 11. The effect of the Eddy-Covariance corrections on the energy balance closure (EBR) in 
different reed contribution (FPreed) and thermal stratification classes in July 2013  

EBR 

sectorwise 

Planar Fit 

Roation 

whole 

Planar Fit 

Rotation 

Double 

Rotation 

without 

Moore 

correction 

without 

Schotanus 

correction  

without 

WPL 

correction  

all 0.73 0.71 0.70 0.70 0.75 0.70 

FPreed ≥95% 0.75 0.75 0.74 0.73 0.78 0.73 

FPreed <95% 0.63 0.60 0.59 0.59 0.63 0.58 

unstable 0.70 0.69 0.67 0.68 0.72 0.67 

near-neutral 0.75 0.74 0.73 0.73 0.78 0.72 

stable 0.29 0.26 0.25 0.25 0.29 0.27 

 

 

6.3.4 Modelled turbulent energy fluxes 

Figure 29 shows the sensible and latent heat flux derived separately for the open water 

and reed zone by means of the flux-gradient method.  In the presented time period, the reed 

- open water contribution to the footprint shows significant changes through the altering 

wind speed and direction. The weighting procedure introduced in Appendix A.3.5 makes the 

validation of the model possible even in such periods when the flux originates from more 

than one surface type. The weighted average of open water and reed fluxes are also 

indicated in Figure 29. By small reed contribution (e. g. at the beginning of the period), the 

weighted flux follows the open water flux, while by larger reed contribution, it falls between 

the flux modelled for reed and the one for open water. 

Figure 30 shows the measured and modelled open water fluxes and the derived 

weighted fluxes of the same period. The figure demonstrates the significant increase of the 

model performance due to the weighting of fluxes, especially for the sensible heat flux. The 

weighted heat fluxes fit the measured ones well in case of exclusive open water contribution 

as well as in case of the combined contribution of the two characteristic zones. However, the 

fitting cannot be perfect, as it was introduced in Chapter 4. Since both measurement 

stations were located in the transition zone of the two characteristic zones, where the wind 

profile might deviate from the theoretical logarithmical form, thus the gradients of both 

stations also deviate from the ones described by the Monin-Obukhov theory.  

The measured and modelled heat fluxes of the open water zone in the whole 

investigated period of 2013 are presented in Figure 31 as scatter plots. Before the weighting, 

both the modelled latent (Figure 31.a) and modelled sensible (Figure 31.b) heat flux 

(indicated by blue points) deviates from the corresponding measured one. This was 
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expected since the measured values contain the combined contribution of the open water 

and reed zone; on the contrary, the model provides bare open water fluxes. 

However, the weighted fluxes (indicated by red crosses) are comparable with the 

measured ones, consequently the weighting procedure results in plausible model 

performance. Table 12 also proves this by summarizing the Nash-Sutcliffe model efficiency 

coefficient (NS) and the Root-Mean Square Error (RMSE) of the latent and sensible heat flux 

at both the reed and open water zones. 

 

 

Figure 29. Modelled sensible and latent heat flux at the open water and reed zone along with the 
footprint contribution of the reed zone and the derived weighted heat in a representative period 
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Figure 30. Recorded, modelled and weighted sensible and latent heat flux at the open water zone in 
a representative period 

 

   
 a) b) 

Figure 31. Recorded and modelled a) latent and b) sensible heat flux in the whole investigated period 
of 2013 
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Table 12. Model performance for the original modelled and weighted heat flux in the investigated 
period of 2013. Notation: ��� – sensible heat flux, ��� – latent heat flux, NS – Nash-Sutcliffe model 

efficiency coefficient, RMSE – Root-Mean Square Error 

 

Reed Open water 

NS [-] 
RMSE 

[W/m
2
] 

NS [-] 
RMSE 

[W/m
2
] 

HTS 
Modelled 0.48 85.9 0.37 23.5 

Weighted 0.73 33.8 0.67 11.0 

LvE 
Modelled 0.51 60.5 0.63 31.8 

Weighted 0.67 50.8 0.74 27.7 

 

Consequently, it was confirmed that the flux-gradient method is suitable to derive the 

turbulent energy fluxes separately for open water and reed canopy from the multiple height 

measurements of wind speed, air and water temperature and humidity in both characteristic 

zones based on the energy flux recordings of one single Eddy-Covariance station at the 

interface of the two zones. 

The calculation of the monthly sum of evaporation, as the next objective, needed 

continuous latent heat flux measurements, thus firstly gap filling had to be conducted 

according to Appendix A.3.6. The mean and standard deviation of fluxes before and after 

gap filling are compared in Table 13. It shows that in the course of gap filling the mean of 

friction velocity, sensible and latent heat flux of the open water decreases only less than 

0.5%, while the standard deviation of these reduces about 3%. In case of the reed zone, 

these percentages are slightly larger; however, they do not exceed 6% even for the sensible 

heat flux which shows the largest difference between the original and gap filled mean 

values.   

Table 13. The mean and standard deviation of the heat fluxes before and after gap filling and the 
difference between these in percentage in the investigated period of 2013. Notation: �	 – friction 

velocity, ��� – sensible heat flux, ��� – latent heat flux 

  

u* [m/s] HTS [W/m
2
] LvE [W/m

2
] 

Mean Std Mean Std Mean Std 

O
p

e
n

 

w
a

te
r Original 0.17 0.11 9.02 19.13 79.01 48.68 

After gap filling 0.17 0.10 8.98 18.69 78.84 47.10 

Difference [%] -0.45 -2.65 -0.45 -2.28 -0.22 -3.26 

R
e

e
d

 Original 0.45 0.24 38.89 82.74 104.15 86.06 

After gap filling 0.44 0.23 36.63 81.09 100.70 82.55 

Difference [%] -0.70 -4.44 -5.82 -1.99 -3.32 -4.08 
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6.3.5 Evaporation estimation 

After gap filling, the evaporation can be calculated by dividing the modelled latent heat 

flux by the λ heat of evaporation. Figure 32 shows the one-day running mean evaporation of 

the open water and reed zones. In the summer period (in June and August), the evaporation 

of the reed zone significantly exceeds the one of the open water, while they are nearly equal 

in the other investigated months. The maximum of the daily mean evaporation was 7.9 and 

9.6 mm/day in the open water and in the reed, respectively, which is in agreement with 

similar investigations of Lenters et al. (2011). The minimum daily mean evaporation of the 

open water and reed zone were 0.53 and 1.2 mm/day, respectively, indicating the 

dominance of the evaporation process against the condensation. 

 

 
a) b) 

Figure 32. One-day running mean evaporation (E) of the open water and reed zone a) 2013 May-June 
and b) 2013 August-September  

The monthly sum of evaporation of the open water and reed zone (“EC open”and “EC 

reed”) is presented in Table 14 along with the one gained from the further applied methods. 

