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SUMMARY 
 
           Density stratification is crucial for the hydrodynamics as well as for the 

ecosystems functioning in almost all lakes. Most important for stratification is the 

temperature dependence of the water density. Stratification might change due to the 

meteorological effects, inflow and outflow producing the so-called ecological response 

of the reservoir. In recent years many physical limnology studies have been carried out 

in many reservoirs in the world; most of them are specifically related to water quality 

issues.  

 

This PhD thesis therefore, aims to highlight an assessment of the main physical 

mechanisms of two medium-sized reservoirs situated in Catalonia. The focus is on the 

Sau and Boadella reservoirs located in Catalonia, in northeast Spain, but some of the 

results obtained here can be extended to other medium-sized reservoirs situated in the 

same region and climate. The Sau and Boadella reservoirs are both quite eutrophic in 

nature and supply drinking water to the area of Barcelona and Girona (Figueres). 

Therefore, having a better understanding of the main physical processes and the 

ecological response of the reservoir to such processes might be of significant help to the 

water management authority. 

 

We intend to use a 1D hydrodynamic model linked with water quality (DYRESM-

CAEDYM) if the conditions of application of such model which will be checked in 

chapter three are met. In order to characterize the dynamical regimes for the Sau and 

Boadella reservoirs, it is important to estimate the Wedderburn number, the Lake 

number, the Burger number and the inflow/outflow Froude numbers. the 

Wedderburn number is an indicator of the upwelling of metalimnetic water, the 

Lake number is an indicator of upwelling of hypolimnetic water, the Burger number 

characterizes the influence of the earth’s rotation on the water movement in 

reservoirs and the inflow/outflow Froude numbers are related to the river when it 

enters the reservoirs and water that flows out of the reservoirs. 
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 Sau is a canyon type reservoir, with only one tributary, the Ter River, while the 

Boadella has two tributaries, the Arnera and the Muga rivers. It should be mentioned 

that the Boadella Reservoir is used for comparison purposes. For both reservoirs, there 

were two years (2000-2001) available input data for the DYRESM-CAEDYM model. 

Simulated parameters are temperature, dissolved oxygen, dissolved inorganic 

phosphorus and chlorophyll. However, significant unknown river data are daily 

dissolved oxygen, nutrients and chlorophyll. We therefore suggest a hypothesis based 

on the available reservoir water quality profiles. For every month’s water quality profile 

we take the mean concentrations of each of them and use the most repeated one as the 

daily river concentration input over the simulation period. 

 
             The DYRESM-CAEDYM model needs to be calibrated to get simulated values 

well adjusted to observed ones. The calibration process is the most difficult task due to 

time consuming and the large number of hydrodynamic and water quality parameters to 

be calibrated. For both reservoirs, the calibration process was done by trial-and-error 

adjustment of the most sensitive parameters in different calibration periods. The 

calibration process has to be done in this order: temperature, dissolved oxygen, 

phosphorus and chlorophyll. The last one, however, is the most difficult to calibrate 

because it depends on the previous calibrated parameters. Therefore, errors in the 

calibration process have to be accepted.    

 
            During the spring-summer season of 2000 and 2001 the Sau Reservoir stratifies 

and a thick metalimnion is formed. DYRESM-CAEDYM simulates temperature 

stratification very well. For dissolved oxygen the model gives a good simulation, 

indicating an anoxic zone at the bottom during the stratification period. Also, simulated 

soluble inorganic phosphorus has the same trend as in the field. Nevertheless, the 

measured inorganic phosphorus is much higher, and the reason might be the loading 

discharge of the phosphorus source at the bottom of reservoir, or it could be the river 

inflow. Even with calibration, chlorophyll simulation is the most difficult task to 

achieve. The simulated chlorophyll is far from the measured value in the mixed surface 

layer. This can be due to the fact that some phytoplankton species were not taken into 

consideration or to the limitation of a one dimensional model. 
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Meanwhile, for Boadella Reservoir the modelling exercise, for the same 

simulation length 2000-2001, shows that for the temperature stratification period (from 

spring-summer) and overturn period (through the autumn and winter), the simulated 

dissolved oxygen is quite similar to that predicted in the Sau Reservoir. Unfortunately, 

in the Boadella Reservoir there was a lack of observed data of phosphorus to comparing 

it with the simulated one. But simulated chlorophyll is better than in the Sau Reservoir. 

 

In general, DYRESM-CAEDYM is a good water quality management tool since it can 

make accurate predictions of temperature, dissolved oxygen, and, with less confidence, 

phosphorus and chlorophyll.  
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CHAPTER 1 
                                     
                                      Introduction 
1. 1 GENERAL FRAME 
 
 
         The eutrophication of lakes and reservoirs attributable to increase of nutrients 

loading particularly of nitrogen and phosphorus that can be increased algal bloom 

formation, which is a major water quality issue worldwide. Eutrophication is the 

naturally occurring process by which water bodies become more productive, changing 

from oligotrophic (low nutrient supply) to eutrophic (rich in nutrients) (Bayly & 

William 1973). This nutrient enrichment is coupled with an increase in phytoplankton 

growth. The most important factors controlling the growth are availability of nutrients, 

light and mixing conditions. Excessive abundance of phytoplankton generally has 

detrimental effects on the domestic, industrial and recreational uses of water bodies. 

During periods of algal blooms oxygen depletion occurs in the lower water column, 

often resulting in fish kills. Furthermore, as the algae grow and decompose, aesthetic 

and odour problems arise, due to the accumulation of scum on the water surface and 

shores (Soranno 1997). Potentially, toxic phytoplankton can be a serious health risk to 

humans and animals, and have been implicated with numerous poisoning incidents 

worldwide (Carmichael et al. 2001). 

 

Therefore, in recent years, the study of the motion and mixing of water in lakes and 

reservoirs has been developed. Water hydrodynamics in these reservoirs are generated 

in response to surface wind stress, rotational effects, river inflow or outflow, and 

differential heating. The sophisticated machines with large processors made easier for 

us to run complex hydrodynamic models coupled with water quality models. The 

hydrodynamics in aquatic systems is connected with vertical stratification, that could be 

enhanced or weakened by chemical constituents, and depends on the interplay between 

the dominant disturbance forces, which are mechanisms energizing the water motion, 

and the restoring forces such as potential energy, sometimes the earth’s rotation, and 

reservoir bathymetry. 
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It is very important to understand the hydrodynamic of a reservoir because mixing and 

transport processes are of greatest importance to water chemistry and biology in 

reservoirs which reveals the ecological response of the reservoir to meteorological 

forcing, inflows and outflows (Imberger 1998) and (Imberger 1994, Imberger 1990, 

Fischer et al. 1979).  

  

For this reason, evaluating aquatic management strategies for lakes and reservoirs is 

necessary. Several hydrodynamical and water quality models have been developed to 

study the seasonal dynamics amid these model, a simple empirical models that have 

been developed since the mid-1960's to predict eutrophication on the basis of the 

phosphorous (P) loading concept (Vollenweider, 1968) (see reviews by Mueller, 1982, 

and Ahlgren et al., 1988).  

 

Afterward, several models have been developed following this approach. Examples 

include AQUASYM (Reichert, 1994), GIRL (Kmet and Straskraba, 1989) and MONOD 

(Karagounis et al., 1993). Finally, an approach that has been developed for 1D 

hydrodynamic model to include water quality parameters such as DLM-WQ , CE-

QUAL-R1 (USCE, 1995), MINILAKE (Riley and Stefan, 1988), DYRESMWQ 

(Hamilton and Schladow, 1997), and (CE-QUALR1, MINILAKE, DYRESM-WQ, and 

1-D, 3-D Dynamic Reservoir Simulation Model DYRESM, ELCOM coupled with 

ecological model CAEDYM these last two models were developed in the water center 

of the western university of Australia.  Our focus is on the one dimensional 

hydrodynamic model DYRESM coupled with ecological model CAEDYM which is 

worldwide used model especially for lakes and reservoirs. Therefore, DYRESM model 

has been applied for Sau reservoir by   (Vidal et Om. 1993), (Armengol. et al. 1994 and 

2003) and (Han et al 2000) who have studied the effect of river on the longitudinal 

process and thermal structure in Sau reservoir. (Casamitjana. et al. 2003) used another 

hydrodynamic model (DLM) to study the effect of withdrawal in Boadella reservoir. 

(Andrew. et al. 2007) have used calibrated DYRESM to simulate boreal lake. (Louise. 

et al. 2006) have used DYRESM-CAEDYM to simulate seasonal dynamics of nutrient 

in Lake Kinneret.  Also (Romero. et al. 2004) have applied DYRESM-CAEDYM and 

ELCOM-CAEDYM to simulate underflow through Lake Barrgorang.  (Schladow et al. 

1997) have employed DYRESM-CAEDYM to predict water quality in lakes and 

Reservoirs in part I and II. (Hmilton. et al. 1995) have applied (DYRESM-CAEDYM) 
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model to control the indirect effect on water quality in an Australian Reservoir.  

(Antenucci.  et al. 2003) have examined DYRESM-CAEDYM to study the effect of 

artificial destratification in management strategies for a eutrophic water supply reservoir 

San Roque, Argentina 

 

The present study focuses on the criteria of using such one dimensional hydrodynamic 

model DYRESM linked to water quality model CAEDYM. if, this criteria was checked 

Then could be applied to Sau and Boadella reservoirs. The major goal is to contribute to 

a better understanding of the main physical-ecological processes interaction and the 

water quality consequences affecting both of these reservoirs.  Therefore, DYRESM-

CAEDYM model was used to simulate water temperature, dissolved oxygen, 

phosphorus and chlorophyll. 

 
1.2 STUDY SITE 

   1.2.1 Sau Reservoir 
The Sau Reservoir was selected as the main study site and the focus of this PhD 

for three reasons: first, it is a good representative example of Spanish and 

Mediterranean reservoirs; second, it has been widely studied since it was first filled in 

1964; and last, it is one of the chain of reservoirs reservoir supplying water to the capital 

of Catalonia. In Chapter 5 I will also study the Boadella Reservoir, which is smaler than 

the Sau Reservoir. 

 

Sau is an eutrophic reservoir with incoming nutrients from the River Ter, polluted due 

to human activity in the watershed (Vidal and Om 1993, Armengol et al. 1994). Its 

eutrophication process and evolution since it was first filled have been described by 

Vidal (1977).   

 

River valley reservoirs, such as the Sau Reservoir, are often large and narrow, 

and only receive water from a single river inflow. These reservoirs have important 

longitudinal changes controlled by the river intrusions across them (Hejzlar & 

Straškraba, 1989). Thus these reservoirs could be considered as hybrid systems between 

inflowing rivers and lakes (Margalef, 1983), with a progressive transformation from a 

river to a lake system, not only in terms of environmental variables, but also in their 

morphology and hydrodynamic characteristics. In general, a reservoir can be divided 
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along the longitudinal axis into three zones (Kimmel et al., 1990): the riverine zone, 

where it characterised by relatively high flow velocity; the transition zone, with 

moderate flow velocity; and the lacustrine zone, where the water is stagnant and the 

flow velocity is negligible. The riverine zone is characterized by a higher flow and 

consequently high Froude numbers, which is the report of inertia and gravity, short 

residence time and high values of nutrients and suspended solids. The transition zone, 

where the river meets the reservoir, is characterized by moderate velocity, moderate 

Froude and dissymmetric Froude numbers, high phytoplankton productivity and 

relatively large sedimentation. Finally, the lacustrine zone, consisting of the area near 

the dam, is characterised by low Froude numbers and considerable dissymmetric Froude 

numbers corresponding to long residence time, lower available nutrients and lower 

suspended matter. In response to inflow characteristics, the canyon-type morphology of 

the Sau Reservoir (Fig. 1.1) results in a marked longitudinal heterogeneity in the 

community populations (Armengol et al. 1999, Comerma 2003) and also affects the 

hydrodynamics. The main body of the reservoir, where the dam is located, corresponds 

roughly to the lacustrine zone; this zone behaves like a lake because the wind is the 

main forcing mechanism influencing the hydrodynamics. However the riverine and 

transition zones are narrow and meandering and sheltered from the wind forcing. The 

hydrodynamics in these zones is mainly affected by the river inflow. Of course, no strict 

boundaries between the zones exist and the hydrodynamics generated in one zone can 

affect the rest of the reservoir. Nevertheless, separating the reservoir into these zones 

will be useful in studying the main processes taking place in each one. 



Introduction 

9 
 

 

 
Figure 1.1 Bathymetric map of the Sau Reservoir  
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1.2.2 Boadella Reservoir 
 

         The Boadella Reservoir is located in the north-east of Spain in the eastern pre-

pyrenees was built in response to urban growth, tourist development, intensive 

agriculture and the demand for drinking water is relatively small compared to Sau 

Reservoir. However, this last was selected in this thesis serving as a comparative one to 

Sau reservoir in terms of water quality. Boadella Reservoir is used for supplying water 

and energy power to Figueres and other small towns downstream as well was for 

irrigation purposes. The eutrophication of Boadella Reservoir is due the main tributary 

inflow in the reservoir which is polluted River Muga and the secondary inflow occurs 

through the Arena River (Casamitjana et al. 2003). 

 

The difference between Boadella Reservoir (Fig. 1.2) and Sau Reservoir (Fig. 1.1) is 

that riverine zone of Boadella is characterised by two rivers Muga and Arena and its 

intersection, thus flow conditions might be differ from Sau Reservoir. Consequently, 

hydrodynamics in Boadella reservoir may also differ from Sau Reservoir because it is 

mainly affected by two river inflow. 
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Figure 1.2 Boadella Reservoir bathymetry 
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1.3 SEASONAL THERMAL STRUCTURE 
  
In general, temperate lakes and reservoirs such as those in the Mediterranean 

region develop thermal stratification and their water columns can be divided into three 

main layers: the epilimnion, the metalimnion and the hypolimnion. The hydrodynamics 

are directly constrained by this stratification, which tends to vertically stabilize the 

system and therefore reduce vertical motion and mixing processes to the extent that the 

input energy can overcome the internal dissipation and potential energy associated with 

the stratification. The main process affecting the seasonal evolution of the thermal 

structure is the differential heating of the water reservoir. Thus, solar radiation and 

longwave radiation tend to heat the water, while evaporation, sensible heat transfer and 

radiation from the water surface mostly cool the water. The net balance of heat sources 

depends not only on the season, but also on the changing meteorological conditions so 

that the balance can even change from hour to hour. Other dominant disturbances, such 

as wind, inflows and outflows, also affect the stratification. The wind and convection 

are the main mechanisms for mixing at the water surface, with the thickness of the 

epilimnion being a factor of such mechanisms (Imberger 1985, Imberger and Parker, 

1985). The presence of river inflows and outflows is responsible for the main 

differences in the hydrodynamics and stratification of lakes and reservoirs, although 

some lakes are also influenced by inflows. The degree of the stratification can be 

affected by the inflow temperature (Straškraba 1993, Armengol et al. 1994). 

 

The resultant stratification is the product of the surface heating/cooling and all 

the mixing processes occurring in the reservoir/lake. The main mechanisms of mixing 

are due to the effect of internal waves, inflows, outflows, wind-momentum, shear, 

diffusion, etc (see Fischer et al. 1979, Imberger and Patterson 1990 or Wüest and Lorke 

2003). These processes are summarized in Fig. (1.3). 
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Figure 1.3 Schematic representation of mixing processes in a lake. Taken from Imboden  
                                                              and Wüest (1995). 

 
Sau, like many other Spanish reservoirs, can be defined as a warm monomictic 

reservoir with a sharp metalimnion during the summer stratification (Armengol 1994). 

A description of the seasonal evolution of the thermal structure in the Sau Reservoir can 

be found in Han et al. (1999) where it was also simulated by the one dimensional model, 

DYRESM.    

1.4 INFLOWS AND OUTFLOWS 

1.4.1 Inflows 

The action of the inflow and outflow is to cause vertical displacement of the 

horizontal water slabs. Since, incoming nutrients or contaminants come from rivers.  

Thus, river inflow entering a lake, reservoir, or coastal region often has a different 

density than that of the receiving ambient water. The main differences in the density are 

due to temperature as well as the concentration of dissolved and suspended solids. 

When the inflowing water has a different density than the ambient water, the water 

flows into the receiving ambient water until a balance is reached between the 

momentum of the inflowing water and the baroclinic pressure that results from the 

density difference. When the inflowing water is less dense than the ambient water, it 

separates from the bottom up and goes over the surface of the ambient water, generating 

an overflow. In the case of inflows with a higher density than the ambient water, the 

inflow plunges under the surface to form a gravity-driven density current, along the 

bottom, downward up to the level of neutral buoyancy where it inserts (interflow) or to 

the bottom of the basin (underflow) (See Fig. 1.4). The region previous to the overflow 

or underflow plunge is momentum-dominated while in the region after the plunge 
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occurs the density current becomes buoyancy-dominated. On the way towards the dam, 

mixing occurs and water of the ambient body entrains into the inflow, a process defined 

as entrainment; at the same time, water from the inflow entrains into the ambient water, 

a process defined as detrainment. Entrainment implies a flow of ambient water into the 

turbulent layer generated in the boundary of the inflow and the ambient layer, as in a 

free shear region. Ellison and Turner (1959) suggested that the velocity of the inflow 

into the turbulent region must be proportional to the velocity of the layer, with the 

constant of proportionality being the so called entrainment constant.  

