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ءٍ لذَِٚش   ْٙ ٗ  كُمِّ شَ َ ػَهَ هٌ اللَّه ُ يَب ٚشََبءُ ۚ إِ  {اللَّه
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SUMMARY  

 

Accurate estimation of surface heat exchange and its components is the 

basis for simulating surface water quality, especially in lakes and reservoirs, 

because the direct heat transfer between water and air affects thermal 

stratification. In this work and based on high time resolution data of water 

surface temperature and meteorological parameters from Lawrence Lake (OR, 

US), the term-by-term method was used to model surface heat fluxes (solar and 

atmospheric radiation, back radiation, evaporation, and conduction) by using the 

MATLAB environment to develop the code and simulate the results. The 

developed model is considered as a stand-alone model and can be used by other 

authors to simulate temperature in surface waterbodies. The ability to highlight 

the contribution of each flux is the main feature of the model, providing 

evidence of the strong interaction between the water surface and the 

atmosphere. This interaction cannot be neglected in surface water quality 

modelling. 

During the study period (487-670) Julian day, the results showed that 

summer solar energy was the highest intensity with a peak record of 842.05 

Watt/m
2
 at 540.91 Julian day. And because of the natural event of sunrise and 

sunset, solar energy has its daily fluctuation. It fluctuates between 0 Watt/m
2
 at 

night and reaches its daily peak at approximately noon. Although the maximum 

value of evaporation heat flux was recorded at 578.44 Julian day (359.77 

Watt/m
2
), the minimum conduction value at 655.54 Julian day was (126.039 

Watt/m
2
). Back radiation fluctuates less than other fluxes. This returns to its 

dependence on one variable factor, which is water temperature. The maximum 

value, recorded to the back radiation, was (410.06 Watt/m
2
) related to the 

maximum water temperature (21.5 
o
C). The simulation of the model highlighted 
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the influence of the solar radiation bell-shaped curve on the total heat flux 

curve.  

In addition, the model implementation of Edinger's suggestion for wind 

speed coefficients (b1 = 9.4, b2= 0 and b3 =0.46) was used as a feature in the 

model to calibrate the total heat flux. It was found that the resulted curves of 

this calibration simulated the fluxes but in different ranges. For more flexibility, 

other suggestions from several wind functions were applied in the model. It was 

found that (Ahsan & Blumberg, 1999; Arifin et al., 2016; Ji, 2017) models were 

the closest to the Edinger's model. Furthermore, a wind sheltering coefficient 

(WSC) was proposed and taken into account as a multiplication factor of wind 

speed.  

In order to link the developed model with the advection-dispersion 

equation, a case study was performed based on field data from an aeration basin 

located in Al-Muamirah wastewater treatment plant. Based on available data 

from the Al-Muamirah wastewater treatment plant, the model was run for 24 

hours to estimate the temperature along the aeration tank. Some data has been 

enforced due to a lack of data related to the research location. After multiple 

trials, the hypothesis was validated. The predicted temperatures were very close 

to the real data. The MAE and RMSE were relatively low. It's also worth noting 

that the arrival of waste water heralds the start of a new heat wave, which 

steadily intensifies until it reaches the basin outlet, when it reaches its peak. 

With each entry, the process is repeated. The low errors values demonstrate the 

model was able to simulate the aeration basin temperatures efficiently. At 10 

a.m. on 28/6/2021, the measured wastewater temperature at the middle of the 

tank was 30 
o
C and the estimated wastewater temperature at the middle of the 

tank was 29.81 
o
C. Moreover, several plots presented the estimated 

temperatures for the aeration basin for 24 hr were displayed.  
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1.1 Introduction 

The prerequisite for an accurate understanding of aquatic ecosystems is 

knowledge of thermal systems. For aquatic beings, the most important 

parameter is the existence of dissolved oxygen (Taft, 1958). The dissolved 

oxygen rate (DO) reduces as the water temperature increases. DO and water 

temperature have an adverse relationship. This relation has been subjected to 

various studies (Steele, 1989;Kalinowska & Rowiński, 2015; Kuligiewicz et al., 

2015). Demars et al., (2011) worked on temperature effects on the respiration of 

the entire stream ecosystem and showed that "The temperature is an essential 

(but not alone) driver of stream and rivers metabolism''. Regardless of the 

technicalities, any change in water temperature will have severe implications. 

Re-oxygenation and decomposition rates of organic waste will be affected by 

increasing water temperature, which will alter dissolved oxygen profile (Demars 

& Manson, 2013). 