“EC open” is consistently higher than the monthly evaporations of the open water derived 

by the additional evaporation estimation methods (WREVAP model, ÉDUVÍZIG, Neuwirth, de 

Bruin, Penman and Bowen method). The latter are in the same order of magnitude providing 

slightly higher monthly sum of evaporation by the ÉDUVÍZIG and de Bruin methods and a 

slightly lower one by the Bowen method. The difference between “EC open” and these 

results are even higher in the summer period. On the contrary, considering the evaporation 

of the reed, “EC reed” provides higher values than the ones calculated by the CREMAP 

program, except of July when these two practically equal. 
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Based on recent research outcomes, Chapter 6.3.2 concluded that despite the unclosed 

energy balance, the measured fluxes will be applied without any energy balance corrections. 

Nevertheless, these results seem to confirm the aspect that although the Eddy-Covariance 

method is one of the most direct techniques for evaporation estimation, and it is able to 

reveal the dynamics of the processes, its major drawback lies in the imperfect energy 

balance closure and thus in the underestimation of evaporation. Therefore, the effect of the 

Bowen-ratio correction was investigated and the monthly evaporation was also calculated 

by partitioning the residual between sensible and latent heat flux proportional to the 

Bowen-ratio (“EC_Bo open” and “EC_Bo reed”). Due to the high Bowen-ratio, the correction 

resulted in significant increase of the evaporation in both the open water and reed zones. 

Consequently, the open water evaporation gained from the Eddy-Covariance method and 

WREVAP program became very close to each other while the evaporation of the reed zone 

became even more diverse as it was expected. 

Table 14. Monthly sum of the evaporation (E) in the investigated period of 2013 – comparison of the 
applied methods  

E 
[mm/month] 

EC 
open 

EC 
reed 

EC-Bo 
open 

EC-Bo 
reed 

WREVAP 
open 

CREMAP 
reed 

ÉDU-
VÍZIG 

Neu-
wirth 

de 
Bruin 

Penman Bowen 

May 2013 80.0 88.3 104.4 102.8 109.6 57 - - - - - 

June 2013 95.1 138.0 122.3 158.1 140.5 137 155.5 141.0 166.7 151.1 141.2 

July 2013 - - - - 185.5 157 235.1 202.8 217.9 196.2 175.4 

Aug 2013 107.6 142.4 166.9 197.4 161.3 99 188.9 147.7 159.2 139.5 123.3 

Sept 2013 56.6 60.1 64.5 67.7 78.7 30 99.0 82.6 113.6 71.9 72.0 

Oct 2013 31.0 27.3 43.0 33.9 34.7 19 52.5 43.4 65.6 39.8 35.8 

 

 

6.4 Summary and conclusions 

The results presented in the previous chapters prove that the energy budget of shallow 

lakes can be quantified by a micrometeorological measurement system including an Eddy-

Covariance station and through detailed data processing involving corrections and sensitivity 

analyses. The understanding of the sharp gradients between reed and open water zones was 

now increased by the systematic investigation of the energy processes and evaporation rate 

of the two characteristic zones in addition to the former findings of Chapter 4 and 5. 

It was revealed that the latent heat flux of the reed zone significantly increases in the 

summer months along with the simultaneous decrease of sensible heat flux, which can be 

explained by the growth of leaves of the reed canopy and the increase of their evaporative 

facility. Due to the much greater, well-mixed water body of the open water zone and its 
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direct exposure to solar radiation, the energy stored in the open water significantly exceeds 

the one stored in the reed water. In the former, great portion of the incoming energy of net 

radiation transforms into the storage term.  

In the open water unlike the reed zone, none of the two heat fluxes show the general 

daily course usually observed in land but remain nearly constant all day. Furthermore, the 

latent heat flux is positive during the whole day in both characteristic zones, consequently, 

evaporation occurs not only at daytime but also at night-time although with decreased 

intensity. 

The turbulent flux recorded at the interface zone represents the wind direction 

dependent combination of the fluxes of the two characteristic zones. It was confirmed that 

the flux-gradient method is suitable to derive the turbulent energy fluxes separately above 

open water and reed canopy. Consequently, after model validation, based on the high-

frequency Eddy-Covariance measurements, only recordings of the slow sensors are needed 

(wind speed, air temperature and relative humidity at two heights) to determine the 

turbulent fluxes. 

Sufficient model performance was confirmed by the comparison of the measured and 

weighted fluxes, where the weighting was performed in the ratio of the reed and open water 

contribution to the measured flux. Although, the conclusion was drawn based on recent 

research outcomes, that despite the unclosed energy balance, the measured fluxes can be 

applied without any energy balance corrections, the energy balance closure was analysed in 

details. After basic considerations, the closure of the energy balance was 73%, which 

depends only slightly on the Eddy-Covariance corrections and significantly on thermal 

stratification and homogeneity of the measurement area. 

From the separately modelled latent heat flux of the two characteristic zones, the 

evaporation can be estimated, thus after gap filling the monthly sum of evaporation of the 

two zones was calculated. In the summer months, the evaporation of the reed zone was 

significantly higher than the one of open water, while in May and in the autumn months the 

evaporation of the two zones were nearly equal. The comparison of the Eddy-Covariance 

results with the ones of other evaporation estimation methods provided consistently lower 

monthly sum evaporation of the former in the open water zone and higher evaporation in 

the reed zone. 

 



Chapter VII  

CONCLUSION 

In this chapter, the main new results and conclusions are summarized in the form of 

theses and the publications related to these are listed. Finally, the direction of future 

research is outlined. 

7.1 Theses 

Thesis 1: Detailed, efficient measurement methodology to explore the physical 

interaction processes at the reed - open water interface zone of shallow lakes 

I established a complex and comprehensive micrometeorological and flow velocity 

measurement configuration which is suitable to reveal the essential physical interaction 

processes of the reed - open water interface. I proved the merits of the measurement 

system on the example of Lake Fertő, as pilot case study area. I developed a procedure for 

data recording and processing with generalisation possibility, enabling its robust 

application for other shallow lakes with emergent aquatic canopy. [2, 3, 4] 

As the main novelties of the procedure, I synchronized a set of sensors to record the utmost 

features of the interface zone, moreover, the micrometeorological and flow measurements 

were implemented even inside the reed zone. The measurement setup also included an 

Eddy-Covariance System, of which application in shallow lake environment is unique. The 

open water measurement station was systematically replaced in particular time intervals 

along the axis of prevailing wind to enhance the spatial description, furthermore, the data 

recorded in different wind conditions were normalized by the reference measurements of 

the fix reed station.  

 

Thesis 2: Estimation of wind profile and surface wind shear stress in the interface zone 

I determined the wind profile parameters both above reed and open water surface and 

explored the dependence of aerodynamic roughness length on fetch, thermal stratification, 

wind speed as well as on their combined effect. Furthermore, I investigated the wind speed, 

friction velocity and wind shear stress distribution along the fetch for different thermal 

stability classes. 

I proved that wind conserves its upwind equilibrium profile for a given short distance 

downwind of the reed canopy, at which short pelagic fetches, the roughness length can be 
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more sufficiently estimated from wave age relations than from the logarithmic profile 

formula, indicating that near the canopy the wind profile might deviate from the 

theoretical logarithmic form. I concluded that both the length of sheltered zone behind the 

canopy and the growth rate of the IBL development depend on thermal stratification, 

namely, in unstable conditions the profile realignment takes place closer to the reed zone. 