 

 
 

Figure 1.4 Inflow dynamics  

 

1.4.2 Outflows 

Outflows constitute the main difference between a lake and a reservoir. 

Commonly, reservoirs are provided with outlets at different levels so that the reservoir 

can be used to control the temperature of the outflowing water and/or other water 

quality parameters. Such control allows the operators to select the type of water for 

specific necessities, for example, cold water for fish or warm water for irrigation.  

 

The effect of selective withdrawal also directly affects the stratification by 

sharpening the thermocline where the outlet is located (Casamitjana et al. 2003, Martin 

and Arneson, 1978). When the fluid is stratified, the outflow is influenced by the 

buoyancy force. When the outlet structure is open, it generates pressure that 

instantaneously sets up a radial flow pattern towards the outlet. However, such radial 

convergence near the sink quickly distorts the isopycnals. Buoyancy forces initiate a set 

of internal waves that propagate upstream (Kataoka et al. 2001) and adjust the 

isopycnals back to a horizontal neutral position and the initial radial flow collapses into 

a jet-like structure (Fig. 1.5).  



Introduction 

15 
 

 

 

 

 

 

 

 

Figure 1.5 Evolution of the outflow from the opening of the outlet to the generation of  
                                  the jet flow. Blue lines represent isopycnals. 

 
Selective withdrawal also depends on the outlet characteristics (line or point 

sink) and stratification type (linear, two-layered, etc). A review of such processes can be 

found in Imberger and Paterson (1990). However, we will focus on the effect of the 

withdrawal on the stratification. The Sau Reservoir usually presents a thick thermocline, 

so the outlet structure affects such a stratification by sharpening the gradient at the level 

at which the outlet is placed (Fig. 1.6).  

 

 

 

 
 
 
 
 

 
 
Figure. 1.6 Stratification process due to the water withdrawal from a selective outlet. The blue 

line indicates the temperature profile evolution and the shadowed area indicates the sink line.      
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1.5 LAKE REGIME CLASSIFICATION  

 

The thermal regimes of the lake are classified as a function of altitude, latitude 

and bathymetry such as mean depth and surface area. However in recent years the 

classification schemes have been developed with a help of non-dimensional parameters 

such as Froude, Wedderburn, and lake number. Froude number estimated as inertia and 

gravity ratio. Wedderburn number defined as baroclinic restoring force and disturbance 

wind force ratio. Lake number which is given as the ratio of gravity and wind force. In 

terms of water quality, the lake number provides an excellent variable against which 

dissolved oxygen and metals may be correlated (Robertson and Imberger 1994) and the 

inflow Froude number can be related to algal growth species. The weakness of such 

non-dimensional parameters is that they are based on a steady state scenario, which of 

course is rarely the case; the wind, the inflow and outflow are all functions of time and 

the resulting dynamical regimes are strongly dependent on this time variability. 

However, these numbers do serve to put into context the relative strengths of competing 

influences. Such a comparison leads to an understanding of whether a particular lake is 

strongly or weakly influenced by particular external meteorological conditions. For 

more details of non-dimensional numbers, see Chapter 3.  
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1.6 OBJECTIVES   

 

The aim of this PhD thesis is to model the hydrodynamic processes and water 

quality behaviours of the Sau and Boadella reservoirs.  

This thesis focuses on how hydrodynamics affects nutrients and phytoplankton 

community dynamics. The resultant thermal stratification in a reservoir can be related to 

physical processes, and, therefore, the importance of such processes is obvious. The aim 

of this PhD thesis is to give better understanding the response of two reservoirs with 

special emphasis on those that affect into the water quality. Essentially, this thesis 

focuses on examining the ecological response of the Sau and Boadella reservoirs by 

using a 1D hydrodynamic model (DYRESM) combined with a water quality model 

(CAEDYM). The chapters are arranged in a logical order, starting with an introduction, 

data analysis and field experiments, checking criteria for using the 1D hydrodynamic 

model for the two reservoirs, applying the DYRESM-CAEDYM to the Sau Reservoir, 

and finally trying to use the same models to another reservoir which is  Boadella 

Reservoir. 

  

 Chapter 1 in this chapter we introduce one important reservoir which is Sau 

Reservoir and another small Reservoir which is Boadella Reservoir. A short 

description of DYRESM and CAEDYM models and equations that has been used 

in both of them. The purpose of the models is to provide a quantitative description 

of the interactions that occur between physical and ecological processes, and the 

water quality consequences of these interactions. 

 

 Chapter 2 describes the available data that has been used as input to the 

hydrodynamic and water quality models for both reservoirs. These data are 

meteorological data, daily inflow/outflow data, bathymetry data, temperature 

profiles and water quality profiles such as dissolved oxygen, nutrients, and 

chlorophyll. The entire data field has been analysed to see how the lack of such 

data might complicate the calibration process.   
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 Chapter 3 evaluates the possibilities and limitations of using a one dimensional 

hydrodynamic model to the Sau and Boadella reservoirs, investigating numbers 

such as the Lake number, the Wedderburn number, the Burger number, and the 

inflow and outflow Froude numbers. The objective of this chapter is to evaluate 

these numbers and identify their magnitude compared to critical values, thereby 

establishing the difference between these numbers for the two investigated 

reservoirs and observing the influences on the diagnostic regime of each one. 

 

 Chapter 4 describes the application of Dynamic Reservoir Model (DYRESM) 

linked with Computational Aquatic Environmental Dynamic Model (CAEDYM) 

to the Sau reservoir. The simulation length is a two year period (2000-2001). The 

simulations parameters are temperature, dissolved oxygen, inorganic phosphorous, 

and chlorophyll. The specific objective is to see how the Sau Reservoir behaves in 

response to the one dimensional hydrodynamic model linked with the water 

quality model, comparing the simulated parameters with field values. Also, the 

DYRESM and CAEDYM models have been calibrated to diminish the gap 

between simulated and field values.  

 

 Chapter 5 is an attempt to apply and validate the same DYRESM-CAEDYM 

model to the Boadella Reservoir, located in the same region. The main objective 

here was to compare the simulation results for the Boadella Reservoir with those 

of the Sau Reservoir. However, there was a big gap in the data sets for the 

Boadella Reservoir, especially for the soluble reactive phosphorus. Therefore, the 

phosphorus case will be dropped and the simulation comparison restricted to 

temperature, dissolved oxygen, and chlorophyll.  

 
All in all, this PhD thesis aims to provide the reader with a global vision of the 

dynamic regime of a reservoir by applying 1D dimensional hydrodynamic models 
(DYRESM) linked with a water quality model (CAEDYM) to two Mediterranean 
reservoirs such as Sau and Boadella. 
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   1.7 METHODS 
         1.7.1 DYRESM description  
 A brief description of the models that will be used throughout this thesis: the DYRESM 

1D model, the CAEDYM water quality model. However, for further details, the reader 

is referred to the corresponding science manuals (Antenucci and Imerito 2000), 

(Romero et al. 2004), and (Hodges and Dallimore 2006 and Hipsey et al. 2005) 

available at the CWR web page (www.cwr.uwa.edu.au/~ttfadmin/). Thus,        

DYRESM (Dynamic Reservoir Simulation Model) is a one-dimensional hydrodynamic 

model for lakes and reservoirs. The DYRESM was developed in Australia by the CWR 

(Center for Water Research) of the UWA (University of Western Australia). The model 

is used to predict the variation of water temperature and salinity with depth in space and 

time. The DYRESM model is based on an assumption of one dimensionality; that is, the 

variations in the vertical direction play a more important role than those in the 

horizontal direction. The reservoir is therefore represented by a series of horizontal 

water layers. The lateral or longitudinal variation in the layers is neglected. The mixed-

layer approach for the DYRESM model is based on the mixing energy budgets 

developed by Imberger and Patterson (1981), Spigel et al. (1986), and Imberger and 

Patterson (1990). In DYRESM three mechanisms are available for surface layer mixing: 

stirring (energy from wind stress), convective overturn (decrease in potential energy), 

and shear (transfer of kinetic energy from the upper to the lower layer). Additionally, 

DYRESM can be linked to the CAEDYM water quality model. The coupled DYRESM-

CAEDYM model is used in reservoirs to predict temperature, salinity, and water quality 

indicators such as dissolved oxygen, nutrients, and chlorophyll. For more details see the 

DYRESM Science Manual. The data preparation and simulation process for the 

DYRESM model (see Chapter 2) are meteorological, morphometry, Inflow/ Outflow, 

initial profile, parameters data file, and configuration data file. The major governing 

equations and symbols used for one dimensional hydrodynamic model are grouped in 

Table 1.1 and Table 1.2 and described below.  
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Table 1.1 Summary of the governing equations in DYRESM. 
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A                                       layer surface area 
CE, CH, Cw                        process-specific bulk aerodynamic transfer coefficients 
CD                                     stream drag coefficient 
Cp                                     specific heat capacity of water 
Dz                                     turbulent diffusivity coefficient 
E                                       evaporative heat flux 
En                                     inflow entrainment coefficient 
Fi                                       internal Froude number 
F                                       Froude number 
g                                        acceleration due to gravity 
Gr                                      Grashof number 
h                                        layer thickness 
h’                                      depth of layer immediately below surface layer 
h1                                      depth from the lake bottom to the centre of area of the 2N distribution 
H                                       sensible heat flux 
H1                                      total depth of water 
ko                                      wave number of the largest eddies 
KEA                                   available turbulent kinetic energy in the surface layer 
L                                        length of lake at inflow insertion height 
LWo                                   incoming longwave radiation 
N                                       buoyancy frequency of stream inflow 
N                                       Brunt-Väisälä frequency 
PER                                    required potential energy for mixing in the surface layer 
qA                                      specific humidity of air 
qs                                             specific humidity of water surface 
Q                                       volume flux of the insertion 
Q0                                     shortwave radiation flux at the top of a layer 
                                       water density 

0                                      reference density 

TA                                                       air temperature 
TS                                      surface water temperature 
                                       wind shear stress 
                                      withdrawal velocity 

1                                     shear velocity at the bottom of the surface layer 

                                     turbulent velocity scale for wind shear 

0                                     maximum withdrawal velocity 

U                                      wind speed 

w                                     turbulent velocity scale for penetrative convection 
 x                                      horizontal distance relative to the centre of the offtake 
 z                                      vertical distance relative to the centre of the offtake 
z0                                      height of the offtake 
 
Table 1.2 List of Hydrodynamic symbols 
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                                      constant related to the mixing efficiency of the turbulence 
                                      half angle of river cross-section 
                                      Kelvin-Helmholtz billow thickness scale 
                                   density jump across bottom of surface layer 
t                                    time step 

                                      dissipation 
                                      river bed slope 
                                      light extinction coefficient 
                                      withdrawal layer thickness 
                                      first moment distance of the N2 distribution below hl 
                                       kinematic viscosity 

STK CandCC ,,            process-specific parameters for mixing efficiency 

                                      Stefan-Boltzmann constant 
 

Table 1. 2 (continued)   List of Hydrodynamic symbols 
 

Surface thermodynamics and mass fluxes 

  

The surface exchanges include heating due to shortwave radiation penetration 

into the lake and the fluxes at the surface due to evaporation, sensible heat (i.e. 

convection of heat from the water surface to the atmosphere) and longwave radiation. 

Shortwave radiation (280nm to 2800nm) is usually measured directly. Longwave 

radiation (greater than 2800nm) emitted from clouds and atmospheric water vapour can 

be measured directly or calculated from cloud cover, air temperature and humidity.  

 

Solar (shortwave) radiation flux - The depth of penetration of shortwave 

radiation depends on the net shortwave radiation that penetrates the water surface and 

the extinction coefficient. The net solar radiation penetrating the water can be written 

as: 

 )1( )(
)(

sw
atotalswsw rQQ  ,       (1.1) 

 

where Qsw(total) is the shortwave radiation that reaches the surface of the water, Qsw is the 

net shortwave radiation penetrating the water surface, and 
)(sw

ar  is the shortwave albedo. 

Once the shortwave radiation has penetrated the water surface, it penetrates deeper 

following the Beer-Lambert law, such that 
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z

sw
aeQzQ )( ,        (1.2) 

 

where z is the depth below the water surface and a is the attenuation coefficient. Thus 

the shortwave energy per unit area entering layer k through its upper surface is 

 

 1 kkk QQQ         (1.3) 

 

Long wave energy flux - The longwave radiation is calculated by one of three 

methods, depending on the input data. Three input measures are allowed: (a) incident 

longwave radiation, (b) net longwave radiation, and (c) cloud cover. The net longwave 

radiation energy deposited onto the surface layer for a period t is calculated as: 

 

 (a) 4
)(

)( .)1( wwincidentlw
lw

alw TQrQ  ,                (1.4) 

 

by using incident longwave radiation; where 
)(lw

ar  is the albedo for longwave radiation, 

which is taken as a constant = 0.03 (Henderson-Sellers, 1986), 
w  is the emissivity of 

the water surface (=0.96),   is the Stefan-Boltzmann constant  

( = 5.6697x10 - 8Wm-2K-4), and Tw is the absolute temperature of the water surface 

(i.e. the temperature of the surface layer). 

 

 (b) 
)(

)( )1( netlw
lw

alw QrQ  ,                             (1.5) 

 

 by using net longwave radiation, and 

  

 (c) 442)( .)().17.01)(1( wwaaw
lw

alw TTTCrQ   ,             (1.6) 

 

where C is the cloud cover fraction (0  C  1), w   = 9.37x10-6K-2, and 

2.)(. awaw TCT   . 
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Sensible heat flux - The sensible heat loss from the surface of the lake for the 

period t may be written as (Fischer et al. (1979)) 

 

tTTUCCQ saaPassh  )( ,                                                                                  (1.7) 

where Cs is the sensible heat transfer coefficient for wind speed at a reference height of 

10 m above the water surface (= 1.3x10-3), a the density of air in kg m-3, CP the specific 

heat of air at constant pressure (= 1003 J kg-1 K-1), Ua is the wind speed in m s-1 at the 

‘standard’ reference height of 10 m, with temperatures either both in Celsius or both in 

Kelvin. 

 

Latent heat flux - The evaporative heat flux is given by Fischer et al. (1979) as  

 







  tTeeULC

P
Q ssaaEaLlh ))((

622.0
,0min  ,                                                    (1.8) 

 

where P is the atmospheric pressure in pascals, CL is the latent heat transfer coefficient 

(=1.3x10-3) for wind speed at a reference height of 10m, a the density of air in kg m-3, 

LE the latent heat of evaporation of water (= 2.453x106 J kg-1), Ua is the wind speed in 

ms-1 at the reference height of 10m, ea the vapour pressure of the air, and es the 

saturation vapour pressure at the water surface temperature TS. Both vapour pressures 

are measured in pascals. 

 

 Thus, the total non-penetrative energy density deposited in the surface layer 

during the period t is given by 

lhshlwpennon QQQQ 
                                                                                        (1.9) 

 

Surface mass fluxes - The surface mass fluxes are based on a balance between 

evaporation and rainfall, changing the mass of the surface layer cells. 
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 7.2 CAEDYM description  

CAEDYM is an aquatic ecological model designed to be readily linked to 

hydrodynamic models, which currently include the 1D DYRESM model. The coupling 

between CAEDYM and the hydrodynamic driver is dynamic; specifically, the thermal 

structure of the water body is dependent on the water quality concentrations by feeding 

back through water clarity.  

 

The model includes comprehensive process representation of the C, N, P, Si and DO 

cycles, several size classes of inorganic suspended solids, and phytoplankton dynamics. 

Numerous optional biological and other state variables can also be configured. Hence, 

CAEDYM is more advanced than traditional N-P-Z models, as it is a general 

biogeochemical model that can resolve species- or group-specific ecological 

interactions. CAEDYM operates on any sub-daily time step to resolve algal processes 

(diurnal photosynthesis and nocturnal respiration), and is generally run at the same time 

interval as the hydrodynamic model. Algorithms for salinity dependence are included so 

that a diverse range of aquatic settings can be simulated. The user can prescribe in water 

quality configuration file depending on whether the simulation is for freshwater, 

estuaries or coastal waters.  

 
Fig. 1.7 represents the major biogeochemical state variables in CAEDYM. The 

existing configuration file allows users to customize the model elements needed in any 

simulation. Parameters are introduced as an input file, so users do not doesn’t need to 

modify the source; but, inevitably, users may define variables not represented in 

CAEDYM, thus some modifications to the source may be needed. For a more detailed 

description, the reader is referred to the CAEDYM Science Manuals (Romero Hipsey, 

Antenucci, and Hamilton 2004) available on the CWR web page (www.cwr.uwa.edu.au/). 
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Figure 1.7 Summary of the biogeochemical paths simulated in CAEDYM.  
 

CAEDYM simulates the C, N, P, DO and Si cycles with inorganic suspended 
solids, phytoplankton and optional biotic compartments such as zooplankton, fish, 
bacteria and others. The Model is divided into sub-routines or sections. Next we will see 
an overview of the main simulated variables. 
 

Light  

 

The shortwave incident radiation supplied by the hydrodynamic driver 

(DYRESM) is converted to the photosynthetically active component (PAR) based on the 

assumption that 45% of the incident spectrum lies between 400-700 nm (Jellison and 

Melack, 1993). PAR is assumed to penetrate into the water column according to the 

Beer-Lambert law with the light extinction coefficient dynamically adjusted to account 

for variability in the concentrations of algal, inorganic and detrital particulates, and 

dissolved organic carbon levels. The ultra-violet component of the incident light can 

also be used to look at pathogen inactivation and organic matter photolysis.  
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Inorganic Particles 

 

Two inorganic particles groups (SS) can optionally be included within the 

simulation, with each group assigned a unique diameter and density, and modelled as a 

balance between resuspension and settling. Adsorption and desorption of aqueous-phase 

Fraction Reactive Phosphorous FRP , NH4 , Particulate Inorganic Phosphorous (PIP) 

and Particulate Inorganic Nitrogen (PIN) can also be configured. Particle settling is 

modelled on the basis of Stokes law. The inorganic particles are now being updated to 

six groups. 

 

Sediments and Resuspension 

 

CAEDYM maintains the mass balance of all simulated variables in both the 

water column and a single sediment layer; providing a complete description of the 

dominant pools of sediments fluxes in the water column to maintain mass conservation. 

The sediment fluxes of dissolved inorganic and organic nutrients are based on empirical 

formulations that account for environmental sensitivities and require laboratory and 

field studies. (Taken from www.cwr.uwa.edu.au/ ). 

 

Resuspension of inorganic (SS) and organic particles (POM) from the sediment-

water interface require a number of parameters including the critical shear stress and the 

resuspension rate constant. The composition of the sediments is established in the 

CAEDYM initial conditions file.  

 

 

Dissolved Oxygen  

 

Dissolved Oxygen (DO) dynamics within CAEDYM are of forms of 

atmospheric exchange, the sediment oxygen demand (SOD), microbial use during 

organic matter mineralization and nitrification, photosynthetic oxygen production and 

respiratory oxygen consumption, and respiration by other optional biotic components. 

Microbial activity facilitates the breakdown of organic carbon (in particular, DOC) to 

CO2, and a stoichiometrically equivalent amount of oxygen is removed. The process of 

nitrification also requires oxygen that is dependent on the stoichiometric factor for the 
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ratio of oxygen to nitrogen (YO2:N) and the half saturation constant for the effect of 

oxygen limitation (KNIT). Photosynthetic oxygen production and respiratory oxygen 

consumption are summed over the number of simulated phytoplankton groups. (See Fig. 

1.8.) 

 
 
 

 

Figure 1.8 Simplified schematic of the DO Dynamic within CAEDYM 
 
Carbon, Nitrogen, Phosphorus and Silica 

 

The cycles of simulated nutrients account for both inorganic and organic, and dissolved 

and particulate forms of C, N and P, along the degradation pathway of POM to DOM to 

dissolved inorganic matter (DIM). Nitrogen includes denitrification, nitrification and N2 

fixation. Si is included for the uptake of diatoms into the dissolved form. The C cycle 

includes atmospheric fluxes of CO2 based on the partial pressure of CO2 differences 

(pCO2).  See Fig. 1.9 for the schematic representation of the generic configuration of 

CADEYM. 
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Figure 1.9 Generic schema of the nutrient dynamics with CAEDYM 
 
Phytoplankton Dynamics 

 

Up to seven phytoplankton groups can be simulated with CAEDYM. The algal 

biomass can be simulated either in chla (μg chla L-1) or carbon (mg C L-1). The growth 

rate is calculated based on the maximum growth rate for every species multiplied by the 

temperature factor and the minimum value of expressions for limitation by light or 

nutrients. Phytoplankton may be grazed by zooplankton, fish and clams. Light 

limitation on phytoplankton growth can be configured to be subject to photoinhibition 

or to be non-photoinhibited. 

 
Nutrient dynamics within algae can be simulated by using a constant nutrient to 

chla ratio or by dynamic intracellular stores. The first is based on the simple Michaelis-

Menten equation used to model nutrient limitation with the half saturation constant for 

the effect of external nutrient concentrations. The metabolic loss of nutrients from 

mortality and excretion is proportional to a constant multiplied by the loss rate and the 

fraction of excretion and mortality that returns to the detrital pool. The second model 

uses dynamic intracellular stores that can regulate growth. This model allows for the 

phytoplankton to have variable internal nutrient concentrations with dynamic nutrient 

uptake bounded by minimum and maximum values. Nutrient losses are calculated from 

internal nutrient concentrations. 
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Loss terms for respiration, natural mortality and excretion are modelled with a 

single respiration rate coefficient. This loss rate is then divided into the pure respiratory 

fraction and losses due to mortality and excretion. The constant fDOM is the fraction of 

mortality and excretion going to the dissolved organic pool with the remainder going 

into the particulate organic pool.  In (Fig. 1.10) is represented CAEDYM Phytoplankton 

dynamics  

 
Figure 1.10 Phytoplankton dynamics within CAEDYM 
 

Bacteria 

 

Bacterial biomass and organic matter mineralization may also be simulated. The 

bacteria are prescribed a fixed C:N:P ratio that is constant over the course of simulation. 

The incoming nutrients, primarily received from a dissolved organic matter pool, are 

converted to CO2, NH4 and FRP and released back to the water column.  

 

Zooplankton  

 

CAEDYM assumes each zooplankton group has a fixed C:N:P ratio and, 

depending on the C:N:P ratio of the various food sources, the groups balance their 

internal concentration by excretion of labile dissolved organic matter. The grazing 

preference of each group is user defined, and can be for any of the simulated algal, 

zooplankton, bacterial or detrital groups. Faecal pellets can also be specified as either 

hard, soft or in between, and lost to the sediment or returned to the detrital pool. 
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Higher biology 

 

CAEDYM is able to model higher organisms such as fish, jellyfish, and benthic 

organisms including macroalgae, benthic macroinvertebrates and clams/mussels. 

 

Pathogens and Microbial Indicator Organisms  

 

CAEDYM has an optional pathogen model for users interested in simulating 

microbial pollution in a lake, reservoir, estuary or coastal environment. The model was 

developed based on Cryptosporidium sp. dynamics and also contains variations for 

simulating indicator organisms such as coliform bacteria.  

 

Governing Equations 

 

The main equations used in CAEDYM for the biogeochemical paths are 

summarized in Table 1.3. Likewise a list of symbols and variables used are summarized 

in Table 1.4.   
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        Table 1.3 
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 Table 1.3 (continued) 
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Table 1.3 (continued) 

 
 

Table 1.4 
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CHAPTER 2 
 

 Data Analysis and Field Experiments 

  
 
2.1 Introduction 
 
In this chapter we present field data from the Sau and Boadella reservoirs to be used as 

input into DYRESM and CAEDYM, two models which predict the thermal structure 

and water quality behaviour of reservoirs. DYRESM is a hydrodynamic one-

dimensional model; CAEDYM is a water-quality model that can be linked to him. The 

field data used in the models consists of meteorological data (wind velocity, solar 

radiation, air temperature, vapour pressure and precipitation), bathymetric data from the 

reservoirs, water inflow (temperature, volume, salinity, concentrations of dissolved 

oxygen, nutrients and chlorophyll), water withdrawal (outflow discharge) and water 

quality constants. However, in terms of data availability Sau Reservoir is well 

monitored and has more data then Boadella reservoir. 

 
2.2 Study sites 
 
2.2.1 Sau Reservoir 
 
Sau is the first of a cascade of reservoirs situated in the central part of the Ter River that 

was first filled in 1964. One of the most characteristic features of Sau is its canyon-

shaped structure (Fig. 2.1). The Sau Reservoir is used to supply drinking water to the 

Barcelona metropolitan area. As Vidal & Om (1993) and Armengol et al. (1994) have 

shown, the trophic condition of Sau has evolved over time in response to human activity 

in the watershed, in particular in terms of the presence of soluble reactive phosphorus 

and inorganic dissolved nitrogen. However, since the construction of sewage treatment 

plants the presence of soluble reactive phosphorous has decreased.  
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Figure 2.1 Sau Reservoir bathymetry.  
 
 
2.2.2 Boadella Reservoir 
 

The Boadella Reservoir (Fig.2.2) was built to meet the demands of urban, tourist, 

development of intensive agriculture, and to supply drinking water. Boadella is located 

in the north-east of Spain in the eastern Pre-Pyrenees. The average yearly total net 

inflow into the reservoir occurs through two main tributaries: the Muga and the Arnera. 

It has been estimated that the Muga contributes 65% and the Arnera 35% of the total 

inflow (Casamitjana et al., 2003). Water from the Boadella Reservoir is used mainly to 

supply drinking water to Figueres and other small towns downstream, as well for 

irrigation purposes. Formerly, it was used to run a hydroelectric power plant. The 

nutrient input into the reservoir is not very high, with average values of 3.2 1gNl  for 

nitrates and 0.2 1gPl  for total phosphorus (APHA, 1989).  

 

 

Station 1 
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Figure 2.2 Boadella Reservoir bathymetry.  
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2.3. Data introduction  

Sau Reservoir data for the period 2000-2001 were provided by a research team led by 

Professor Joan Armengol, from the Ecology Department of the University of Barcelona. 

The data provided consist of morphometric (section 2.4.1) and meteorological data, 

recorded at the Club Nàutic station (Station 1) (Fig. 2.1); these data consist of daily 

temperature, solar radiation, vapour pressure, wind velocity and precipitation (section 

2.4.2). Monthly temperature, dissolved oxygen, soluble reactive phosphorous and 

chlorophyll profiles were also provided (section 2.4.5), as well as daily inflow and 

outflow (Fig. 2.10-B and Fig. 2.11). However, daily river concentrations of dissolved 

oxygen, reactive phosphorous, and chlorophyll were not available. Data were taken 

every month at a sampling point at station 1 (Fig. 2.1). 

  

Boadella Reservoir data were provided by (Baserba, C. 1999). Meteorological data were 

taken at the station in Cabanes, except for those relating to atmospheric pressure, which 

were taken at the Roses meteorological station. Thus, we dispose meteorological data 

sets accept long wave radiation measurements which was not available. Because of this, 

cloud cover had to be estimated (section 2.5.2.2). As in the case of the Sau Reservoir, 

the inflow and outflow volumes of dissolved oxygen, as well as phosphorus and 

chlorophyll concentration profiles were also unavailable. During certain periods, 

moreover, there were some missing data sets (Fig. 2 26 and Fig. 2.27). 
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2.4 Sau Reservoir data 

2.4.1 Morphometric data 

The Sau Reservoir displayed in (Fig. 2.1). Its maximum width, close to the dam, is 1.3 

km. Morphometric characteristics are given in Table 2.1 (Armengol et al., 2003). Sau 

Reservoir area-elevation and volume-elevation data  are represented in Fig. 2.3 and Fig. 

2.4 respectively.   

 

Table 2.1 Morphometric characteristics of the Sau Reservoir.  

 
Latitude                                                               EN ´51º446º46 ´´               
Catchments area                                                   291079.1 mx                 

Max. volume                                                      39101486.0 mx            

Max. area                                                             26108.5 mx                 . 

Max. depth                                                          75 m                            

Max. length                                                        mx 4108.1                  

Bottom elevation                                                  362 m asl                               

Basin width at crest                                              260 m                          

River                                                                   Ter 
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Figure 2.3 Sau Reservoir Area-Elevation  
 
 

 
Figure 2.4 Sau Reservoir Volume-Elevation. 
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2.4.2 Meteorological data 
 

2.4.2.1 Air temperature 

Air temperature is an important meteorological variable because any increase has an 

immediate influence, warming the reservoir and river surface water.  

In the Sau Reservoir, the average air temperatures for the years 2000 and 2001 were 

approximately 14.10ºC and 14.40ºC respectively; the daily averaged minimum and 

maximum temperatures were 1.58ºC and 25.17ºC respectively for the year 2000 and 

2.31ºC and   27.07ºC for the year 2001. The daily averaged air temperature is plotted in  

Fig. 2.5 

           

Figure 2.5 Daily air temperatures in the Sau Reservoir. 

 

2.4.2.2 Solar radiation (short wave and long wave radiation) 

One of the inputs into the hydrodynamic model is daily short-wave radiation. The model 

could use, facultatively, either long-wave radiation or cloud cover, but in the Sau 

Reservoir we use long-wave radiation because it was obtained from a meteorological 

station. Time series of short-wave and long-wave radiation are presented in Figs. 2.6A 

and 2.6B. 
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Figure 2.6 Sau Reservoir time series of short wave radiation (A) and long wave  
                  radiation (B). 
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2.4.2.3 Vapour pressure   

Average vapour pressure (Fig. 2.7) is estimated by using the Magnus formula (TVA 

1979, Eq 2.1) as it was also used in the DYRESM scientific manual  

  










 )7858.0

3.273

5.7
(3026.2exp

S

S
Ss T

T
Te                                                      (2.1) 

where ST is the dry bulb air temperature in degrees Celsius and  Ss Te is the vapour 

pressure in hectopascals. In the Sau Reservoir, the average vapour pressure is 

approximately the same, 2.10 mb, for the year 2000 and the year 2001; the minimum 

vapour pressure for both years was 1.1 mb and the maximum about 2.8 mb.  

 

Figure 2.7 Sau Reservoir time series of vapour pressure. 

 

2.4.2.4 Wind velocity   

The wind is the main factor principally responsible for turbulent kinetic energy. The Sau 

Reservoir is characterised by a weak wind speed (Fig. 2.8). Average velocity was about 

1.58 m/s for the year 2000 and 1.66 m/s for the year 2001. Minimum velocity was 0.4 

m/s for 2000 and 2001, and maximum velocity was 5.6m/s for the year 2000 and 8.7 

m/s for 2001.  
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Figure 2.8 Sau Reservoir daily wind velocity. 

 

2.4.2.5 Precipitation  

One of the most significant differences between the years studied is that there was less 

precipitation in 2001 than in 2000. Accumulated precipitation was about 466 mm for the 

year 2000 while for 2001 it was only 282 mm (Fig. 2.9). Also, precipitation in the year 

2000 occurred in spring and summer, although it should be mentioned that there was 

also heavy rainfall at the end of the year.  
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Figure 2.9 Sau Reservoir daily rainfall and accumulated rainfall.  

 

2.4.3 Inflow                                                                                  

The total volume of Ter River inflow entering the Sau Reservoir was approximately 259 

hm3 for the year 2000, and 253 hm3 for the year 2001, with the main inflow occurring in 

spring in both years. It should also be mentioned that in 2000 the maximum inflow took 

place at the end of the year, corresponding to a high precipitation event (Fig. 2.9). High 

precipitation in the Sau catchment area generated a high runoff (Fig. 2.10B), affecting 

the water quality in the reservoir by increasing dissolved oxygen, nutrient, and 

chlorophyll concentrations (Fig. 2.13, 2.14, and 2.15). The inflow temperature {Fig. 

2.10A} is estimated using equation (1.2) (see Armengol et al., 2003) in which inflow 

temperature depends on the average air temperature of the previous 4 days.  

daysriver TT 4.95.074.1                                                                                               (2.2) 
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Figure 2.10 Daily inflow temperature (A); Daily inflow volume entering the Sau 
                     Reservoir (B).   
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2.4.4 Outflow  

Withdrawal of water from the Sau Reservoir including evaporation (Fig. 2.11) was 

higher in spring and summer due to the large volume of drinking water supply 

consumption occurring at those times. Additionally, high temperatures registered 

though the time series (2000-2001) may have increased water evaporation from the 

reservoir. 

 

 

Figure 2.11 Daily outflow volume.    

 

2.4.5 Sau Reservoir profiles  
 
2.4.5.1 Temperature profiles  
 

From Fig. 2.12 one can identify the special and temporal temperature distribution, 

whereas the stratification starts at the beginning of March and the formation of 

thermocline expending from March until the end of August. However, mixing occurs at 

the end December for 2000 and 2001, for the year 2001 mixing is might be due to the 

strong inflow river caused by the heavy rainfall recorded at the end of year 2000. 

Additionally, the stratification in 2000 is more or less strong than 2001 this was linked 

to the small storage water volume relative to the year 2001. 
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 During the stratified period of the year 2000 we can see that the stratification reaches 

the bottom. This might be due to the highest outflow of the year 2000 occurring at the 

beginning of June {Fig. 2.10 B}.  

The cooling period started after the summer stratification; this period is characterised by 

a deeper thermocline due to the combination of cooling surface water and wind velocity. 

Finally, the reservoir mixes completely in winter, producing the thermal overturning 

characteristic of monomictic reservoirs. The same pattern was evident in the year 2001. 

In the year 2000 high precipitation (Fig. 2.9) produced a high inflow (Fig. 2.10B) 

together with the wind (Fig. 2.8), and surface cooling enhance mixing. In the year 2001 

mixing in the Sau Reservoir was similar to 2000 which is due to wind velocity which 

reached a maximum of approximately 9 m/s (Fig. 2.8) together with river inflow and 

surface cooling (Fig. 2.5, Fig. 2.8 and Fig. 2.9). Fig. 2.12 illustrates the evolution of 

temperature in the Sau Reservoir. 