[1, 3] 

 

Thesis 3: Hydrodynamic characterisation of the interface zone 

I broadly quantified the hydrodynamic characteristics of the reed - open water interface 

zone by conducting 3D flow measurements near and even inside the reed canopy.  

I proved that within the reed zone the production of turbulence due to bed shear becomes 

negligible compared to the production by stem wake effect, thus the kinetic energy budget 

can be reduced to the balance of wake production and energy dissipation. As a 

confirmation of this, I proved that inside the reed zone, the theoretical formula for energy 

dissipation estimations introduced by Tennekes and Lumley (1972) approximates better the 

dissipation rate evaluated by the Inertial Dissipation Method if the characteristic length scale 

of the turbulence is characterised by the average stem diameter rather than by the average 

water depth. 

In my investigations I presented that in cases the wave-related energy content of the 

water motion is significant, the decomposition of wave-related components from the 

turbulent ones is suggested to estimate the turbulent fluctuation and the turbulence 

characteristics. Based on this consideration, the turbulence parameters were satisfactorily 

estimated near and inside the reed zone in the case study area. Two estimation procedures 

confirmed the tendency for continuous sediment deposition and the lack of resuspension 

there. [1, 2] 

 

Thesis 4: Energy budget and evaporation rate in the reed and open water zones 

I proved that the energy budget of the reed and open water zones of shallow lakes can be 

quantified by the implemented micrometeorological measurement arrangement and 

detailed data processing. Furthermore, I put together, implemented and validated a 

procedure based on the flux-gradient method in order to derive turbulent energy fluxes 

separately above the open water and reed canopy, based on the combined fluxes of the 

two characteristic zones. [4, 5] 
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 The measurement station placed at the interface of the two zones included an Eddy-

Covariance system as core part. Sufficient model performance was confirmed by the 

comparison of the measured and weighted modelled fluxes, where the weighting was 

performed according to the ratio of the reed and open water contribution to the measured 

flux. From the continuous latent heat flux time series produced by the flux-gradient method 

and a gap filling procedure, the monthly sum of evaporation of the two zones was calculated 

and compared with the evaporation obtained by a number of additional evaporation 

estimation methods. 

 

7.2 List of publication related to the theses 

1. Kiss M, Wind-induced exchange mechanisms of reed-water interface zones in shallow 

lakes, Second Conference of Junior Researchers of BME in Civil Engineering, Budapest, 

Hungary: 17-18 June 2013, pp. 256-263. (2013) 

2. Kiss M, Józsa J, Measurement-based hydrodynamic characterisation of reed – open 

water interface zones in shallow lake environment, Periodica Polytechnica, Civil Engineering 

58/3, 1–13. (2014b) (doi: 10.3311/pp.ci.7569, Online published: 16-09-2014) 

3. Kiss M, Józsa J, Wind profile and shear stress at reed-open water interface: recent 

research achievements in Lake Fertő, Pollack Periodica, in press. (2015a) 

4. Kiss M, Józsa J, A Fertő tó energiaháztartásának meghatározása örvény-kovariancia 

módszerrel, Hidrológiai Közlöny, in press. (2015b) [Energy budget estimation of Lake Fertő 

based on Eddy-Covariance method] 

5. Kiss M, Torma P, Az energiaáramok fluxus gradiens eljárás alapú becslése örvény-

kovariancia mérésekből, Hidrológiai Közlöny, in press. (2015) [Flux-gradient method based 

estimation of turbulent fluxes from Eddy-Covariance measurements]. 
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7.3 Direction of future research 

In this work, a complex and comprehensive micrometeorological and flow velocity 

measurement configuration and a detailed data analysis procedure were implemented 

which are suitable to reveal the essential physical interaction processes of the reed - open 

water interface of shallow lakes. There are a number of additional possibilities, however, to 

enhance the description of the interface zone.  

To investigate the wave damping due to the canopy drag as well as the sediment 

deposition and resuspension potential near the reed border, a rather wind exposed 

measurement site would be optimal. 3-dimensional ADV (Acoustic Doppler Velocimetry) 

flow measurements were proved to be adequate for the estimation of wave parameters, 

bottom shear stress and specific sediment deposition. Beside these instruments, 

measurements with wave and turbidity sensors could better reveal the required 

hydrodynamic conditions.  

The implemented ADV sensor arrangement with its pointwise recordings was able to 

give a broad picture of the flow field in the interface zone, however for more detailed 

analysis, the vertical velocity profile should be revealed. Here again, the extreme 

shallowness of the lake and the dense canopy are strong limitations, thus the adaptation of 

the available current profilers for these conditions is a challenging task. 

To reveal the energy budget and the evaporation rate of a surface, the energy budget 

terms have to be accurately calculated. The precise estimation of the sensible and latent 

heat flux is only possible with very careful measurement setup, site selection and a number 

of corrections to fulfil the assumption of the Eddy-Covariance method. Above water 

surfaces, the magnitude of the heat flux into the submedium and the energy storage term 

was proved to be significant. Therefore, in future investigations, the increase of the number 

of thermistors for water temperature profile measurement is suggested, along with a heat 

flux plate deployed in the topmost sediment layer. 

As it was presented in Chapter 6.3.5, the monthly sum of evaporation of the lake, 

derived by the Eddy-Covariance technique significantly deviates from the ones provided by 

other evaporation estimation methods (e.g. WREVAP model, ÉDUVÍZIG, Neuwirth, de Bruin, 

Penman and Bowen method). To reveal the reasons of this discrepancy, further 

investigations are needed regarding the sensibility, deficiency and the source area of the 

different methods. 
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Appendix  

 

A.1 Data analysis methods of the wind profile and shear 

stress calculations 

 

A.1.1 Data pre-processing - error filtering and averaging  

As the first step of data analysis, error filtering had to be conducted, since in every 

recording system erroneous data might occur in consequence of random electronic errors of 

the system. The most general reason is precipitation, during which water droplets tend to 

gather on the transducers head of sonic anemometers. 

To filter the erroneous data represented by spikes, a method introduced by Højstrup 

(1993) and improved by Vickers and Mahrt (1997), Mauder and Foken (2011) was 

implemented. According to this, any value in a moving window of 15 values was considered 

as spike, if it was greater than 4.5 times the standard deviation from the mean of the 

window. The spikes were replaced by linear interpolation. However, in case of more than 3 

successively detected extreme values, they were not considered as spikes. This procedure 

was repeated five times in order to eliminate as many spikes as possible.  

In further calculations 10-minute or 30-minute average wind speed was used instead of 

the recorded 10 Hz data, thus moving averaging of instantaneous wind speeds with 10- and 

30-minute window was carried out and new time series were selected by using 10- and 30-

minute resampling, respectively. 