 

 

Figure 2.12 Field temperature time series. 

 

2.4.5.2 Dissolved oxygen profiles 

The evolution pattern of dissolved oxygen changed considerably from 2000 to 2001. 

This was due to the hypolimnion anoxic period (Fig. 2.13). The anoxic hypolimnion 

zone for the year 2000 started at the beginning of spring, continued through summer and 

lasted until approximately the end of autumn. In 2001, it started at the end of April and 

lasted till the end of the year. In contrast, the first river inflow at the end of February 

2000 may increase dissolved oxygen content which cause the phytoplankton growth. 

Likewise, the highest inflow in the beginning of 2001 contributes to increase of 
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dissolved oxygen to 18 mg/l which was the reason of the increase in chlorophyll 

concentrations. For both years, the measured dissolved oxygen is presented in Fig. 2.13. 

In this figure the zone which is relatively high of dissolved oxygen was only a few 

meters from the surface layer and the anoxic zone covered the whole hypolimnion and 

part of the metalimnion. 

 

Figure 2.13 Sau Reservoir time series of Observed Dissolved Oxygen.  

 

2.4.5.3 Phosphorus  

We focus here on dissolved inorganic phosphorus (Fig. 2.14). After a water treatment 

plant came into service in 1990 the eutrophication in the Sau Reservoir was improved 

considerably by diminishing the phosphorus discharge in reservoir, especially in the 

reservoir’s surface water. In winter, mixing occurs. The water from hypolimnion is 

pushed to the surface, producing a uniform phosphorus concentration, and allowing a 

reduction in the biologic oxygen demand in the hypolimnion as well as in 2001 the 

important river inflow which contains sediment load part of them was suspended solid 

sediment have a great  impact on phytoplankton.  

 

In the stratification periods of the years 2000 and 2001, the phosphorus concentration 

was high on the bottom and low on the surface. In summer, therefore, the chlorophyll 

concentration was small, as will be seen later on. Phosphorus depletion in the surface 

layer indicates that this element is probably the main factor limiting the biologic activity 

in Sau. The other factor to be highlighted is the elevated bottom phosphorus 

concentration measured in the hypolimnion in the summer period and lasting until the 

end of the year. This therefore was due to sediment load containing in the river inflow 

which comes from the Sau catchment area. 
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Figure 2.14 Daily Dissolved inorganic phosphorous in the Sau Reservoir.  

 

2.4.5.4 Chlorophyll 

In January and February of the year 2000, water discharge entering the reservoir was 

low, resulting in a lower phosphorous concentration. However, an algal growth peak of 

concentration appeared in February 2000 where the inflow is negligible which induce 

development of phytoplankton biomass. There were two other maximum peaks in May 

and June. This algal growth corresponded to the beginning of the stratification period 

characterise by an inflow river (Fig. 2.10). The last and the most significant was in 

September 2000 which as well corresponding to high river inflow. Therefore, in Sau 

Reservoir a one can estimate in February 2000 limiting factor is light whereas in May, 

June and September the limiting factor is nutrient. Maximum Algal growth in 2001 was 

registered in October.   

 

 

Figure 2.15 Sau Reservoir chlorophyll time series.  
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2.5 Boadella Reservoir data 

2.5.1 Morphometry data 

The Boadella Reservoir (Fig.2.2) is located in the north-east of Spain 

EN ´´07´21º2´´1520º42 ´´ . Its primary distinguishing characteristic is its small catchment 

area 2910182.0 mx approximately ten times smaller than that of the Sau Reservoir. The 

Boadella Reservoir volume is about 3910062.0 mx , its total surface area is 261064.3 mx , 

its maximum depth is 52 m and its altitude is 160 m above sea level (Serra et al., 2002). 

In Fig. 2.16 and Fig.2.17 Boadella’s area-elevation and volume-elevation data 

respectively are displayed. 

 
Figure 2.16 Boadella Reservoir Area-Elevation  
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Figure 2.17 Boadella Reservoir Volume-Elevation  
 
 
 
2.5.2 Meteorological data 
 

2.5.2.1 Air temperature 

The air temperature over the Boadella Reservoir is a little higher than over the Sau 

Reservoir.  

The average is about 15.22ºC for 2000 and 15.42ºC for 2001. Minimum and maximum 

are 2.3ºC and 28.2ºC respectively for 2000 and -0.5ºC and 27.8ºC respectively for 2001. 

The average air temperature is plotted in Fig. 2.18.  
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Figure 2.18 Boadella Reservoir air temperature time series 

       

2.5.2.2 Solar radiation  

Long-wave radiation data is not available for the Boadella Reservoir. As the 

hydrodynamic model requires either long-wave radiation or cloud cover, in this case we 

have used measured short-wave radiation (Fig. 2.19A) to estimate cloud cover (Fig. 

2.19B) by interpolation between cloudy and clear sky using the following equations 

(Colomer, et al., 1996): 
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)183/)85(sin(1232310  DK                                                                           (2.3) 

)183/)75(sin(39561  DK                                                                               (2.4) 

where D is the day, ranging from 1 to 365; K0 corresponds to clear sky in which the 

cloud cover C=0; and K1 corresponds to the cloudy sky where cloud cover is C=1. 

 

Figure 2.19 Short-wave radiation (A) and cloud cover (B) time series. 
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2.5.2.3 Vapour pressure 

As with the case for the Sau Reservoir, the average vapour pressure in the Boadella 

Reservoir (Fig. 2.20) was estimated using the formula (2.1) described in section 2.4.2.3. 

Vapour pressure in the Boadella Reservoir is higher than in Sau. Average vapour 

pressure was approximately the same (13 mbar) for the year 2000 and 2001. The 

minimum pressure was 2.4 mbar and the maximum about 26 mbar for both years. 

 

Figure 2.20 Boadella Reservoir vapour pressure time series 

 

2.5.2.4 Wind velocity  

The Boadella Reservoir’s wind velocity (Fig. 2.21) is higher than Sau’s; the average is 

1.86 m/s, with a maximum of 9.4 m/s. 
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Figure 2.21 Boadella Reservoir wind speed time series   

 
2.5.2.5 Precipitation  

 
Accumulated precipitation is higher in the Boadella Reservoir than in Sau. It was 

914mm for the year 2000 and 712mm for the year 2001 (Fig. 2.22). For both years 

precipitation occurred in the spring and autumn.  
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Figure 2.22 Daily and accumulated rainfall for the Boadella Reservoir  

 
2.5.3 Inflow  

As Boadella’s catchment  area is small (section 2.5.1) and the variation of precipitation 

is not as high as is the case of Sau, the inflow volume (Fig. 2.23B) that goes into 

Boadella  is also small: 40 hm3 for the year 2000 and 30 hm3 for the year 2001. The 

main inflow entering Boadella occurred in spring 2000 and 2001. The maximum inflow 

was observed at the end of 2000, corresponding to a high precipitation event (Fig. 2.22 

and Fig. 2.23B). 

As previously mentioned, inflow temperature was estimated using equation (2.2) (see 

section 2.4.3) in which river temperature depends on the average air temperature of the 

previous 4 days (Fig. 2.23A). 

                                                                                           
 
 
 
 
 
 
 



Chapter 2 
 

59 

 
 

 
Figure 2.23 Boadella Reservoir daily inflow temperatures (A) and daily inflow volume 
                    (B)   
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2.5.4 Outflow  

Water withdrawal from the Boadella Reservoir including evaporation (Fig. 2.24) 

increases in spring and summer, mostly due to agricultural irrigation. One maximum 

peak outflow at the beginning of 2001 is due to the large volume of precipitation 

occurring at that time. 

  
 

 
Figure 2.24 Boadella Reservoir outflow time series  

 
2.5.5 Boadella Reservoir profiles  

2.5.5.1 Temperature profiles  

The Boadella temperature profiles presented in Fig. 2.25 show special and temporal 

evolution of temperature across the water column. Stratification starts later at the end of 

April 2000 and the formation of thermocline expending from April until the end of 

August 2000, the same pattern at 2001. Mixing occurs at the end October for 2000 

where the height of storage water volume was (17m) another mixing period starting 

from the middle of January until the beginning of Mai 2000 this was due the high 

precipitation that produced high inflow into the reservoir which, together with the wind 

and surface cooling, contributed to mixing (see Fig. 2.9 and Fig. 2.10B). Additionally, 
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the stratification in 2000 is more or less strong than 2001 this was linked to the small 

storage water volume relative to the year 2001 as it was described in Sau Reservoir. 

 
 

 

Figure 2.25 Boadella Reservoir time series of observed temperature  
 

2.5.5.2 Dissolved oxygen  

Dissolved oxygen profiles (Fig. 2.26) indicate the spatial and temporal variability of the 

dissolved oxygen concentration. In the stratification period of year 2000, the anoxic 

hypolimnion zone went from the end of spring to the end of the summer, but in 2001 it 

started at the end of April and lasted till the end of summer unfortunately we don’t 

dispose dissolved oxygen concentration profile in Mai. Mixing in 2000 correspond to 

high dissolved oxygen this could be the reason of small river inflow and wind velocity 

which is relatively high that might be enhance mixing.  However, after the beginning of 

Mai water storage level is decreasing due to the outflow which stabilise the thermal 

structure and diminish the dissolved oxygen at the bottom. Whereas, in 2001 data was 

not enough to compare them with 2000. In contrast, heavy precipitation at the end of 

2000 (Figs. 2.22, 2.23B) may increase dissolved oxygen content causing phytoplankton 

growth. See (Fig 2.28). 
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Figure 2.26 Boadella Reservoir time series of measured dissolved oxygen  

 

2.5.5.3 Phosphorus 

In the Boadella Reservoir, unfortunately, there were only two vertical profiles. Also 

there are cases where the phosphorus concentrations are below the detection limit of the 

measuring system. In Fig. 2.27 we can see these two phosphorus profiles.  

 

 

 

Figure 2.27 Boadella Reservoir time series of field dissolved inorganic phosphorus  
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2.5.5.4 Chlorophyll 

Through time series of chlorophyll profiles (Fig. 2.28) there are two peaks of algal 

growth corresponding to the summer of 2000 and another at the beginning of the 

stratified period of the year 2001. Therefore,  observed chlorophyll concentration at the 

beginning of spring, probably due to the inflow peak (Fig 2.23) coming from the 

catchment area and reaching the reservoir carrying considerable nutrient concentrations. 

 

 

 
 

Figure 2.28 Boadella Reservoir chlorophyll time series 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

64 

 
 

CHAPTER 3 
 

Criteria for using a one-dimensional DYRESM 
model in the Sau and Boadella reservoirs 

 
 
3.1 Introduction 
 
The understanding of lake hydrodynamics has made much progress in the last twenty 

years. However, it is still difficult for the general limnological practitioner to gain a 

quantitative description of the hydrodynamical regimes in a particular lake at a 

particular time (Imberger, J. (1994)) 

In general hydraulics characterisation of flow is based essentially on the Reynolds 

and Froude numbers. So flows are subdivided into laminar or turbulent and super or 

sub-critical. Therefore, an analogy methodology may be established to permit the 

limnologist to classify hydrodynamic regime in lakes. Such hydrodynamical regime is 

important because the mixing and transport process operating in a lake determine, to a 

large degree, the ecological response of the lake to meteorological forcing, inflows and 

outflows. Thus, one-dimensional model like the DYRESM is applied to a 

Mediterranean reservoir such as the Sau or Boadella, it is important to check the validity 

of assumptions on which its application is based. Accordingly, in this study we have 

estimated a set of numbers comprising the Lake number, the Wedderburn and Burger 

numbers, and inflow and outflow Froude numbers. For both reservoirs, we have used 

two years worth of time series data (2000-2001) consisting of temperature profiles, 

morphometry data, meteorological data, and inflow and withdrawal data. The 

temperature profiles have been converted to density profiles using the UNESCO (1981) 

state formula equation. Later, we have used these density profiles to calculate the non-

dimensional numbers.  
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3.2 Lake Number 
The Lake number 

NL  is a dimensionless parameter defined as the ratio of the moments 

of the stabilizing force of gravity associated with density stratification to the 

destabilizing forces caused by wind and considered to be the dominating force. This 

assumes that the inflow, outflow, and any artificial destratification devices have a 

minimal destabilizing force. 
NL  describes the water upwelling from the hypolimnion to 

the surface layer, expressed by the equation: 
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where 
0Z is the centre of gravity of the water mass and 

gZ is  the centre of volume for 

the entire lake body; 
TZ is the height to the centre of the metalimnion; 

HZ  is the depth 

from the bottom of the reservoir; M  is the total mass of water [Kg]; g  is acceleration 

due to gravity [ 2. sm ]; 
0 is the average water density [ 3. mkg ]; A is the surface area of 

the reservoir  ZA ; and 
*u  is the water friction velocity [ 1. sm ]. 

0Z  and gZ are defined respectively as follows: 
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 The friction velocity *u was approximated by the bulk aerodynamic formula: 
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where 
10U  is the wind velocity at 10 m above the water surface [

1. sm ]; 
DC  is the drag 

coefficient = 310.3.1  [dimensionless]; and 
0

a  is the ratio between air and water 

densities = 310.2.1   [dimensionless]. 

The value of 1NL  indicates that the wind is just sufficient to force the seasonal 

thermocline to be deflected to the surface at the upwind end of the lake. For 1NL  

stratification is strong and dominates the forces produced by surface wind energy. 

Under these circumstances, the isopycnals are expected to be primarily horizontal and 

little seiching of the seasonal thermocline or turbulent mixing in the hypolimnion are 

expected. For 1NL , stratification is weak with respect to wind stress. Under these 

circumstances, the seasonal thermocline is expected to experience strong seiching and 

the hypolimnion is expected to experience extensive turbulent mixing due to internal 

shear (Imberger 1989). Thus the hypolimnion water, very rich in nutrients, will reach 

the surface layer during the wind episode (Imberger 2001).  

 

3.3 Wedderburn Number 

The Wedderburn number represents the ratio of the baroclinic restoring force to the 

wind disturbance force, or the ratio of the restoring moment about the centre of the 

volume of the lake to the disturbance moment. W  describes the upwelling of water 

from the metalimnion into the water surface, expressed by: 

where 
'g  is the modified acceleration due to gravity across the uppermost thermocline. 

Lu

hg
W

.2
*

2'

                                                                                                                  (3.5) 

This is represented by gg
o


' , where   is the density difference between the surface 

layer and the mean water density, and h  is the depth of the diurnal thermocline; 
*u is 

the water shear velocity due to wind stress and approximated by the bulk aerodynamic 

formula as previously defined in the Lake number calculation; and L  is the length of the 

lake. 
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1W  represents the threshold for upwelling of the upper region of the thermocline. 

For 1W , tilting of the isotherms due to applied wind stress will be small and 

horizontal variations negligible. This coincides with strong stratification, light winds, 

and slow deepening of the mixed layer. For 1W , deepening is dominated by internal 

shear production and will occur over a much shorter time scale than horizontal 

convection in the surface layer (Imberger & Patterson 1990). Where W  is small and 
NL  

large, only the upper region of the thermocline will respond to wind forcing. Where W  

and
NL  are small, the lake as a whole should respond, and vertical mixing should occur 

throughout it (Imberger and Patterson 1990). 

 

3.4 Burger Number 

The Burger number iS  is an indicator of the influence of the earth’s rotation on water 

motion in reservoirs; that is to say, it characterises the influence of the earth’s rotation 

influence on the water internal waves. 
iS   is expressed by: 

fL

c
S

w

i
i .
                                                                                                                    (3.6) 

where Lw is the width of the reservoir and 
f

ci is the Rossby radius; ic is the wave velocity 

expressed by: 

Hgci
'                                                                                                                 (3.7)  

0

' .



 gg  is the reduced gravity;   is the difference between surface water and mean 

reservoir water density; 
0  is the mean water density, and H  is the mean reservoir 

water depth, which depends on the inflow entering the reservoir and water withdrawal 

from the reservoir. f is the Coriolis parameter equal to the double rate of rotation of the 

earth at the latitude of the lake, expressed by sin2f . 1510.292.7  rad   is the 

earth’s angular velocity and º3.42  is the latitude of the reservoir.  
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1iS  is the critical value indicating that the rotation is of the same magnitude as 

gravity. When 1iS , the internal oscillations increasingly take on the characteristics 

of simple gravitational seiches (Antenucci & Imberger 2001).  

When 1iS , the dynamics of the lake are dominated by the earth’s rotation. The 

waves have characteristics similar to those of an inertial oscillation, with the majority of 

the energy in the wave being in the form of kinetic energy. 

 

3.5 Inflow Froude number  

 The regime behaviour of the river inflow entering the reservoir is described by the 

inflow Froude number, Fri 

3/2

3/2

2/32/1' .
ri

wi

ii F
LHg

Q

H
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                                                                                  (3.8) 

where 
iQ is the peak inflow discharge; H is the total depth of the reservoir; 

0
'




ig is the 

reduced gravity;  is the difference between inflowing water density and the mean 

reservoir water density;  0 is the mean water density; and 1Fri  is the critical value of 

the plunge or rise. Where 1
ir

F , the inflow is too large to separate as an underflow or 

an overflow. When 1
ir

F , the inflow separates as an underflow or an overflow. Once 

it has been established that the river water underflows ( 1 i and hi/H<1), it is 

necessary to carry out a more detailed analysis to estimate its entrainment into the 

downflow and thus the depth of the inflow intrusion. 
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3.6 Outflow Froude number  

 The outflow Froude number characterises the type of water withdrawal, expressed by 

the equation:  














.2/52/1'

0

0

Hg

Q
Fr

                                                                                                       (3.9) 

where 
0Q  is the outflow discharge; 

0
'




g  is the reduced gravity;   is the difference 

between outflow water density and the mean reservoir water density; 
0 is the mean 

water density; H is the total depth of the reservoir. Where 1
0
rF , then the outflow is 

selective from a depth corresponding to the outflow level. 

 

3.7 Methods  

Lake numbers were computed for each recorded temperature profile using equation 3.1. 

We used twenty four temperature profiles measured over two years (2000-2001) for the 

Sau Reservoir and fifteen for the Boadella Reservoir. For each two available monthly 

water temperatures profiles we estimate daily water temperature profile in between by 

linear interpolation. Thus, every profile was converted to density stratification profiles 

 Z  at every height Z  above the reservoir bottoms, using the UNESCO (1981) 

equation of state formula (Chen and Millero 1986). As water depth decreases and 

increases with water inflow and outflow, the water surface and the reservoir volume 

change. To calculate both, interpolation from the bathymetric data was necessary. To 

determine the daily velocity friction we used equation 2.4, with a drag coefficient 

of 310.3.1  , and a ratio between air and water densities of 310.2.1  . Wind velocity is 

given in meteorological data in Fig. 2.8 for the Sau Reservoir and in Fig. 2.21 Chapter 2 

for the Boadella Reservoir. The total mass of water was determined by multiplying each 

layer’s density by its corresponding volume. The centre of gravity and the centre of 

volume were estimated using equations 3.2 and 3.3. The height to the centre of the 

metalimnion 
tZ was estimated by using temperature profiles. The mean water density 

was taken as 1000 3. mkg . The depth of the reservoir 
HZ  and its area were estimated 

using morphometry data (Sections 2.4.1 and 2.5.1, Chapter 2). The estimated lake 

numbers are 712 in Sau reservoir and 636 in Boadella Reservoir 
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As described above for lake number, Wedderburn number values were estimated by 

linear interpolation between existing profiles. For each temperature profile using 

equation 3.5 daily friction velocity 
*u  had been previously defined in the calculation of 

the Lake number. The depth of the diurnal thermocline h  was approximated for each 

temperature profile. 

Modified acceleration due to gravity 'g  is the ratio of the difference in diurnal 

thermocline density from the mean water density, divided by the mean water density 

multiplied by gravity g . L  is the average length of the reservoir: mL 3000  for Sau 

and mL 1500  for Boadella.  

 

The Burger number was obtained using equation 3.6 in which the Rossby radius was 

calculated as the ratio between longwave phase velocity and inertial frequency. 

Longwave phase speed is a function of reduced gravity 'g , which depends on the 

difference between surface water density and mean water density divided by the mean 

reservoir water density. Inertial frequency depends on the latitude of a reservoir; the Sau 

and Boadella reservoirs are located in the same region and have approximately the same 

altitude. The earth’s angular velocity is about 1510.292.7  rad �� 

 

The inflow Froude number was calculated using equation 3.8. The discharge or inflow 

rate 
iQ  is the peak inflow discharge entering the reservoir and was estimated from the 

inflow file: approximately 13.217 sm for the Sau Reservoir and 13..111 sm for Boadella 

(Figs. 2.10B and 2.23B in Chapter 2.) The reduced gravity '
ig  is the difference between 

inflow density and mean reservoir density divided by the mean density. The average 

width of the reservoir is mB 700  for Sau and m600  for Boadella. The total depth of 

the reservoir H  is variable, depending on the volume entering and leaving it. 

 

The outflow Froude number was computed using equation 3.9. The outflow 
0Q  was 

deduced from the withdrawal data (see Figs. 2.11 and 2.24 in Chapter 2). The reduced 

gravity for outflow is the ratio of the outflow density minus the mean water density to 

the mean water density. H is the reservoir water depth. 
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3.8 Results and discussions 

 3.8.1 Lake number   

The
NL values obtained for the Sau Reservoir are always above 1.0 and are relatively 

high in magnitude. The maximum value is approximately 1874 in the middle of June 

2000 (stratification period) corresponding to lowest wind velocity 0.8m/s and the 

minimum is around 2 approximately in the middle of December 2001. Thus,  1NL  

indicating that stratification is the dominant force when compared to wind stress. 

Minimum and maximum wind velocities are 0.8 and 2.9  sm /  respectively. There is 

low turbulence and no mixing in deeper water, due to the isolation of the bottom waters 

from the surface. Consequently, upwelling of the hypolimnion induced by wind stress is 

unlikely. However at the end of 2001 the Lake number was equal 2, indicating that the 

hypolimnion was relatively mixed.    

The
NL of the Boadella Reservoir fluctuated from a minimum value of 5 in the 

beginning of June 2000 corresponding relatively to high wind velocity 5.6m/s (see 

section 2.5.2.4 Chapter 2) to a maximum of 2226 in the end of Mars 2000 

corresponding to the lowest wind velocity 0.4 m/s. Compared to Sau the stratification is 

strong in the first year (2000) and during the second (2001). This is linked to low wind 

velocity, for which minimum value and maximum values are 0.8 and 2.9 for Sau and 

0.7 and 2.1 for Boadella (see Figs. 2.8 and 2.21, Chapter 2.)  It should also be noted that 

morphometry plays an important role in the determination of Lake number, and that 

determination of the thermocline is difficult. In both reservoirs, water upwelling from 

the hypolimnetic occurs at the winter end autumn in 2000 and 2001. Fig 3.1 shows the 

differences in Sau and Boadella‘s Lake numbers. In this figure we see that lake number 

diminished corresponding to the peak inflow (see Fig. 2.10B, Chapter 2) in the end of 

the year 2000 means that may inflow also contribute in hypolimnion mixing. 

However, in Boadella Reservoir the lack of profiles from the end of August until the 

end of April influence the estimation of lake number for comparison purposes versus 

inflow. Also, withdrawal being selective may enhance stratification. For both reservoirs 

through the period 2000 to 2001 Lake numbers are bigger than the critical value. This 

indicates that stratification is relatively strong and that although the water of the upper 

hypolimnion is reaching the surface, the deepest part of the hypolimnion remains 

unmixed if not influenced by inflow/outflow and cooling forces. Unfortunately, there 

are fewer profiles for Boadella than there are for Sau. However, the variation in its Lake 
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number is small, as is the case for Sau. Also, it should be noted that the wind velocity in 

Boadella, on the days when profiles were taken, was relatively low. We can therefore 

conclude that both reservoirs were not completely mixed, at least at the time the profiles 

were taken. It has should also be noted, however, that the profiles were taken during the 

day. In winter, at daily time 
0ZZ g  is very low but still positive during the day, and the 

mean velocity of the wind is in general not high enough to overcome stratification. For 

example, on 09/02/2000: 

mZZ g
3

0 10.6.1  , 1* ..0017.0  smu  and 60NL . However, it is very likely that at 

night time  
0ZZ g   was close to 0 and 

NL  went to 0. In these circumstances 

hypolimnetic mixing could be expected. 

 
Fig 3.1 The differences in the Sau and Boadella Lake numbers 
 
 
 
 

 

 

 

 

 



Chapter 3 

 

73 

3.8.2 Wedderburn number 

 The Wedderburn numbers in the Sau Reservoir do change substantially, tending to 

oscillate over the two years between 0 and 750. 0nly one value is below 1 corresponding 

to the value in the beginning of November 2000 corresponding to the high wind velocity 

5.6 m/s. Most Wedderburn numbers are above the critical value 1.0, indicating that 

wind stress on the surface of the lake is able to overcome the stratification in the water 

column and metalimnetic water can be expected to be vented into the surface layer if we 

neglect other disturbing forces such as inflow/outflow and cooling.  

Wedderburn numbers in the Boadella Reservoir range from approximately 0 to 454 at 

the end of May and are smaller than those of Sau, indicating that in Sau Reservoir, the 

diurnal mixed layer is easily mixed. See Fig. 3.2 for Sau and Boadella Wedderburn 

number differences.  

 
 

Figure 3.2 Sau and Boadella Wedderburn numbers 
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3.8.3 Burger number  

The Sau Reservoir experiences substantial fluctuation in Si values throughout the two 

years, with all the values above 1. Burger numbers range from 1.20 to 2.3, with a mean 

value of approximately 1.75. Variation in the Si can be attributed solely to changes in 

the phase speed of the wave, since the inertial frequency at the corresponding latitude f  

and characteristic length scale
wL  are both constant. The Burger number is high than the 

critical value 1.0 and therefore the rotational effects are insignificant. However, given 

that Si is close to 1, rotation would be discarded. The Sau and Boadella Burger numbers 

are shown in Fig.3.3 

 

 

 

Figure 3.3 Comparison between the Sau and Boadella Burger numbers. Sau is  
                  represented by squares, and Boadella by circles.  
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3.8.4 Inflow Froude number  

The average Sau inflow Froude number is 0.01. This is smaller than the critical value 

1.0 which means that the inflow inertial force is weaker than the inflow gravity force, 

and flow separation occurs as the river enters the reservoir. It is important to note that it 

would be necessary to carry out a more detailed analysis to estimate the entrainment 

into the inflow and the depth of the downflow insertion. 

The inflow Froude number for Boadella is smaller for Sau. This is due to the fact that 

the velocity of the River Ter which flows into Sau is higher than the velocity of the 

Muga and Arnera rivers which flow into Boadella. Fig.3.4 shows the inflow Froude 

numbers for Sau and Boadella. 

 

Figure 3.4 Sau and Boadella inflow Froude numbers  
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3.8.5 Outflow Froude number  

Sau’s average outflow Froude number is about 0.01, which is lower than the critical 

value of 1.0. Boadella’s average outflow Froude number is 0.001, ten times smaller than 

Sau’s one. This indicates that in both reservoirs the outflow is selective. Fig. 3.5 shows 

the Sau and Boadella outflow Froude numbers. 

 

 
 
Figure 3.5 Sau and Boadella outflow Froude numbers 
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3.9 Conclusions 

The Lake number
NL  is an indicator of dynamic stability and of the extent of deep 

turbulent mixing, while the Wedderburn number W  is an indicator of surface layer 

mixing. In both reservoirs, 
NL  is large and W is small for the profiles under study. This 

means that the wind will induce higher vertical mode oscillations (Imbeger, J. 2001). 

Where 1NL , the one-dimensional DYRESM model can be used. It should be pointed 

out, however, that to calculate the 
NL we have used daily mean wind velocity and 

temperature profiles taken during the daytime. It is likely that there are times during the 

night and/or when there are very high winds that 0NL , and hypolimnetic upwelling 

takes place. Our available data of two years monthly temperature profiles for estimation 

of lake number and Wedderburn number are not enough because it leads to an 

overestimation of these numbers especially when the days when profiles were taken are 

calm therefore daily temperature profiles and daily inflow are needed to judge perfectly 

whether the one dimensional hydrodynamic may be applied or not.  For this reason, 

daily lake numbers, which were obtained by interpolation of daily temperature from 

monthly observed water temperature profiles, lake numbers (
NL ) are greater than one 

means that the buoyancy force is greater than wind force and the deflection of the centre 

of the water masse is small. Thus, density structure is approximately horizontal and the 

one dimensional assumption is valid. Also we have estimate the daily wedderburn 

number as we did for lake numbers. Wedderburn numbers, are mostly greater than one 

indicating that tilting of the isotherms is small; this is due to the weakness of the wind 

stress.  

The Burger number 
iS  is slightly larger than one, indicating that rotation might be 

discarded. 

1
ir

F  and 1
or

F  indicate that in both reservoirs flow separation occurs, and that 

outflow is selective. 
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CHAPTER 4 

 

Application of the DYRESM-CAEDYM model to 

the Sau Reservoir 
 

Abstract 

The aim of this chapter is to describe the application to the Sau Reservoir of 

the one dimensional hydrodynamic DYRESM model linked to the water 

quality CAEDYM model. Simulation was undertaken for two years between 

2000 and 2001 with the aim of predicting thermal structure and water 

quality variables such as dissolved oxygen, dissolved inorganic phosphorus 

and chlorophyll in the reservoir. Inputs were meteorological data, river 

inflow and outflow data, morphometry parameters, an initial profile and file 

configuration data. The CAEDYM model also requires a configuration file 

and initial profiles for all the water quality data, as well as the calibration of 

different parameters such as sediment-dissolved oxygen, the sediment flux 

release rate of phosphorus and the maximum potential growth rate of 

phytoplankton. 

 

 4.1 Introduction 

 

 Most temperate lakes develop strong thermal stratification every summer. This 

stratification of the water column means that there are water density differences. In 

classical limnology the water column can be divided into three layers: epilimnion, 

metalimnion and hypolimnion, although many Mediterranean lakes present a 

continuously stratified profile (Casamitjana et al. 1993).  Chemical and biological 

gradients reflect the thermal stratification (Reynolds 1992; Watanabe 1992), which is 

mainly affected by external forces such as heat input, wind velocity and Lake 

Morphometry.  
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The stratification magnitude also depends on the river inflow temperature (Straškraba 

1973; Riera et al. 1992; Straškraba et al. 1993; Armengol et al. 1994; Hocking and 

Straškraba 1994). The River Ter, the Sau’s main tributary, is polluted and contains a 

high concentration of nutrients, mainly ammonia and soluble reactive phosphorus 

(Vidal & Om 1993; Armengol et al. 1994), but also particulate and dissolved organic 

matter (Simek et al. 1998). The inflow temperature is usually lower than the reservoir’s 

surface layer and therefore the water sinks to the depth at which its density is equal to 

that of the reservoir water at that level. The inflow water is characterised by a higher 

flow velocity, and consequently causes thermocline erosion. Additionally, inflow is one 

of the main sources of nutrients and other chemical material entering a reservoir, and its 

intrusion can influence the vertical gradient of nutrients (Armengol et al. 1986; Vidal 

and Om Tubau 1993; Komárková and Hejzlar 1996). 

The DYRESM-CAEDYM (Imberger and Patterson 1981) combines a one dimensional 

hydrodynamic model with a water quality model to predict thermal structure and water 

quality variables such as dissolved oxygen, dissolved inorganic phosphorus and 

chlorophyll. The validity of this model was checked in the previous chapter and its 

suitability for application to the Sau Reservoir in north-eastern Spain established. We 

will calibrate it for the dry year 2001, and validate it for the year 2000. 

 

 4.2 Materials and methods  

 

The Sau Reservoir is the first of a cascade of reservoirs situated in the central part of the 

River Ter, which was first filled in 1964. The River Ter is 200 km long and has its 

source in the Pyrenees in the NE of Spain. One of the most characteristic of Sau, a river 

valley reservoir 18.225 km long, is its canyon-shaped morphology (Fig. 4.1). The length 

of the lacustrine part of the reservoir is 3600 m and its maximum width is 1300 m 

(Armengol et al. 1999). The use of the Sau Reservoir water as a drinking water supply 

to the Barcelona metropolitan area explains why it has been studied ever since it was 

first used for this purpose. As Vidal & Om (1993) and (Armengol et al. 1994) have 

shown, the Sau’s trophic condition has evolved in response to human activity in the 

watershed over time, in particular in terms of the presence of soluble reactive 

phosphorus and inorganic dissolved nitrogen. Following the construction of sewage 

treatment plants the phosphorus has decreased but the dissolved inorganic nitrogen has 

increased. We are attempting to study the hydrodynamics and water quality of the Sau 
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Reservoir for 2000-2001. The available data was supplied by a team led by Professor 

Armengol. Temperature calibration has been done by varying minimum maximum layer 

thickness as (Andrew et al. 2007) has found. Additionally, in our study we fined out that 

also vertical mixing coefficients and effective surface area are very important 

calibration parameters.  

 

 

Figure 4.1 Bathymetric map of the Sau Reservoir showing the location of measuring stations 

and the meteorological station. 

 

4.3 DYRESM-CAEDYM model 

 

The DYRESM (Dynamic Reservoir Simulation Model) was developed in the Water 

Research Centre of the University of Western Australia.  It is a one dimensional 

hydrodynamic model that simulates temperature, salinity and density in lakes and 

reservoirs. DYRESM model driver to the CAEDYM water quality model is a process 

model, based on a Lagrangian layer scheme in which the lake is modeled by a series of 

horizontal layers of uniform property but variable thickness. The layer positions change 

as inflow, outflow, evaporation and rainfall affect the stored volume, and layer 

thicknesses change as the layers are moved vertically to accommodate volume changes. 