 

A.1.2 Wind profile above reed canopy 

In case of nearly horizontal air flow that is in local equilibrium, the �8�> vertical profile 

of horizontal wind speed above the reed canopy can be estimated with the classical 

logarithmic profile formula valid for neutral thermal stratification (Charnock, 1955): 

  �8�> � ��P \# ]� � ��� ^, (17) 

where � is the anemometer elevation above the water surface, P is the von Kármán 

constant, �� is the friction velocity, �� is the aerodynamic roughness length, which expresses 
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the capacity of the canopy to absorb momentum, and � is the displacement height, at which 

the logarithmic velocity profile reaches zero.  

The three parameters of Eq. 17 above reed were reconstructed using the Eddy-

Covariance Method according to Lloyd et al (1992). The method is based on 3D wind 

measurements at two heights (4.2 and 8.4 m above water surface) of the same vertical at 

Station R. The CSAT3 Sonic Anemometers applied for the investigation are state of the art 

instruments with an accuracy of 4 cm/s in horizontal and 2 cm/s in vertical direction and 

without requirement of any field calibration.  

Raw wind data collected at 10 Hz were processed with the TK3 software developed at 

the Department of Micrometeorology, University of Bayreuth. Brief description of the 

software can be found in Mauder and Foken (2011). After having applied spike removal and 

coordinate rotation with the Planar Fit method (Wilczak et al., 2001), 30-minutes averages of 

wind speed � and friction velocity �� were calculated at both heights. The procedure of spike 

detection was discussed in Appendix A.1.1, while the coordinate rotation as a step of the 

Eddy-Covariance Method will be presented in details in Chapter 6.2.2. 

Data with wind speed larger than 1 m/s, and from a SW-NW wind sector were selected 

for data analysis. This sector represents wind blowing from the reed zone with long enough 

fetch to reach an equilibrium profile. The reed constitutes of homogenous surface cover 

with an average height of 3.4 m above the water surface. Only data falling into the domain 

of applicability of Eq. 17 were considered, thus data measured in near-neutral thermal 

condition (�0.02 [ � A Z 0.04⁄ ) were selected, where A is the Monin-Obukhov length (see 

Chapter 6.2.3 for details). 

 The differential of Eq. 17 can be rearranged to 

  � � ��� � :/01� 1��⁄ 2.  (18) 

The right hand side of Eq. 18 can be calculated based on a least squares type of linear 

regression line between � and �� (Figure 33) thus 8� � �> ��⁄  is given at each height. The 

rearrangement of Eq. 18 to the z measurement height provides: 

  � � �� · :/01� 1��⁄ 2  �.  (19) 

This form is equivalent with the equation of line produced by plotting :/01� 1��⁄ 2 against 

z (Figure 34), therefore, the slope of the line provides a good estimation of the aerodynamic 
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roughness length and the intercept with the vertical axis approximates the displacement 

height. 

 

  
a) b) 

Figure 33. 30-minutes averages of friction velocity plotted against wind speed  
a) at 4.2 m and b) at 8.4 m height in the period from 07. 11. 2012 to 20. 11. 2012 

 

Figure 34. Values of �
�� �
�

⁄ � plotted against measurement height, and the equation providing the 
wind profile parameters 

A.1.3 Wind profile above open water 

Above open water, Eq. 17 simplifies to the form not containing the displacement height. 

In near-neutral condition it is 

  �8�> � ��P \ # ] ���^. (20) 

where �8�> is measured and �� � 7�)�)FFFFFF
�)�)FFFFFF
�

 can be calculated from the high 

frequency 3D wind speed measurement, were �), �) and w) are the fluctuation of the 

longitudinal, lateral and vertical component of the wind velocity, respectively. Thus the wind 
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profile above open water and its parameters (�� and ��) can be determined with a single 3D 

sonic anemometer. Therefore, for this investigation the available two CSAT3s were placed 

according to the general measurement arrangement presented in Chapter 2. Placing one 

anemometer on Station O and the other one on Station R made it possible to account with 

wind speed variation during the measurement periods and make sensible comparison of 

data recorded in different wind conditions by normalizing the wind data of Station O by the 

reference data of Station R as it is shown in Chapter 4.2.3. 

Under stable and unstable conditions the integrated form of the profile formula was 

used which is corrected for stability effects based on the Monin-Obukhov similarity theory 

(see Chapter 6.2.3 for theoretical details): 

  �8�> � ��P _\# ��� � `8S>  ` a��A bc, (21) 

where S � �/A. For the definition of the A Obokhov length see Eq. 12 in Chapter 6.2.3. 

Although the universal functions are often applied in the range of  

�2 � S � �2 in the literature, in the present work, the stability classes were considered 

according to Thomas and Foken (2002) as follows for unstable, near-neutral and stable 

conditions, respectively: 

�6 � S � �0.02 �0.02 � S � 0.04 0.04 � S � 6 . 

` can be estimated according to a number of formulae as summarized by Foken 

(2008b). In the present work, the following often-used formulas were applied (Holtslag and 

Van Ulden, 1983; Holtslag and de Bruin, 1988): 

in stable conditions (S d 0): `8S> � V · S, 

in unstable conditions (S Z 0):  `8S> � 2 ln a�34



b � 2tan��8x>  ln a�34�



b  5



 , 

where V � �4;      x � 81 � W · S>�/�;    W � 8.  

See Appendix A.3.5 and Table 15 for the details of parameter determination. 

The aerodynamic roughness length can be obtained by rearranging Eq. 20 and Eq. 21. 

The wind shear stress on the lake surface can be calculated as follows: 

  � � D) · ��

 , (22) 

where D)  is the air temperature and �� is the friction velocity. 
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New IBL starts to develop after the separation line of different roughness zones, for 

example when air-flow moves from reed to open water. The j80> initial height of IBL is 

equal to the roughness length of open water and its thickness grows along fetch. To express 

the j8E> fetch-dependent IBL height, a number of formulas exist. In the present work the 

one according to Taylor and Lee (1984) was applied: 

  j80> � ��,
  j8E> � 0.75��,
 ] 7

(�,�
^�.9

, (23) 

where E is the fetch and ��,
 is the leeward roughness length, in this case the one of the 

open water. 
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A.2 Data analysis of the hydrodynamic characteristics  

 

A.2.1 Spike filtering and coordinate rotation 

Since high sampling rate (16 and 25 Hz) was used in the ADV measurements, and very 

low flow velocities occurred already at a few metres inside the reed canopy, the instruments 

recorded at places and times erroneous data. These spikes were numerically removed from 

the time series by the Velocity-Correlation Filter technique (Cea et al., 2007).  

To evaluate the water exchange through the interface of the reed and open water 

zones, the original velocities measured in East-North-Up (ENU) framework had to be rotated 

to get velocity components directing into the reed. Multiplying the original components (��� 

and ���) by the 48O> rotation matrix, the new components, perpendicular (�) and parallel 

(�) to the reed borderline, are the following:  

  k��l � 48O> m k������
l � k�n; O � ;<# O;<# O �n; O l m k������

l (24) 

where O is the rotation angle. 