The input data are necessary daily meteorological data for DYRESM include total solar 
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radiation, average air temperature, average vapor pressure, average wind speed, and 

total rainfall. Daily total inflow volumes and average daily concentrations of 

temperature and salinity along with water quality parameters must be given with the 

inflow data. Daily total outflow volumes from specified heights above the lake bottom 

must also be given. Reservoir bathymetry is input as a table of height from the lake 

bottom versus the surface area, and cumulative volume. Initial conditions in the form of 

vertical profiles for temperature and salinity along with all water quality parameters in 

the water column must also be provided.  

An extensive description of the model has been given in Imberger and Patterson (1981), 

Hocking et al. (1988), Hocking and Patterson (1991) and Casamitjana and Schladow 

(1993). The model is based on layers of uniform properties. The layers move vertically, 

expanding and contracting in response to mass fluxes. Physical processes of heat 

exchange across water surfaces, heat distribution by mixing based on a turbulent energy 

budget formulation which includes the effects of convective overturn, stirring by wind, 

and shear production at the interface between the epilimnion and hypolimnion can all be 

modelled by it. Turbulent diffusion is modelled by the solution of the diffusion equation 

with a variable coefficient determined from energy released by the plunging of streams, 

and wind induced seiching. The criteria for the application of the DYRESM model to 

the Sau Reservoir were presented in the previous chapter. 

 

The CAEDYM (Computational Aquatic Ecosystem Dynamics Model) is a water quality 

model also developed in the Water Research Center of the University of Western 

Australia.  It is designed to be coupled with a hydrodynamic driver 1D model such as 

the DYRESM for the simulation of lakes and reservoirs. The CAEDYM contains 

process description for nutrient cycling, phytoplankton, zooplankton and dissolved 

oxygen dynamics (Griffin et al. 2001; Romero and Imberger 2003). State variables and 

an ecological parameterization description have been given by (Hamilton and Schladow 

1997). The CAEDYM model used in this study was configured to simulate the 

dynamics of phosphorus, nitrogen, dissolved oxygen and algae.  

 

The assumption of the DYRESM-CAEDYM model’s applicability to the Sau Reservoir 

was explained in chapter 3. As a first step, we will calibrate the model for the year 2001 

which was a dry year. After that we will validate the model for the year 2000. It should 



 Application of the DYRESM-CAEDYM model to the Sau Reservoir 

   
   
 

82 

be noted that the inflow file in the ecological model must include daily water quality 

concentration data as well as daily temperature and salinity. The lack of daily river 

water quality data such as dissolved oxygen dissolved inorganic phosphorus and 

chlorophyll makes the simulation impossible unless hypothetical data is used. Then, 

estimation of inexistent observed river inflow daily water quality concentration of 

nutrient is difficult. Our hypothesis based on using those available water quality 

concentration of nutrient in reservoir to derive from them river inflow daily water 

quality concentration of nutrient. Thus, daily river inflow data of nutrient concentrations 

were taken as the long-term average nutrient concentrations in the reservoir constant 

over the whole simulation length. In our study the CAEDYM model was configured to 

simulate the dynamics of dissolved oxygen, dissolved inorganic phosphorus and one 

phytoplankton group. 
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Figure 4.2 The coupled DYRESM-CAEDYM model simulates temperature, dissolved 
                 oxygen, phosphorus and chlorophyll in the Sau Reservoir.  
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4.4 DYERESM-CAEDYM Calibration and Validation 

 

DYRESM-CAEDYM was configured to simulate temperature, water quality parameters 

as dissolved oxygen, nutrients and chlorophyll for Sau Reservoir during two years 

period 2000–2001. Simulation start dates were chosen as the nineteen in January 2000 

for which first temperature profiles were recorded.  

The Calibration Process of the model is required because biologically systems are 

inherently different. However, in hydrodynamic model DYRESM several input 

parameters implicated in thermal processes were tested for their influence on heating 

and mixing in the DYRESM model. So varying wind speed by using a wind factor 

multiplier of 1.3 and 1.5 does not give a substantial variation in the predicted thermal 

structure, probably due to the weak wind velocity registered in 2000 and 2001 (Fig. 2.8, 

Chapter 2). Only changes in benthic boundary layer thickness from zero to 0.02 resulted 

in slight difference in surface water temperatures.  However, tested parameters, such as 

minimum and maximum layer thickness, vertical mixing coefficient, effective surface 

area, wind stirring coefficient potential energy mixing and base extinction coefficient 

produced acceptable changes in predicted water temperature profiles. So minimum and 

maximum layer thickness, diffusive fluxes constant and effective surface area were 

designated as highly sensitive parameters. Thus, six separate calibrations were 

performed, the first for layer thickness and the second for the wind stirring efficiency 

parameter, to identify the values of these parameters in calibration process which would 

result in the least amount of error between observed and predicted temperature profiles. 

Minimum layer thickness was varied from 0.5, 0.6, 0.75 and 1.0 m and maximum layer 

thickness from 1, 1.5, 2.0 and 2.5. For the calibration of layer thickness, all simulations 

involved maximum layer thickness set to equal or less than twice the minimum layer 

thickness. The second calibration tested values of 0.8, 0.4, 0.07, and 0.02 for the wind 

stirring efficiency ,the third setting is the vertical mixing coefficient which has testing 

values of 200, 1000, 5200, and 7200 with the reference of the adequate values of 

minimum layer thickness, maximum layer thickness and wind stirring efficiency values 

identified in the preceding calibration. 

Fourth setting is effective area coefficient, the tested values area are 5000, 30000, 

500000 and 10000000, fifth is the base extinction coefficient with value varying from 
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0.25, 0.6, 1.5 and 3.0 and finally setting values of potential energy mixing coefficient at 

0.001, 0.07, 0.2 and 0.5 at albedo values of 0.08 and 0.12 respectively.  

 

A maximum layer thickness of 1.5 m and minimum layer thickness of 0.5 m were the 

best settings to predict water temperature at all depths (Fig. 4.3A) as was described by 

(Andrew J et al 2007). Simulation also, demonstrated that wind stirring efficiency 

parameter of 0.07 performed well as predictors of water temperature, bottom 

temperature TB and thermocline depth ZT (Fig. 4.3B).  However, we admit a value of 

0.06 to remain consistent with the recommendation in the DYRESM operating literature 

(Antenucci and Imerito 2003) where wind stirring efficiency was estimated to 0.06.  

 Increasing in vertical mixing coefficient tend to decrease in differences between 

predicted and observed temperature WT, predicted and observed bottom temperature TB , 

and predicted and observed thermocline depth ZT (Fig. 4.3C). Thus, the best value was 

7200. Effective surface area giving the best thermocline depth ZT was value of 1.107 but 

corresponding at high difference between predicted and observed water temperature and 

bottom temperature WT and TB (Fig. 4.3D). 

Base light extinction coefficient only decreases the difference between predicted and 

observed thermocline temperature and have no influence to the water temperature and 

bottom temperature (Fig.4.3F). Finally, simulations demonstrated that thermocline 

depth was less accurately predicted than at lower albedo. Whereas an increase solely in 

albedo increased differences between predicted and observed temperatures as well as 

differences between predicted and observed bottom temperature (Fig. 4.3E). Table 4.1 

summarizes sensitive and insensitive parameters in the model. 
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Parameter Set Value albedo                                                                         0.08 

Benthic boundary layer thickness (m)                                                         0.00 

bulk aerodynamic momentum transport coefficient                                    0.0013 

critical wind speed (m s–1)                                                                          3.0 

effective surface area coefficient                                                                 1.0 × 107 

emissivity of a water surface                                                                       0.96 

non-neutral atmospheric stability correction switch                                    No 

potential energy mixing efficiency                                                              0.20 

shear production efficiency                                                                         0.08 

vertical mixing coefficient                                                                          200 

wind stirring efficiency                                                                               0.06 

Following calibrations 

minimum layer thickness                                                                            0.5 m 

maximum layer thickness                                                                           1.5 m 

effective surface area coefficient                                                                1 × 107 

vertical mixing coefficient                                                                          7200 

Tab le 4.1. Values of coupled model parameters and model simulation specifications.
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Figure 4.3 Average absolute difference 


standard error of the mean between DYRESM-
CAEDYM predicted and observed water temperature (white), bottom water temperature 
(gray) and thermocline depth (line) at various layer thickness setting  (A), wind stirring 
efficiency values (B), Vertical mixing coefficient (C), effective surface area coefficient 
(D), albedo and potential energy mixing coefficient values (E), and base extinction 
coefficient(F).  
 

The ecological model was calibrated by trial-and-error adjustment of the most sensitive 

water quality parameters to give the best match with trends in the field, meaning that the 

calibration process has to start with temperature, dissolved oxygen, phosphorus and 

finally with the chlorophyll. After temperature calibration the mean sensitive parameters 

in dissolved oxygen are static dissolved consumption by sediments and half saturation 

constant for sediment oxygen demand, the principal parameters in phosphorus 

calibration are maximum rate of phytoplankton phosphorus uptake, sediment flux 

release rate of phosphorus, the parameters that affect chlorophyll are growth rate, 

phosphorus and light utilisation. The water quality calibration parameters are grouped in 

table 4.2.  
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As previously stated, the calibration period was assigned to the dry year from 23 

January to 13 November 2001. 

 

Calibration of dissolved oxygen requires checking of the sediment oxygen demand, the 

organic contribution and the inflow concentration. The calibration of dissolved 

inorganic phosphorus depends on the inflow concentration, the sediment release rate, 

inorganic particulates, phytoplankton, and, finally, chlorophyll, which is the most 

difficult parameter to calibrate because it depends on the information that is available 

about modelled species such as growth rate, nutrients, light utilization and settling or 

vertical migration characteristics. The overall calibrated parameters are grouped in 

Table 4.2. 

 

After calibration, the DYRESM-CAEDYM model is used to simulate reservoir 

behaviour over 705 days, from 19 January 2000 to 31 November 2001, a two year 

period that includes the one year calibration period. It will be seen later that there is 

strong density stratification during the warmer months of the year. Simulated dissolved 

oxygen concentrations will demonstrate the existence of an anoxic zone in the deeper 

hypolimnion during the stratification period. Phosphorus simulation will also show an 

important load of this nutrient at the bottom of the hypolimnion. For chlorophyll the 

simulation will show the existence of algal blooms at the surface. The two year series of 

simulated temperature, dissolved oxygen, phosphorus and chlorophyll compared to field 

series are shown in Figs 4.10, 4.11, 4.12, and 4.13. 
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Parameter       Description                                             Units                   Assigned       Assigned 

                                                                                                                       range             value 
 
Dissolved Oxygen 

op        Temperature multiplier for SOD                                        -                            1.02-1.14        1.07 
SODF      Static sediment exchange rate                                      daymg // 2

                    0.02-15           3.2 

SODK    ½ sat constant for static DO sediment                         
1. lmgDO                             -                 0.2                                

ON      Temperature multiplier for nitrification                           -                               1.001-1.10      1.08 

nk
      Nitrification rate coefficient                                         

1day                              0.01-0.1          0.02 

NK
    Half saturation constant for nitrification                      

1. lmgDO                            -                2.0 

rk       Phytoplankton respiration mortality/excretion             
1day                             0.01-0.10       0.08 

DOBK    Half sat const for DO dependence of                           
1. lmgDO                            -                3.0 

                  POM/DOM   decomposition 
Dissolved Inorganic Phosphorus   

minIP     Minimum phytoplankton internal Phosphorus              1ChIamgPmg        0.1-1.0           0.6 
maxIP     Maximum phytoplankton internal Phosphorus             1ChIamgPmg          1.0-5.0            2.2 

maxUp    Maximum rate of phytoplankton                                    11 .  dayChIamgPmg  0.05-1.0         0.2   
                phosphorus uptake      

epK       Specific attenuation coefficient (phytoplankton)         
11..  mChlalg               -                   0.016 

ePOCK    Specific attenuation coefficient of POC (particles)      1.. lmmg                         -                   0.001 

max1POP Max transfer of POPL->DOPL                                   
1day                              -                   0.03 

                                           [Decomposition] 

max1DOP   Max mineralization of DOPL->PO4                        
1day                              0.01-1.0         0.075 

                                       [Mineralization] 

max2DOP Max mineralization of DOPR->PO4                         
1day                              0.002-0.018    0.003 

                                        [Mineralization] 
pS         Sediment flux release rate of phosphorus                    

12 ..  daymg                    3.10 5-8.10 5  5.10 5        

PK        Half saturation constant for phosphorus                       
1. Lmg                             0.001-0.025   0.005 

 S       Temperature multiplier of sediment fluxes                      -                                 1.001-1.10     1.05 
Chlorophyll 

maxP     Maximum potential growth rate of phytoplankton      
1day                               1.3-3.5            1.3  

p
       Phytoplankton temperature multiplier                              -                                1.02-1.14        1.06 

KI I     Parameter for initial slope of P_I curve                       
12  sEm                        100-500          100 

 

Table 4.2 The major calibrated water quality parameters used in the DYRESM- 
                CAEDYM model. 
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4.5 Simulation and results  

Daily averaged short wave radiation, long wave radiation, wind speed, inflow/inflow 

temperature and withdrawal from 2000 to 2001 are represented in Figs. 2.6, 2. 8, 2.10 

and 2.11 in Chapter 2.  

Good agreement was found between the simulated and the observed temperatures 

measured at the Nàutic station. (Station 1). For the year 2001 (Fig. 4.4) the agreement is 

specially good for the period ranging from January to July, and during the autumn the 

maximum difference observed was 1ºC. However, during the stratification period 

running from July to the end of September, the simulated temperature in July and 

August was higher than the observed, may be metalimnion position is not completely 

well captured. The maximum observed difference was 4.5ºC. In the surface layer (Fig. 

4.13A) simulated temperatures fit well with observed ones. 

 

For comparison purposes we chose four profiles on Julian days 44, 101, 199, and 290 

because they represent four seasons in the year 2001. In Fig. 4.5 the difference between 

simulated and observed profiles is presented. On Julian day 44, the simulated bottom 

temperature is about 0.5 ºC lower than the observed and on Julian day 101 the simulated 

hypolimnetic temperature is approximately 1ºC higher than the observed. However, the 

epilimnion temperatures taken during the same days show an inverse tendency. For 
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Julian day 199 there is a small difference between simulated and observed temperatures 

in the surface mixed layer and for Julian day 290 simulated and observed temperatures 

are very similar. The simulated metalimnetic temperature is higher than the observed 

one for Julian days 44 and 101. The opposite is the case for Julian day 199, but the 

simulated temperature is approximately the same as the observed one for Julian day 

290. 

 

In Fig. 4.4, the temperature isolines are more separated in the observed than in the 

simulated data (see also Fig. 4.9) meaning that the predicted metalimnion temperature  

is high than the observed temperature.. This may be due to two dimensional effects such 

as higher internal mode waves not taken into account in a 1D model (Vidal et al. 2005), 

or to the fact that metalimnetic mixing in the DFYRESM model is stronger than in 

reality. Despite of this, the comparison between simulated and observed temperatures 

shows that the DYRESM-CAEDYM model can be accepted as a good tool for 

predicting the evolution of the thermal cycle in the Sau Reservoir. 

  

The simulated dissolved oxygen concentrations in Fig. 4.6A are in reasonable 

agreement with the field measurements. Simulated dissolved oxygen concentrations in 

Figs 4.6A and 4.10A give a good prediction of dissolved oxygen represented in the 

depletion of the reservoir’s hypolimnion. The concentration of dissolved oxygen is in 

the range of 0 to 4
1. lmg . This lower DO concentration promotes anaerobic processes, 

and produces gases such as methane, hydrogen sulphide and ammonia. These gases 

impart a bad taste to drinking water and in large concentrations can be toxic. Therefore 

it is therefore necessary to intervene quickly using a destratification system to maintain 

water quality standards. The high amount of dissolved oxygen measured in the surface 

layer’s March profile (18mg/l) (see Fig. 4.13B) is probably due to a peak in the level of 

bloom algae, most likely other type of phytoplankton, in early spring, which the model 

cannot reproduce. From January to March 2001, there is a deficit (5mg/l) (see Fig. 

4.13B) of dissolved oxygen in the bottom layer, despite the mixing in this period. The 

reason is that the deeper hypolimnion is not totally mixed, which is in agreement with 

the high Lake numbers found in Chapter 3. However, from the end of October 2001 

until the end of the same year the opposite occurs: simulated dissolved oxygen is a little 

higher than that in the field; the difference is estimated at (5mg/l). In general, though, it 
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can be said that the DYERSM-CAEDYM model is a good predictor of dissolved 

oxygen in the Sau Reservoir in spite of the anomalies described above. 

 

The simulated dissolved inorganic phosphorus concentration displayed in Figs. 4.7A 

and 4.11A exhibit the same trend as the concentration that was measured. A high 

phosphorus concentration at the bottom and depletion in the surface layer were observed 

during the stratification period, which indicates that this element is probably the main 

factor of limiting the biological activity in the Sau Reservoir. Also, mixing occurred in 

winter and autumn. So we can say the model gives a good prediction of the phosphorus 

for half of the year 2001. Nevertheless, from time to time we observe a simulated 

phosphorus concentration that is high compared to that observed in the field, which is 

perhaps due to the river inflow phosphorus concentration. On the other hand, for the 

second half of the same year there is a big deficit between simulated and observed 

phosphorus concentrations, especially in the hypolimnion (see Figs 4.7C and 4.11C). 

The reason is still unclear but the excess of phosphorus on the bottom layer in the field 

may be due to an extra source of phosphorus that has not been taken into account, such 

as ground water flow, or to illegal seepage of agricultural sewage water, infiltrating 

directly from the catchment area to the reservoir and bypassing treatment plants. It 

appears that the DYRESM-CADYM model simulates dissolved inorganic phosphorus 

in the surface layer well (Fig. 4.13C) and accurately represents trends elsewhere in the 

field. However, the big difference between the field and simulations in the bottom layer 

may depend on the accuracy of data. The neglect of lateral and longitudinal phosphorus 

concentrations may also impact on the simulation.   
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With regard to chlorophyll, the DYRESM-CAEDYM model’s simulation correctly 

indicates the existence of phytoplankton blooms at the surface level from early spring, 

as shown in Figs 4.8A and 4.12A. However, in the simulation theses blooms extend to 

July with a high order of magnitude compared to what was observed (Fig. 4.13D). The 

probable cause is the existence of one or more different phytoplankton species as 

diatoms which we have not been considered. As it was described by Serra et al. (2007); 

green algae, diatoms, and cryptophyceae were the dominant phytoplankton community 

in the summer period.  Therefore, inclusion of Si dynamics into CAEDYM may reduce 

the algal biomass peak via limitation by this third macronutrient , as well as the 

limitations of the one dimensional model may be the cause of this deference. In March 

and August the simulated and observed levels are far apart. Chlorophyll is therefore 

seen to be very difficult to calibrate because it depends on all the variables described 

above, and any changes in their calibration factors affect its concentration.  

Finally, one can conclude that combine model DYRESM-CAEDYM offers a general 

tool that is capable to produce best result for temperature, dissolved oxygen, good 

tendency for phosphorus, and small divergence in reproducing the seasonal variation of 

biomass of the phytoplankton this could be due to daily river inflow data. As it was 

mention by (Vidal et Om 1993), (Armengol et al. 1994), (Hmilton et al.1995).and 

(Armengol et al. 2003). Therefore, input data of river inflow should be primordial. Or, 

suggesting substantial extensions of the model that require using in lake water quality as 

inflow daily concentration.  
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Figure 4.4 One year (2001):  Simulated temperature (A), Measured temperature (B) 
                  and difference between simulated and measured(C). 

 

A

B 
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Figure 4.5 Comparison of temperature profiles between observed and simulated results 
                 on four Julian days: 44, 101,199 and 290 of the year2001.  Squares represent 

the observed results and the lines represent the simulations. 
 

 

 

 

 

 

 

 

 

 

 

 

Temperature (Cº) 



 Application of the DYRESM-CAEDYM model to the Sau Reservoir 

   
   
 

96 

 

 

 

 

Figure 4. 6 One year (2001): Simulated dissolved oxygen (A), Observed 
dissolved oxygen (B) and Comparison (C). 
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Figure 4.7 One year (2001): Simulated dissolved inorganic phosphorus (A), 
Measured dissolved inorganic phosphorus (B) and Comparison (C). 
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Figure 4.8 One year (2001): Simulated chlorophyll (A), Field chlorophyll (B) 
and Comparison (C). 
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Figure 4.9 Two years (2000-2001):  Simulated temperature (A), 
        Measured temperature (B) and Comparison (C). 
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Figure 4.10 Two years (2000-2001):  Simulated dissolved oxygen 
           (A), Measured dissolved oxygen (B) and Comparison (C). 
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Figure 4.11 Two years (2000-2001) Simulated dissolved inorganic phosphorus  
              (A), Field dissolved inorganic phosphorus (B) and Comparison (C). 
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Figure 4.12 Two years (2000-2001): Simulated Chlorophyll (A), Field 
Chlorophyll (B) and Difference (C). 
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Figure 4.13 Comparison between water surface simulation (open circles) and  
                  observation (filled circles) of Temperature (A), Dissolved oxygen (B), 

Phosphorus (C) and Chlorophyll (D). 

       C 
2000-2001 

       D 
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4.6 Conclusion 

 

The DYRESM-CAEDYM model requires daily inflow data concerning temperature and 

dissolved oxygen, nutrient and chlorophyll concentrations. However, where there is a 

lack of real measurements of these concentrations, it is acceptable to allow hypothetical 

data. Our hypothesis is based on the idea of using variable reservoir profiles to deduce 

daily inflow concentrations constant throughout the simulation period. So, daily 

phosphorus and chlorophyll concentrations were considered as the long-term mean of 

the in-lake concentrations. Following a long calibration and validation process we can 

say that the DYRESM-CAEDYM model is a useful tool to aid the understanding of 

hydrodynamic, nutrient and phytoplankton dynamics. In general, the model reflects 

reality in terms of temperature and dissolved oxygen measurements, and gives a general 

view of trends in phosphorus and chlorophyll concentrations. Obviously, it would not 

be realistic to expect a perfect fit with the observed data, so we have to accept some 

uncertainty. Unfortunately, the differences between the simulated and observed 

measurements especially for phosphorus and chlorophyll can be linked to many 

different factors, such as data accuracy, inflow water nutrient and chlorophyll 

concentrations data, the neglect of certain parameters such as groundwater, and the 

limits of the one dimensional assumption. Some types of phytoplankton not taken into 

account in our modelling that could interfere and have a negative effect on the 

simulation, especially when modelling chlorophyll, could also be responsible. But in the 

end, the DYRESM-CAEDYM model is adequate for predicting the hydrodynamic and 

water quality of Mediterranean reservoirs, especially if the river is as well controlled as 

the reservoir. In (chapter 5) we will see what happens with another reservoir, the 

Boadella Reservoir which is smaller in size than Sau when we apply the same model. 
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CHAPTER 5 
 
  
 

Application of the Dyresm-Caedym model to the 
Boadella Reservoir  

 

Abstract  

 

For reasons of comparison, the aim of this chapter is to apply the DYRESM-

CAEDYM model to another reservoir, the Boadella Reservoir, located in the 

same region as the Sau Reservoir mentioned in Chapter 4. The simulation 

length is two years (2000-2001). The model is used to predict temperature, 

DO, dissolved inorganic phosphorus and chlorophyll. The DYRESM-

CAEDYM input data are explained for the Sau Reservoir, but these data are 

not complete. Thus, the simulation may not be reliable or well analysed 

because of a lack of field nutrient data, so we will focus on the simulation 

temperature, dissolved oxygen and chlorophyll. After simulation and 

calibration, we attempt to find the difference between them in terms of water 

quality behaviour. 

 
  

5.1 Introduction 

 

Most reservoirs are conceived in response to the growth in demand for drinking water, 

irrigation water and/or water for recreational purposes. The major temperate reservoirs 

are stratified in summer when the water demand is very high, and to supply that demand 

water is withdrawn, generally at different levels of water column stratification. 

 

The stratification of such a reservoir is the result of various physical processes that 

distribute heat from the lake surface to its deeper layers. These processes depend not 

only on meteorological variables such as wind velocity, rainfall, and short and long 
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wave radiation, but also on the biochemical characteristics of the water body. For 

example, the penetration of short wave radiation depends on the particulate matter in the 

water. Particulate matter may be subdivided into biological and physical matter. 

Inorganic particles include sand, minerals or metals. Organic particles take many forms: 

viruses, colloids, bacteria, phytoplankton or large particles such as zooplankton 

(Mobbley 1990). 

 

Temperature distribution is fundamental and crucial to understanding the performance 

and functioning of reservoir ecosystems (Kimmel et al. 1990). From a management 

point of view, it is usually preferable to practice selective withdrawal. The effects of 

water withdrawal have been found to be important in determining thermal stratification 

in reservoirs (Martin & Arneson 1978; Ford 1990). Surface withdrawal generally 

dissipates heat because the heated water layer is directly removed, and cooler, denser 

hypolimnetic water remains. In contrast, bottom withdrawal tends to store heat because 

removing cool hypolimnetic water results in an expansion of the epilimnion layer heated 

by solar radiation (Kennedy 1999). In addition, selectively releasing hypolimnetic water 

can lead to warming of the hypolimnion, and a decrease in the thermal stability of the 

water column. Decreased stability can promote vertical entrainment of nutrients in the 

epilimnion (Effler et al. 1986). From a water quality point of view, selective withdrawal 

of hypolimnetic water is better because it can increase the net export of phosphorus 

from anoxic reservoirs (Martin & Arneson 1978). A shortened hypolimnetic residence 

time could also reduce the potential for the development of anaerobic conditions, 

thereby reducing phosphorus release even further (Cooke et al. 1993). Indicator factors 

such as nutrient availability are important for determining phytoplankton distribution 

(Cottingham et al. 1998; Vrede et al. 1999). 

 

Consequently, hydrodynamics plays a major role in determining phytoplankton and 

zooplankton dynamics and changes in water quality (Straškraba et al. 1993; Hamilton & 

Schladow 1997; Berman & Shteinman 1998). 
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5.2 Materials and methods 

 

The Boadella Reservoir (Fig. 5.1) was built in response to urban growth, tourist 

development, intensive agriculture and the demand for drinking water. The Boadella 

catchment area is located in the north-east of Spain in the eastern pre-Pyrenees. The 

total catchment area consists of364 Ha . It has a maximum capacity of 
610.62 3m . The 

yearly average total net inflow in the reservoir is 
610.69 3Hm and occurs through two 

main tributaries, the Muga and the Arnera. It has been estimated that the Muga 

contributes 65% and the Arnera 35% to the total inflow (Casamitjana et al. 2003). The 

Boadella Reservoir is used mainly to supply drinking water to Figueres and other small 

towns downstream as well for irrigation purposes. It has also been used to sustain 

hydroelectric power plant. A percentage of the outflow water is released to the river as 

‘ecological flow’. One of the main characteristics of the Mediterranean climate is its 

variability: dry and wet years combine with hot or cool ones to produce many different 

types of seasonal patterns. Because of this, the reservoir’s hydrological regime depends 

mainly on the seasonal nature of rainfall events, which commonly occur in the form of 

concentrated storm fronts in spring and fall and relatively low rainfall in summer and 

winter (Serra et al. 2002 and Casamitjana et al. 2003). The nutrient input in the reservoir 

is not very high, with average values of 3.2
1. Nlg  for nitrates and 0.2 

1. Plg  for total 

phosphorus (APHA 1989). Although the small ration N:P causes the appearance of 

cyanobacteria (Baserba, 1999). The chlorophyll a concentration values (Jeffrey & 

Humphrey 1975) can be as high as 27.8 
1. Chlg  with a mean value of 5 

1. Chlg  and 

because of this the reservoir can be considered eutrophic. During the stratification 

period, the hypolimnion of the reservoir is anoxic, with ammonium, sulphides and other 

fermentation products that contribute to the reduction of the redox potential and to the 

re-dissolution of the phosphorus from the sediments (Baserba 1999). 

 
 
 
 
 
 
 
 
 



Chapter 5 

109 

 
 

 
 
 
Figure 5.1 Boadella Reservoir bathymetry. 

 
 

 

 

 

 

 

 

 

 

 

 



Application of the DYRESM-CAEDYM model to the Boadella Reservoir 

110 

5.3 DYRESM-CAEDYM model 

 

In this chapter, I will not focus on descriptions of the DYRESM hydrodynamic model 

and the CAEDYM water quality model because they have already been described in 

Chapter 4.  

Rather, this research is primarily an attempt to understand the hydrodynamics of the 

Boadella Reservoir and its effect on water quality for the period between January 2000 

and December 2001. Thus, we have used the combined DYRESM-CAEDYM model 

(Fig. 4.2 in chapter 4) to simulate the same variables as had been done for the Sau 

Reservoir during the same time series. The data used as input data for the model are 

morphometric data (Chapter 2, Section 2.4.1) and meteorological data (Chapter 2, 

Section 2.4.2), which consist of air temperature (Fig. 2.18), short wave radiation (Fig. 

2.19A), wind speed (Fig. 2.21), vapour pressure (Fig. 2.20), rainfall (Fig. 2.22) and 

cloud cover (Fig. 2.19B), which is estimated by interpolation between clear and cloudy 

skies. Inflow temperature data (Fig. 2.23A) obtained by averaging the air temperature 

for the previous four days, daily inflow data (Fig. 2.23B) and outflow data (Fig. 2.24). It 

should be mentioned that all the above input data and figures can be found in greater 

detail in Chapter 2. Unfortunately, what are missing again are the unavailable values for 

daily inflow water quality data, such as daily dissolved oxygen concentration, daily 

nutrient concentration and chlorophyll concentration. 
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5.4 DYERESM-CAEDYM Calibration and Validation  

The DYRESM hydrodynamic model was calibrated by adjusting certain parameters 

such as minimum and maximum layer thickness, wind stirring coefficient, diffusive flux 

constant, effective surface area, potential energy mixing coefficient with different 

albedo values and base extinction coefficient. As stated in previous chapter, tested 

parameters, such as meteorological parameters such as (air temperature, radiation, 

rainfall, vapour pressure and wind speed), inflow temperature does not produce 

adequate variation in the predicted thermal structure compared to observed temperature 

profiles. As we have done for Sau Reservoir we will use an identical calibration process 

for Boadella Reservoir which will not be described here and we will give only the 

differences between them. Thus, obtained results for Boadella Reservoir were similar to 

one of the Sau except the maximum layer thickness which was equal to 1.0 m and was 

the best setting (Fig. 5.2A) as it was described by (Andrew J et al 2007). It is worth 

mentioning that the differences between predicted and observed temperatures, bottom 

temperatures and thermocline depth (Fig. 5.2, A, B, C, D, E and F) are high in 

magnitude compared to those values of Sau Reservoir (Fig. 4.3, A, B, C, D, E and F 

chapter 4). Table 5.1 summarizes sensitive and insensitive parameters in the model. 
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Parameter Set Value albedo                                                                         0.08 

Benthic boundary layer thickness (m)                                                         0.00 

bulk aerodynamic momentum transport coefficient                                    0.0013 

critical wind speed (m s–1)                                                                          3.0 

effective surface area coefficient                                                                 1.0 × 107 

emissivity of a water surface                                                                       0.96 

non-neutral atmospheric stability correction switch                                    No 

potential energy mixing efficiency                                                              0.20 

shear production efficiency                                                                         0.08 

vertical mixing coefficient                                                                          200 

wind stirring efficiency                                                                               0.06 

Following calibrations 

minimum layer thickness                                                                            0.5 m 

maximum layer thickness                                                                           1.0 m 

effective surface area coefficient                                                                1 × 107 

vertical mixing coefficient                                                                          7200 

Table 5.1 Values of coupled model parameters and model simulation specifications. 
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Figure 5.2 Average absolute difference 


standard error of the mean between DYRESM-
CAEDYM predicted and observed water temperature (white), bottom water temperature 
(gray) and thermocline depth (line) at various layer thickness setting  (A), wind stirring 
efficiency values (B), Vertical mixing coefficient (C), effective surface area coefficient 
(D), albedo and potential energy mixing coefficient values (E), and base extinction 
coefficient(F).  
 

The ecological model was calibrated by trial-and-error adjustment, just like the Sau 

Reservoir. The difference between calibration processes for the two reservoirs is that for 

Boadella the calibration period is the year 2000 while the year 2001 was used for Sau. 

The calibration sequence in the CAEDYM model is temperature first and then, in this 

order, dissolved oxygen, dissolved inorganic phosphorus and chlorophyll.  

 

After temperature calibration the mean sensitive parameters in dissolved oxygen is 

sediment oxygen demand, by varying static dissolved consumption by sediments and 

half saturation constant for sediment oxygen demand. Thus were the mean sensitive 

parameters. The calibration of dissolved inorganic phosphorous has not been done 
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because due to lack of field data. Finally, chlorophyll is the most difficult parameter to 

calibrate because it depends on the information available on modeled species such as 

growth rate, phosphorus and light utilisation. The overall calibrated water quality 

parameters are grouped in Table 5.2.  

 

Model validation is used to simulate the observed reservoir behaviour over a simulation 

length of approximately two years (674 days) including a calibration period of a dry 

year (2000) and a wet year (2001). Hence, the simulation started on 15 February 2000 

and ended on 5 November 2001. Later on it will be observed that there is strong density 

stratification during warmer months of the years for the temperature simulation. 