 

A.2.2 Time series analysis 

To investigate how the presence of the dense canopy alters the lake flow velocities 

moving further and further inside the canopy, the velocity time series measured at different 

points were compared to each other by means of time-series analysis. According to a 

relevant handbook (Emery and Thomson, 2001) providing a wide collection of data analysis 

methods, the mean, standard deviation, autocorrelation function and spectral analysis of 

each time series were derived.  

First, Reynolds decomposition was applied to estimate the turbulent fluctuation of 

velocity components (�), �) and �)): 
  �8o> � �F  �)8o> �8o> � �p  �)8o> �8o> � �L  �)8o>, (25) 

where �8o>, �8o>, and �8o> are the instantaneous conventional orthogonal velocity 

components, 

�F, �p and �L  are the Reynolds-averaged mean velocities and 

�′8o>, �′8o> and �′8o> are the instantaneous fluctuation around the mean. 
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Reynolds decomposition can be only applied if the flow is in steady or at least in quasi 

steady state, meaning that its changes are slow enough not to be observed in the recording 

interval. Therefore, short, 8-minutes measurements were conducted at each investigated 

point and only time series fulfilling the criterion of the quasi steady state were considered in 

further analysis. 

According to an additional criterion regarding the turbulent data analysis, the flow data 

also have to be in a statistically stationary state. Thus, the dependence of statistics on the 

length of the time series has first to be investigated with cumulative tests. Cumulative 

average provides the average of the velocity components versus the duration of the 

averaging. It shows an initial transient period (*�) with low sample size, where the average 

has a high variation, whereas after this period with increasing sample size and recorded 

period components, the average converges to a unique value indicating that the data series 

reach a statistically stationary state. Consequently, if the measurement length is longer than 

this transient period, the statistics become independent of the measurement length, or their 

changes are negligibly small (Pope, 2000). The recorded 8-minutes long data series proved 

sufficient for turbulent data analysis, verified by means of cumulative mean and cumulative 

variance test. 

For the perpendicular (�) velocity component, the mean value and variance can be 

estimated by 

  �F � 1N q �8o�>
%

���

   and    s
 � 1N qK�8o�> � �FM
 %

���

 (26) 

respectively, where N is the sample size and 

o� (< = 1, 2, ... , N) are the discrete times of measurements. 

Mean and variance can be analogously expressed for the other two components, � and �. The standard deviation (s) is then the square root of the variance.  

The strength of the correlation between two datasets can be characterised with 

covariance and correlation functions. The autocovariance function is based on shifted 

correlation of the fluctuation time series with itself: 

  t��8;> � �)8o> · �)8o  ;>FFFFFFFFFFFFFFFFFFFF � 1N q �)� ·%�:

���

�)�3:  , (27) 

where ; � \ · ∆o is the time lag for \ sampling time increments. 
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For the autocorrelation function, there are two approaches, both widely used by 

hydraulic engineers and oceanographers (Emery and Thomson, 2001). According to the first, 

the correlation function can be estimated analogous to the covariance function, but instead 

of fluctuation time series, it applies raw data series before removal of the mean. However, 

according to the second approach, which was chosen in the present research, the correlation 

function can be gained by normalizing the covariance function with the variance: 

  D��8;> � t��8\ · uo>s��



� 1�)
FFFF 1N � \ q �)� ·%�:

���

�)�3: . (28) 

The autocorrelation function shows the degree of correlation between the original and 

shifted time series changing with increasing time lag. Because of the normalization, its values 

are between 1 and -1. If there is periodicity in the time series, the autocorrelation function 

provides high values at time lags corresponding to the period. 

To investigate the most dominant frequencies (v) in a time series and the distribution of 

turbulent kinetic energy between the different frequencies, spectral analysis was conducted. 

The power spectral density can be derived from the autocovariance function by means of 

Fast Fourier Transformation (FFT). For discrete time series it is written as follows:  

  6�8v> � 2w q t��8o> · �n;82w · v · o>. (29) 

 

A.2.3 Energy dissipation 

According to Tennekes and Lumley (1972), the turbulent kinetic energy budget can be 

assumed as a balance between shear production (x) and energy dissipation (y). In the 

inertial subrange of power spectral density, the larger scale flow structures with energy-

producing lower frequencies transform into smaller scale eddies with energy-dissipating high 

frequencies, which is called energy cascading.  

Assuming local isotropy and stationarity of the turbulence, the power spectral density in 

the inertial subrange can be expressed as: 

  E�8z> � ��{
 �⁄ z�� �⁄ , (30) 

where E�8z> is the spectral density of the <;< velocity component, 

z is the wave number, 



Appendix 

101 
 

{ is the mean energy dissipation rate and 

α� is the one-dimensional Kolmogorov constant. In locally isotropic turbulence 

α� } 0.51 and α
 � α� } 0.69, as found e.g. in Kim et al. (2000). 

The power spectral density in the frequency domain 68v> can be related to that in the 

wave number domain by means of the Taylor “frozen turbulence” hypothesis, where z � 2wv �F�⁄ : 

  6�8v> � 2w�F� E�8z>. (31) 

From Eq. 30 and Eq. 31, the dissipation rate can be estimated as follows: 

  { � 2w�F� �v� �⁄ 6�8v>��

$� 
⁄ . (32) 

Another theoretical approach was defined by Tennekes and Lumley (1972) to express 

the energy dissipation rate. According to this, the rate of energy transfer from large to small 

scales is determined by the energy of the large eddies and their time scale, which are in the 

order of U
 and L U⁄ , respectively. Thus, the dissipation rate can be given as 

  { � AU� L⁄ . (33) 

This relation is valid if there exists only one characteristic length L. In the expression, U 

is the characteristic velocity scale and A is an undetermined constant in the order of one.  

 

A.2.4 Turbulent characteristics 

In order to better understand the effect of reed canopy on currents, Reynolds number, 

turbulent kinetic energy (TKE), bottom shear stress, friction velocity and turbulent intensity 

were estimated at each measurement point. These parameters describe the driving factors 

for resuspension and deposition of sediment and the near-bed structure of turbulence (Kim 

et al., 2000). The Reynolds number (Re � UL/ν) was calculated using the mean horizontal 

velocity as characteristic velocity scale (U) and the water depth as the characteristic length 

scale (L); ν is the kinematic viscosity. While in open-channel flows, bed- and wind-generated 

turbulence dominates; in the reed zone turbulence is generated mainly by plant stems 

causing vortex shedding. Therefore, inside the canopy the average stem diameter (D) should 
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be applied as characteristic length scale (Kadlec, 1990). Reynolds number based on D as 

length scale will be denoted as Re�. 

Turbulent kinetic energy was estimated from the velocity fluctuation with the widely 

used formula: 

  *+, � a�*
FFFF  �*
FFFF  �*
FFFFFb /2. (34) 

According to Soulsby and Dyer (1981), the following simple linear relationship exists 

between turbulent energy and bottom shear stress: 

  �� � C� · *+,, (35) 

where C� is a proportionality constant (~0.2, see e.g. Soulsby and Dyer (1981)).  