Simulated dissolved oxygen concentrations will demonstrate the existence of an anoxic 

area in the deeper hypolimnion during the stratification period. For chlorophyll the 

simulation will show the existence of algal blooms at the surface. The two year series of 

simulated temperature, dissolved oxygen and chlorophyll compared to field series are 

shown in (Figs. 5.8, 5.9 and 5.10). 
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Parameter       Description                                             Units                   Assigned       Assigned 
                                                                                                                       range             value 
 
Dissolved Oxygen 

op        Temperature multiplier for SOD                                        -                            1.02-1.14        1.08 
SODF      Static sediment exchange rate                                      daymg // 2

                    0.02-15           0.95 

SODK    ½ sat constant for static DO sediment                         
1. lmgDO                             -                 0.5                               

ON      Temperature multiplier for nitrification                           -                               1.001-1.10      1.08 

nk
      Nitrification rate coefficient                                         

1day                              0.01-0.1          0.08 

NK
    Half saturation constant for nitrification                      

1. lmgDO                            -                0.5 

rk       Phytoplankton respiration mortality/excretion             
1day                             0.01-0.10       0.10 

DOBK    Half sat const for DO dependence of                           
1. lmgDO                            -                2.5 

                  POM/DOM   decomposition 
Dissolved Inorganic Phosphorus   

minIP     Minimum phytoplankton internal Phosphorus              1ChIamgPmg        0.1-1.0           0.3 
maxIP     Maximum phytoplankton internal Phosphorus             1ChIamgPmg          1.0-5.0            2.2 

maxUp    Maximum rate of phytoplankton                                    11 .  dayChIamgPmg  0.05-1.0         0.3   
                phosphorus uptake      

epK       Specific attenuation coefficient (phytoplankton)         
11..  mChlalg               -                   0.02 

ePOCK    Specific attenuation coefficient of POC (particles)      1.. lmmg                         -                   0.001 

max1POP Max transfer of POPL->DOPL                                       
1day                              -                   0.055 

                                           [Decomposition] 

max1DOP   Max mineralization of DOPL->PO4                        
1day                              0.01-1.0         0.055 

                                       [Mineralization] 

max2DOP Max mineralization of DOPR->PO4                         
1day                              0.002-0.018    0.0025 

                                        [Mineralization] 
pS         Sediment flux release rate of phosphorus                    

12 ..  daymg                    3.10 5-8.10 5  5.10 5        

PK        Half saturation constant for phosphorus                       
1. Lmg                             0.001-0.025   0.005 

 S       Temperature multiplier of sediment fluxes                      -                                 1.001-1.10     1.05 
Chlorophyll 

maxP     Maximum potential growth rate of phytoplankton      
1day                               0.3-3.5            0.33  

p
       Phytoplankton temperature multiplier                              -                                1.02-1.14        1.04 

KI I     Parameter for initial slope of P_I curve                       
12  sEm                        100-500          120 

 

Table 5.2 Calibrated water quality parameters used for the DYRESM-CAEDYM model. 
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5.5 Simulation and results 
 
Two year (2000-2001) time series of the daily average short wave radiation, cloud 

cover, vapour pressure, wind speed, inflow volume, inflow temperature and withdrawal 

volume are plotted respectively in (Figs. 2.19A, 2.19B, 2.20,  2.21, 2.23A, 2.23B and 

2.24 in Chapter 2).  

 

A moderate agreement has been found between the simulated and the observed 

temperatures measured at the Cabanes station close to the dam. For the year 2000 (Fig. 

5.3) the agreement is especially good for the period from February to June, and during 

the autumn the maximum observed difference is 5ºC. However, during the stratification 

period from July to the end of September, the simulated temperature in July and August 

is higher than the observed one, especially in the epilimnion and thermocline, with 

maximum observed differences being 5ºC (Figs. 5.4C, 5.8C and 5.11A)  In the bottom 

layer, though, the opposite occurs.    

 

We have chosen four temperature profiles corresponding to Julian days 46, 117, 192 

and 272, with each profile representing one season of the year. In (Fig. 5.4) it is clear 

that the simulated temperatures are higher then the observed ones, especially in the 

surface layer and in the stratification period, the difference reaching 7 degrees on Julian 

day 117, corresponding to the end of March, and on Julian day 272, corresponding to 

the end of September. Additionally, in the hypolimnion layer in the stratification period 

at a depth of 7m the difference is negative. A comparison between simulated and 

observed temperatures shows that the DYRESM-CAEDYM model cannot be accepted 

as a good tool to predict the evolution of the thermal cycle in the Boadella Reservoir, 

especially in the stratification period. Also, the increases in the modelled temperatures 

are probably due to the consideration of only one river arriving to the reservoir in 

simulation. Such a difference between the modelled and observed temperatures is 

probably also due to outflow. 
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The comparison of simulation temperatures in the Sau and Boadella reservoirs using the 

same model (DYRESM-CAEDYM) with the same simulation length reveals that the 

model gives better results for the Sau Reservoir (Figs. 4.4 and 4.9A in Chapter 4) than 

for Boadella (Figs. 5.4 and  5.8A). 

 

The simulated dissolved oxygen concentration (Fig. 5.5) is in reasonable agreement 

with the field measurement. It indicates the depletion of dissolved oxygen in the 

hypolimnion and a higher concentration in the surface layer. In the surface layer in (Fig. 

5.9A) and for the years 2000 and 2001, from the beginning of spring, it has been 

observed that the dissolved oxygen concentration in the field is a bit higher than the 

simulated value. This is probably due to an early spring bloom peak of algae, quite 

possibly other type of phytoplankton, in which the model cannot reproduce. However, 

in the summer, simulated DO concentration in the epilimnion was low than in the field 

by approximately (2mg/l) of difference. Regarding dissolved oxygen concentration in 

the bottom, (Figs. 5.6 and 5.9A) demonstrate that there was small deficit in DO 

concentration between simulated and field. Nevertheless, the lack of some bottom data 

could make the comparison somewhat hard to predict. Also the huge deficit found 

between the simulated and the field in the hypolimnion in the beginning of the mixing 

period (5mg/l) should be mentioned. This is probably due to the deeper hypolimnion not 

being totally mixed, in agreement with the low lake numbers found in (Fig. 3.1 in 

Chapter 3). All in all, one can estimate that DYERSM-CAEDYM gives good prediction 

of the dissolved oxygen concentration in the Boadella Reservoir in spite of certain 

differences between the simulated and the field values cited above. However, simulated 

dissolved oxygen was well adjusted to the field in the Sau Reservoir case (Figs. 4.6, 

4.10A in Chapter 4) compared to the Boadella Reservoir (Figs. 5.6 and 5.9A). 

 

Unfortunately, there is a lack of measured dissolved organic phosphorus. The field 

phosphorus profiles are unavailable for Julian days 46, 80, 117, 152, 172 and 192. For 

the remaining profiles, Julian days 215, 244, 272 and 292, the measured phosphorus is 

restricted to the threshold limit value as the phosphorus concentration is smaller than 0.1 

mg/l. Hence, a comparison between the simulated and the field values will not be taken 

into consideration in this section.  
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Concerning chlorophyll, the simulation done by DYRESM-CAEDYM (Fig. 5.6) 

correctly indicates the existence of phytoplankton blooms at the water surface through 

the period early in the beginning of spring as observed in (Fig. 5.7A and 5.8A). 

However, the observed chlorophyll values in March and in August are higher (2 lg / ) 

compared to the simulated ones, but in June the simulated values are higher than the 

observed ones. The maximum observed difference was about (6 lg / ) (Fig. 5.6A). This 

difference is probably due to the existence of another or several other types of 

phytoplankton species  

 as diatoms which we have not considered.. Therefore, inclusion of Si dynamics into 

CAEDYM may reduce the algal biomass peak via limitation by this third macronutrient 

which we do not take in consideration. Additionally it may be due to the restriction limit 

of one dimensional model. In general, calibration of the model to get a good fit to 

chlorophyll in the field is a bit difficult, especially when we model nutrient and 

chlorophyll. Consequently, the simulation of chlorophyll in the Boadella Reservoir is 

similar to that in the Sau Reservoir (Figs. 4.8A and 4.12A in Chapter 4).  
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Figure 5.3 represents one year (2000) of simulated temperature (A) and of measured 
                 temperature (B) and the difference between simulated and measured 
                  temperatures (C). 

 
 
 
 

 

A

B 
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Figure 5. 4 Comparison of temperature profiles between observed and simulated results 
on Julian days 46, 117, 192 and 272 of the year 2000 (dashed line: observation, solid 
line: simulation). 
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Figure 5.5 One year (2000) of dissolved oxygen values: simulated (A), measured (B) 
                                    and comparison (C). 
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Figure 5.6 One year (2000) of chlorophyll values: simulated (A), measured (B)  
                            and a comparison (C). 
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Figure 5.7 Two years (2000-2001) of simulated temperatures (A), 
                     measured temperatures (B) and a comparison (C). 
 

A 

B 
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Figure 5. 8 Two years (2000-2001) of simulated DO (A), measured DO (B) and 
                                             a comparison (C). 
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Figure. 5.9 Two years (2000-2001) of simulated chlorophyll (A), measured chlorophyll 
                                                 (B)  and a comparison (C). 
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Figure 5.10 Comparison between water surface simulation (open circles) and 
observation (filled circles) of temperature (A), dissolved oxygen (B) and chlorophyll 
(C).   

 

 

5.6 Conclusion  

As it has been said about the Sau Reservoir in Chapter 4, the DYRESM-CAEDYM 

model requires daily inflow data for temperature and concentrations of dissolved 

oxygen, nutrients and chlorophyll. However, there was a lack of real measurement of 

these concentrations so it is worthwhile to admit such a hypothesis. In the chlorophyll 

case as it was done in Sau Reservoir our hypothesis is based on the idea of using 

variable reservoir profiles to deduce daily concentrations throughout the simulation 

period. So, the chlorophyll concentrations were considered as the long-term mean of the 

in-lake concentrations. However, in Boadella Reservoir there is sometimes a lack, even 

in the reservoir profiles and especially for dissolved inorganic phosphorous, so the 

comparison is difficult to speculate about it and the phosphorus inflow concentration 

were taken as those of Sau Reservoir.  

Hence, after a long calibration process and validation we could say that the DYRESM-

CAEDYM is truly a helpful tool for understanding hydrodynamic, nutrient and 
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phytoplankton dynamics. Also, the model generally produced relatively same tendency 

in temperature, dissolved oxygen and far a way tendency in chlorophyll case. 

Unfortunately, this difference between simulated and observed values my be linked to 

many factors such as measuring input data accuracy, estimation of daily inflow water 

quality concentrations of nutrients from water quality profiles in reservoir. Likewise, 

neglecting some parameters like nutrient groundwater seepage used in the irrigation 

regions perimeters surrounding the catchments area of reservoir, additionally, some type 

of phytoplankton that has not been taken into account in our modelling but that could 

interfere and worsen the simulation. Finally, limitation of one dimensional assumption 

which might be influences such difference. Therefore, tow dimension 2D modelling 

would be of advantage especially when modelling chlorophyll. 

 

Finally, one can conclude that combine model DYRESM-CAEDYM gives better 

simulation results for almost of parameters such as temperature, dissolved oxygen, a 

good tendency for dissolved organic phosphorous and small divergence in reproducing 

the seasonal variation of biomass of the phytoplankton in the Sau Reservoir than in the 

Boadella Reservoir. Apparently, the Sau Reservoir is well monitored and most of the 

data needed for simulation is available, while there is not any complete data for the 

Boadella Reservoir. However, for a future DYRESM-CAEDYM user may need such 

additional improvement to obtain a good simulation this will be subordinate to daily 

river inflow data. As it was mention by (Vidal et Om 1993), (Armengol et al. 1994), 

(Hmilton et al.1995), (Armengol et al. 1994) and (Armengol et al. 2003). Therefore, 

input data of river inflow should be primordial. 
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GENERAL CONCLUSIONS 
 

 
Application of 1D hydrodynamic model linked to water quality model to different 

reservoirs, such as Sau and Boadella, shows that the principal external forces especially 

wind velocity and the river inflow were the major forces affecting the hydrodynamic. In 

order to apply the water quality model to the reservoirs, daily concentrations of 

dissolved oxygen, nutrients, and chlorophyll in the river inflow must be known; 

however, this was not the case for both reservoirs. It is therefore necessary to establish a 

hypothesis. Our hypothesis for the estimation of daily river water quality concentration 

was based on the available reservoirs water quality profiles. For every month’s water 

quality profile we take the mean concentrations and use the most repeated one as the 

daily concentration constant over the simulation period. However, an important 

recommendation for future work on modelling the hydrodynamics and water quality of 

the Sau and Boadella reservoirs is to have more accurate and regular field data. The 

main conclusions of our work are described below. 

 

 We have used non dimensional numbers (Lake number, Wedderburn number, 

Burger number, inflow number and outflow number) to characterize the dynamical 

regimes of the Sau and Boadella reservoirs. Both reservoirs have high lake numbers; 

this indicates that meteorological forces, especially wind velocity, were relatively 

small resulting in less momentum being transferred to the surface which causes less 

mixing in the surface layer. Notwithstanding, the Wedderburn numbers for both of 

the reservoirs are small; this means that the wind will induce higher vertical mode 

oscillations. The estimation of lake numbers and Wedderburn numbers are 

respectively depending on the centre of thermocline and diurnal water depth which 

are both difficult to estimate from observed water temperature profiles, additionally 

estimation of daily water temperature profiles from existing profiles is not a bad 

solution however doesn’t reflect totally the reality. The Burger numbers are slightly 

larger than one, indicating that rotation effect is discarded.  

Regarding the inflow Froude numbers, those for the Sau and Boadella reservoirs are 

smaller than unity indicating that the inflow separates as an underflow or an 
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overflow. Finally, the outflow Froude numbers of Sau and Boadella are smaller than 

unity, feeding speculation that water is removed via a thin layer adjacent to the level 

of the outflow, making this a selective withdrawal. The estimation of non 

dimensional numbers such as lake number, wedderburn number, burger number and 

inflow/outflow numbers are useful tool for characterising the dynamical regime of 

reservoir. 

 

 Application of DYRESM-CAEDYM to the Sau Reservoir gives a good 

simulation of thermal structure and dissolved oxygen but only a general view of 

trends in phosphorus and chlorophyll. It underpredicts the phosphorus in the 

hypolimnion; this is most likely because the effect of the suspended solids 

carried out by the river inflow. The chlorophyll is difficult to calibrate because 

of its dependency on temperature, dissolved oxygen and phosphorus. The model 

overpredicts the chlorophyll concentrations during the stratified period and 

underpredicts them in the mixed layer during the mixing period; this might be 

due to the limitation of the one dimensional model or some type of 

phytoplankton that has not been considered in our simulation. Our work based 

on our hypothesis for the estimation of daily river water quality concentration 

however, in future simulation might be improved rigorously if we depose 

observed daily inflow nutrient concentrations.  

 
 Application of DYRESM–CAEDYM to the Boadella Reservoir reveals that the 

thermal structure is not as well predicted as in the Sau Reservoir, especially in 

stratification periods, probably due to fact that Boadella in this period is 

considered to be shallow (water depth=14m) so heat transfer occurs rapidly and 

the water column moves a large quantity of energy from the water surface to the 

bottom of the reservoir. Additionally, there are two rivers supplying Boadella 

reservoir, the Arnera and the Muga, with different water inflow temperatures 

which might cause such temperature differences between simulated and 

observed.  It has to be noted that in our simulation we considered only one river. 

The dissolved oxygen, however, was well simulated and the chlorophyll is 

better simulated in comparison with the Sau Reservoir. The phosphorus is not 

considered due to the lack of observed data. It is therefore obvious that the 



 General conclusion  
 

132 

predictive capacity of the model was not maximized completely due to a lack of 

extensive field data. 

 

 DYRESM-CAEDYM was calibrated and validated separately for the Sau and 

Boadella reservoirs Although it can be considered an adequate tool to simulate 

the hydrodynamic effect on the water quality in a long time scale  
 

 The magnitude of contribution of the ground water to the water and nutrient 

budget of Sau and boadella reservoirs is unknown. Here, it has been neglected. 

Water quality variables such as nutrients concentrations were not available. 

Further improvements in representing groundwater contribution may be worth 

considering future developments for long-term simulations. 

 

 Sau reservoir posses observed data sets relatively complete. However, a major 

particular deficiency was in the daily water quality data for the inflows. Lacking 

data were filled making some hypothesis of the nutrient determination such as 

phosphorus. Despite, model produced some interesting results which confirm 

that it is possible to successfully calibrate DYRESM-CAEDYM for its intended 

use to predict simulated temperature and dissolved oxygen, phosphorous, and 

chlorophyll. Whereas, for Boadella reservoir, the lack of measurement of 

nutrient of two rivers make it not be possible to evaluate a full performance of 

the model. As (Vidal et Om. 1993), (Armengol et al. 1994, 2003) and (Han et al. 

2000) found after application of DYRESM to the Sau reservoir, how the river is 

the main factor controlling the thermal structure in the reservoir. In contrast, it 

appears that the simulated results for Boadella reservoir were sufficiently close 

to the few measured values especially for temperature, dissolved oxygen. 

 
  A coupled hydrodynamic and ecological water quality model DYRESM-

CAEDYM is the significant advance on previous models that seek to predict 

water quality in lakes and reservoirs. Thus, through applying DYRESM-

CAEDYM to Sau and Boadella we have provided a starting point for predicting 

thermal structure, dissolved oxygen, phosphorus and chlorophyll. However, in 

future may be using such 2D model or 3D is worthy. For all possibilities of 

models and for future purposes, further monitoring of the catchment area, rivers 
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and reservoirs will be an advantage to produce high quality results which is 

subordinate to be done by close cooperation between modelers and field 

researchers. Aftermath it could be used to allow water resources managers to 

predict how will to respond to changes in water quality management regimes 

and environmental factors.  
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