The friction velocity ���
 at the lake bottom can be then determined as  

  ���
� � ��D=

, (36) 

where D= is the density of the water. 

Another often used measure of the turbulence is the turbulence intensity (*�):  

  *� � √*+,�F . (37) 
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A.3 Data processing for the energy budget and evaporation 

estimations  

 

A.3.1 Test for the accuracy of the gas analyzer 

Depending on the application conditions, the calibration of the EC150 Infrared Gas 

Analyzer becomes necessary in given periods to avoid the continuous decrease of data 

quality (Campbell Sci., 2011b). The HMP45C relative humidity sensors operating at the same 

station as the EC150 provide a base for the investigation of the accuracy of the EC150. The 

absolute humidity calculated from the air temperature and relative humidity of HMP45C and 

the one recorded by the EC150 were compared (Figure 35). The regression between the 

absolute humidity of the upper and lower HMP45C’s is very strong (Figure 35.a), however it 

is slightly smaller comparing the upper HMP45C and the EC150 sensors (Figure 35.b). The 

bias turns up in two ways: the slope of the regression line is unequal to one and the 

intercept with the vertical axis differs from zero. This latter indicates a constant difference 

between the absolute humidity measured by the two sensors during the investigation 

period. In the following, it will be demonstrated that this second type of bias in the EC150 

measurements does not contribute to the inaccuracy of the calculated latent heat flux and 

evaporation. 

 

   
Figure 35. Regression between the absolute humidity (a) of a) upper and lower HMP45C’s and b) 

EC150 and upper HMP45C sensors 

The equation of the regression line is the following: 

y = 1,0154x + 0,0638

R² = 0,9965

0

5

10

15

20

25

0 5 10 15 20 25

a
-l

o
w

e
r 

 H
M

P
4

5
C

 [
g

/m
3
]

a - upper HMP45C [g/m3]

y = 0,9161x + 3,1754

R² = 0,9306

0

5

10

15

20

25

0 5 10 15 20 25

a
-

u
p

p
e

r 
H

M
P

4
5

C
  

[g
/m

3
]

a - EC150 [g/m3]



Appendix 

104 
 

  H>�?��� � = · H@����  �, (38) 

where H@���� and H>�?���  are the absolute humidity measured by EC150 and HMP45C 

sensors, respectively, = is the slop of regression line and � is its intercept with the vertical 

axis. 

In the latent heat flux estimation, the absolute humidity is taken into account by the 

calculation of covariance. Inserting Eq. 38 into the covariance formula, one can get: 

  �′H>�?��� ′
FFFFFFFFFFFFFF � �′8= · H@����  �>′FFFFFFFFFFFFFFFFFFFFFFFF � �′8= · H@����′>FFFFFFFFFFFFFFFFFFF � = · �′H@����′

FFFFFFFFFFFF. (39) 

Thereby Eq. 39 is simplified through the elimination of the constant � proving that the 

latent heat flux and thus the evaporation depends only on the = slope of the regression line, 

while the constant difference does not play any role in the evaporation calculations. 

Therefore, in further calculations, the �′H@����′
FFFFFFFFFFFF covariance measured by the EC150 was 

corrected with this = multiplier and the constant � bias was ignored. 

 

A.3.2 Processing of radiation data 

Before applying the measured CG3 Pyrgeometer data, temperature correction is 

needed. The sign of the signal generated by CG3 depends on the relation between the 

temperature of the sensor itself and the temperature of the object that it is facing. When 

the object is warmer than the instrument, the recorded signal is positive, while in the 

opposite case it is negative. With a Pt-100 Thermistor incorporated in the CNR1 Net 

Radiometers body, the temperature of the Pyrgeometer can be measured and a corrected 

longwave radiation can be calculated (Campbell Sci., 2011a): 

  4$ � 4$
�  5,67 · 10�9 · *�A�B�, (40) 

where 4$
� is the measured longwave radiation and *�A�B is the internal temperature of 

the Pyrgeometer in Kelvin.  

After the correction, the net radiation can be determined according to Chapter 6.2.1 

from the four measured components, namely the shortwave and longwave incoming and 

outgoing radiation terms. 
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A.3.3 Estimation of the energy storage term 

The energy stored in the water (∆@�) can be calculated from water temperature 

measurements according to Eq. 5. In this work, the order of ∆@� was estimated in the open 

water and in the reed zone, from the temperature data of the two thermistors operating at 

Station O and the other two of Station R, respectively. Due to the low number of sensors 

available, several assumptions have to be made and the uncertainty of the ∆@� estimate has 

to be examined.  

As it was mentioned in Chapter 6.2.1, setting the lower boundary of the investigated 

layer at a depth, where the convective and radiative heat exchange approaches zero, the 

heat flux into the submedium (@&) can be neglected (Arya, 1988). To reach this condition in 

shallow lakes, some depth of the sediment layer also has to be taken into account beyond 

the whole water column. As base case, 15 cm of “active” sediment layer was considered in 

the open water zone under the recorded 110 cm of water column, where a mixture of 30% 

water and 70% sludge was assumed (Pannonhalmi and Sütheő, 2007). The linear decrease of 

water temperature along depth was assumed. After that, the following cases were produced 

from the base case to investigate the sensitivity of ∆@� to each of these assumptions: 

Case 1: the sediment layer consists of 50% water and 50% sludge 

Case 2: the temporal variation of water temperature below the lower thermistor is 

assumed to be constant along depth 

Case 3: the sediment layer can be neglected (assuming that the heat exchange already 

reaches zero at the lake bottom) 

Case 4 and 5: the water depth is 10 cm higher/lower than the recorded one, respectively 

Figure 36 shows the energy storage for each case in a one-day long period. According to 

this, alteration in the percentage of the water-sludge mixture (Case 1) and the neglect of the 

entire sediment layer (Case 3) cause only a slight change in energy storage compared to the 

base case. The stored energy is much more sensitive to the water depth changes (Case 4 and 

5); furthermore, it is particularly sensitive to the distribution of the temporal variation of 

water temperature along depth (Case 3). The root mean square error (RMSE) between the 

base case and each case from 1 to 5 in the whole investigated period is 0.7 W/m2, 

63.6 W/m2, �2.2 W/m2, 29.0 W/m2 and �29.0 W/m2, respectively. 

Since the energy storage proved to be highly sensitive to the distribution of water 

temperature along depth, in the future investigations, more thermistors are needed to 

reveal the water temperature variations at several points of the vertical, furthermore, the 
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application of a heat flux plate is suggested at the topmost layer of the sediment to record 

the heat flux into the submedium.  

The energy stored in the reed water was estimated similarly from the two water 

temperature recordings, in addition the energy stored in the reed canopy was evaluated 

from the lower air temperature and the surface water temperature measured at Station R. 

The latter was found to be negligibly small compared to the energy stored in the water. 

 

 
 

Figure 36. Sensitivity analysis of the energy stored in the control layer defined for the open water 
zone in the characteristic daily period of 7.9.2013 CET 

A.3.4 Basic processing steps of the measured energy fluxes: coordinate 

rotation and footprint analysis 

The raw data measured by the Eddy-Covariance system were processed with the TK3 

software developed at the Department of Micrometeorology, University of Bayreuth 

(Mauder and Foken, 2011). The processing steps and corrections presented in Chapter 6.2.2 

are part of the software and the user can decide which one to turn off and on. From the raw 

data collected at 10 Hz, time averaged fluxes were generated. The selection of an 

appropriate averaging interval has a great importance in the flux calculation because low-

frequency turbulent structures can be lost in case of short averaging interval, while the 

assumption of steady-state condition might not be fulfilled with too long interval. Taking 

these into account, the generally accepted 30-minutes of averaging time was chosen in the 
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investigations. After data quality assessment, quality classes of 7

further calculations. 

Both measurement stations have been located at the boundary of characteristic zones 

of different aerodynamic roughness length. There

aerodynamically relatively smooth water surface and the much rougher reed plants reaching 

about 3 m above the free water surface. Consequently, the criterion of horizontal 

homogeneous surface could not be fulfilled.

the so called Sectorwise Planar Fit Rotation after Wilczak et al. (2001) was applied. Four 

different sectors (open water, reed and two transitions) were defined according to 

and the Planar Fit Rotation was performed individually for each sector resulting in zero mean 

vertical wind speed for the whole data set. The mean and standard deviation of 

wind speed in the whole period have been

became 0.023 ± 0.029 m/s after that. The turbulent fluxes were also slightly modified due to 

the rotation; the momentum, sensible and latent heat flux of

with 1.4, 4.6 and 1.4%, respectively.  

 

Figure 37. Footprint climatology of Station R (it is in the middle of the plot), t
zones are coloured with green and blue, respectively 

and the two transitions) for the Sectorwise Planar Fit Rotation

Due to the station locations, the recorded turbulent energy flux originates periodically 

from the open water and perio

Therefore, the measured values represent the combination of the turbulent fluxes of the 

two characteristic zones. An example is presented in 
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investigations. After data quality assessment, quality classes of 7-9 were excluded from 

Both measurement stations have been located at the boundary of characteristic zones 

of different aerodynamic roughness length. There is a sharp transition between the open, 

aerodynamically relatively smooth water surface and the much rougher reed plants reaching 

about 3 m above the free water surface. Consequently, the criterion of horizontal 

homogeneous surface could not be fulfilled. To correct this, a special coordinate rotation, 

the so called Sectorwise Planar Fit Rotation after Wilczak et al. (2001) was applied. Four 

different sectors (open water, reed and two transitions) were defined according to 

and the Planar Fit Rotation was performed individually for each sector resulting in zero mean 

vertical wind speed for the whole data set. The mean and standard deviation of 

wind speed in the whole period have been 0.0046 ± 0.037 m/s before the rotation

after that. The turbulent fluxes were also slightly modified due to 

the rotation; the momentum, sensible and latent heat flux of the whole period increased 

with 1.4, 4.6 and 1.4%, respectively.   

 
print climatology of Station R (it is in the middle of the plot), the reed and open water 

zones are coloured with green and blue, respectively and the defined four sectors (open water, reed 
for the Sectorwise Planar Fit Rotation are denoted

Due to the station locations, the recorded turbulent energy flux originates periodically 

from the open water and periodically from the reed zone depending on the wind direction. 

Therefore, the measured values represent the combination of the turbulent fluxes of the 

two characteristic zones. An example is presented in Fiure 38. In the first half of the day, the 
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9 were excluded from 

Both measurement stations have been located at the boundary of characteristic zones 

is a sharp transition between the open, 

aerodynamically relatively smooth water surface and the much rougher reed plants reaching 

about 3 m above the free water surface. Consequently, the criterion of horizontal 

To correct this, a special coordinate rotation, 

the so called Sectorwise Planar Fit Rotation after Wilczak et al. (2001) was applied. Four 

different sectors (open water, reed and two transitions) were defined according to Figure 37 

and the Planar Fit Rotation was performed individually for each sector resulting in zero mean 

vertical wind speed for the whole data set. The mean and standard deviation of the vertical 

m/s before the rotation, while it 

after that. The turbulent fluxes were also slightly modified due to 

the whole period increased 

he reed and open water 
and the defined four sectors (open water, reed 

are denoted with red lines 

Due to the station locations, the recorded turbulent energy flux originates periodically 

depending on the wind direction. 

Therefore, the measured values represent the combination of the turbulent fluxes of the 

. In the first half of the day, the 
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wind comes from the reed zone, accompanied by the rising course of the sensible and latent 

heat flux and friction velocity. However, with changing wind direction at about 11:30 CET, 

the recorded data represents no longer the reed zone, but rather the open water indicated 

by the rapid decrease of the fluxes.  

 

 
a) 

 
b) 

Fiure 38. The effect of changing wind direction and altering contribution of the reed (FP) and open 
water zones (a) on the daily course of friction velocity (ustar), sensible (���) and latent (���) heat 

flux (b) on 08. 05. 2012 CET 

To separate the flux recorded at the given station into flux coming from the reed and 

the flux coming from open water, the contribution of the two zones to the measured flux 

was investigated by means of footprint analysis according to Göckede et al. (2004) and 

Göckede et al. (2008). There are two main types of footprint models; the analytical ones 

based on the diffusion equation and the Lagrangian ones. The model applied in this work 

belongs to the latter group. It is a 3-dimensional stochastic trajectory model for 

inhomogeneous Gaussian turbulence, introduced by Thomson (1987). The model operates 

forward in time and needs homogeneous surface to simulate the turbulent path of 5 · 10� 

particles between their origin and the observation point.  

The calculated footprint area depends on the measurement height, roughness height, 

thermal stratification and wind speed. With increasing measurement height, the upwind 
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distance of the peak contribution of the flux also increases. On the other hand, the higher 

roughness height of the underlying surface results in smaller upwind distance of the peak 

contribution (Burba and Anderson, 2010). Considering the different atmospheric stabilities, 

the footprint area is the highest in stable and lowest in unstable thermal stratification. 

Finally, increasing wind speed also increases the footprint area. 

The footprint climatology of Station R is presented in Figure 37 with black lines bounding 

the areas from where the flux originates with given percentages. The wind direction 

dependent contribution of the two land surface types (not shown) indicates that at Station 

R, open water contribution can only be found in wind sector between 10° and 160°, while 

from all other wind direction, flux arrives exclusively from the reed zone. On the contrary, at 

the open water stations, the exclusive open water contribution of the 0° - 70° wind sector 

was shared in the other wind directions with some reed contribution.  

Consequently, the separation of the measured flux into flux representing only the open 

water and only the reed zone is needed. In the course of this, the time series become 

periodically incomplete, therefore flux modelling becomes necessary. As modelling tool, the 

flux-gradient method was chosen.  

 

A.3.5 Energy flux modelling with flux-gradient method 

The integral form of the gradient functions given by Eq. 10 provides the vertical profile 

of the corresponding mean quantities (�, O or �). The system of equations consisting of 

these profile equations, the similarity functions (presented in Chapter 6.2.3) and the 

definition of Obukhov length (Eq. 12) can be solved iteratively if the mean quantities are 

known at two heights above the surface (Holtslag and Van Ulden 1983; Fairall et al 2003).  

Finally, based on the dynamic quantities (��, O�, ��), the momentum and scalar fluxes can be 

calculated.  

From the Eddy-Covariance measurements, the �, V and W parameters of the similarity 

functions were directly derived (Table 15). Further parameters of the calibration were the 

displacement height (��) and the aerodynamic roughness height (��). These parameters 

were set to 3.0 m and 0.18 m above the reed zone based on our previous investigations 

(Chapter 4.2.1 and Kiss and Józsa, 2015a), while roughness height above the open water was 

calculated by the Charnock parameter introduced in Chapter 4.2.2. The sensitivity analysis 

conducted for the calibration parameters (Table 16) provided the negligible effect of the �, V and W parameters of the universal functions, the small effect of the aerodynamic 



Appendix 

110 
 

roughness height and the significant one of the displacement height on the modelled heat 

fluxes.  

The latter is in agreement with findings of Thom et al. (1975), who firstly concluded that 

the flux-profile relationships are fulfilled only at heights sufficiently above the roughness 

elements. Within the roughness sublayer, the measured eddy-diffusivities are significantly 

higher and the gradients of meteorological variables lower than the ones calculated from the 

flux-gradient theory. This statement is primarily valid for tall canopies with extended 

roughness sublayer but it can also hold for shorter canopies (such as reed) near the top of 

the vegetation.  Raupach (1979) indicated that this discrepancy is not in the same magnitude 

for momentum, heat and humidity exchange since the eddy diffusivities were only enhanced 

for heat exchange. Two ways can be found in literature to handle this effect. Among others 

Garratt (1992), Cellier and Brunet (1992) and Mölder et al. (1999) applied multiplicative 

correction functions to produce R�8S, � ��⁄ > similarity functions depending on dimensionless 

length scale and on non-dimensional height, from the theoretical R�8S> ones which only 

depends on the dimensionless length scale. Here, �� is the height of the roughness sublayer. 

The indexes of the correction functions were found to be different for momentum and heat 

exchange in order to best fit of the measured data. As another solution, Hicks et al. (1979) 

introduced the use of different displacement heights for momentum, heat and humidity 

calculated individually from the measured data. 

In this work, this second approach was preferred, and the displacement height was 

separately calibrated for momentum, temperature and moisture. It was found to be 0.8 ��, 0.3 ��  and 0.6 ��, respectively, where ��  denotes the canopy height. The difference 

between the displacement height for momentum calibrated here (0.8 ��) and the one 

determined in Chapter 4.2.1 (0.88 ��) can be explained by the diverse time periods 

considered in the calculations. The latter was based on a two-week long measurement in 

November 2011 when the average canopy height was 3.4 m while the present investigation 

encompasses six months from May 2013 with the reed reaching on average only 2.9 m.   

Table 15. Parameters of the similarity functions derived from EC measurements 

  Momentum Temperature Moisture 

R
e

e
d

 

Stable  
� � 4.0 

� � 1.0 

� � 7.8 

� � 0.74 

� � 7.8 

� � 1.0 

Unstable 
 � 8.0 
 � 8.0 
 � 8.0 

O
p

e
n

 

w
a

te
r 

Stable  
� � 1.0 

� � 1.0 

� � 4.7 

� � 0.74 

� � 4.7 

� � 0.74 

Unstable 
 � 8.0 
 � 8.0 
 � 8.0 
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Table 16. Sensitivity analysis of the sensible and latent heat flux on the aerodynamic roughness 
height (��), displacement height (���, ��� and �� ) and parameters of the similarity functions (! 
and ") in the period of 23. 05. 2013 – 27. 05. 2013. Notation: ��� – sensible heat flux, ��� – latent 

heat flux, NS – Nash-Sutcliffe model efficiency coefficient, RMSE – Root-Mean Square Error 

  

z0 [m] 0.2 0.18 0.15 0.2 0.2 �m [-] -4 -6 -4 -4 

d0q [m] 0.6 h� �. � �� 0.6 ��  �h [-] 7.8 7.8 11.7 7.8 7.8 

d0θ [m] 0.3 ��  �. � �� 0.3 ��  �� [-] 7.8 7.8 7.8 11.7 7.8 

d0m [m] 0.8 ��  0.8 ��  �. ���� 
 [-] 8 8 8 8 12 

HTS 

NS [-] 0.94 0.94 0.93 0.61 0.94 NS [-] 0.94 0.95 0.94 0.94 0.94 

RMSE 

[W/m
2
] 

22.64 23.61 24.86 60.17 23.63 
RMSE 

[W/m
2
] 

22.64 22.46 22.70 22.64 22.73 

LvE 

NS [-] 0.87 0.86 0.83 0.51 0.87 NS [-] 0.87 0.87 0.87 0.87 0.87 

RMSE 

[W/m
2
] 

19.26 20.13 22.47 37.88 19.74 
RMSE 

[W/m
2
] 

19.26 19.11 19.26 19.27 19.20 

 

The model parameters and the model itself was validated in periods with nearly 

homogeneous footprint, namely with at least 95% contribution of one of the two 

characteristic zones. Figure 39 presents an example for the model performance in such a 

period.  

Following the successful validation, the turbulent energy fluxes were modelled from the 

wind, temperature and humidity measurements at two heights of each station 

simultaneously in the reed and open water zones. To test the accuracy of the method, the 

recorded fluxes were compared to the weighted average of the modelled ones. In every time 

step, the relative contribution of the reed and open water zones to the measured fluxes 

were established and weighted fluxes were calculated from these:  

  @*������	�

� @*����
 · Ex�1 100⁄  @*���� · 8100 � Ex�1> 100,⁄  (41) 

where @*����
  and @*����  are sensible heat flux measured in Station R and Station O, 

respectively, while Ex�1 is the contribution of the reed zone to the measured fluxes.  

Analogously, the weighted latent heat flux and momentum flux can be determined.   
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Figure 39. Momentum and scalar fluxes of the reed zone recorded by EC technique and modelled by 
flux-gradient method in a representative period 

 

A.3.6 Gap filling 

In the modelled time series, periods with data gaps can turn up for the following 

reasons: temporal errors of the sensors or data loggers, bad quality data excluded from 

further calculations and removed data by spike detection. Since continuous time series are 

crucial in order to calculate monthly mean evaporation, a gap filling procedure was 

developed based on Falge et al. (2001) and Pintér (2009). First, look-up tables were 

generated by averaging data of similar meteorological features. As the base of the tables, 

relative humidity, solar radiation and the time of recording was chosen since the strongest 

relationship between these and the fluxes was found. After that, the gaps of the momentum 

flux, sensible and latent heat flux was filled by a multi-step procedure handling distinctly the 

diverse sources of gaps.   