Oxygen is very necessary to metabolism; therefore, if the temperature of 

water rises, some species may disappear completely. This fact alone has become 

the purpose of many studies related to the heat balance of water bodies. Heat 

budget has critical importance and cannot be neglected when the aquatic 

ecosystem health is under investigation. One of the most essential elements in 

ecosystem research is water temperature. Temperature affects biological and 

chemical activity such as dissolved oxygen concentrations, fish development, 

and even mortality. Another fact is that in the alligators' case and several 

reptiles, the temperature is the crucial factor for determining gender during egg 

incubation (Murray, 2002). Any change in water temperature will affect those 

species' sex ratio, which is important for population dynamics and survival        

( Kalinowska & Rowiński, 2015). 

Water has a unique property which is absorbing thermic energy while 

witnessing only slight temperature changes. Unfortunately, most aquatic species 
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have strengthened enzyme systems that function in narrower temperature ranges 

as a result of this characteristic. Relatively a minor change in natural 

environmental temperature can lead to considerable environmental problems. 

For instance, a rise in water temperature can knock off fishes that are heat 

intolerant in severe situations. This comprises plants hinder the aquatic food 

chain's web of life ( Kalinowska & Rowiński, 2015). 

Furthermore, many biological conditions are influenced by the river water 

temperature. The temperature of the water, for example, has a significant impact 

on the spawning period of sockeye salmon. Authors found when the 

temperature touched 19 
o
C, spawning had been disturbed by the thermal cover 

of individual fish  (Reiser & Bjornn, 1979). Salmon fish mortality rate increases 

due to the increases in stream temperatures (23-25°C).  Johnson (1997) linked 

water temperatures to the Atlantic salmon fry emergence timing (Benyahya et 

al., 2007).Some researchers discussed the human impact of river thermal 

conditions. For instance, Beschta et al., (1987) worked on the river water 

temperature in forestry conditions. Also, Webb & Walling (1993) studied the 

reservoir's downstream effects. Changes in bank land cover, which influences 

shade on the water surface, river morphology, which affects the surface area, 

water depth, and velocity rate, and the link between flow and groundwater, 

storm water, and other inputs can all help to raise water temperatures. When 

precipitation strikes hot impermeable surfaces of civil areas, the result is 

warmer storm water than the water temperature. 

Finally, the heat exchange affects the heating system and valuable 

elements include climatic and physical properties. The meteorological factors 

such as air temperature, wind speed, humidity, etc. affect the air-water energy 

exchange. In addition, this exchange is influenced by the annual cyclic of 

incoming short radiation, riparian vegetation (especially in tiny water streams), 

stream perspective, canal geomorphology, the topography of the valley, 
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tributary positioning, and groundwater inputs. Changes in water temperature are 

essential to aquatic resources, both temporally and geographically (Vannote et 

al., 1980). Human interventions such as deforestation and dam control 

frequently disturb these processes (Webb & Walling, 1993). For further 

illustration, bank vegetation that is affected by forest processes will have a large 

impact on the river heat flux budget components (Brown & Krygier, 1970; 

Hilaire et al., 2000). The temporal and geographical variability of water 

temperatures is influenced by flow variations and/or water withdrawal (Sinokrot 

& Gulliver, 2000). In a recent study, the interconnection of air and water 

temperatures were more intense when the discharged flow was beneath the 

annual average (Gu et al., 1998; Webb et al., 2003). 

 

1.2 Statement of problem 

Thermal pollution in the aquatic system is the result of processes that vary the 

surrounding temperature in water bodies. Any change in ambient temperature in 

nature even if it is very small can cause serious environmental problems. This 

change in the temperature of water may pass the natural fluctuation limit of 

temperature. Therefore, it is necessary to make predictions of water temperature 

fluctuations and environmental impact assessments including air-water heat 

exchange in details.  

 

 

1.3 Engineering Significance 

  

The study is significant in addressing the role of air-water surface heat 

exchange in the modeling of thermal pollution. This study is one of the essential 

steps for implementing the advection-diffusion equation accurately. This work 

has a role in the sinks/sources calculation in the mentioned equation. It helps 

researchers who are focusing on the assessment of the water temperature and its 
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influence on the aquatic system, and may also be used for heat distribution 

investigation in surface water bodies. In addition, it assist in predicting and 

evaluating future developments in water temperature variations before every 

industrial building that disposes heat into waterbodies. 

 

 

1.4 Objectives of the study 

The main objectives are: 

 

1. To build a model capable of calculating air-water surface heat exchange 

fluxes. 

2. To perform a sensitivity analysis for several parameters in the model. 

3. To regress air and water temperatures of surface water bodies. 

4. To implement the developed model by doing a real case study. 



 

 

 

 

 

CHAPTER TWO 
 

 

Theoretical Concepts 

and  

Literature Reviews
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2.1 Introduction 

Most of the earth is covered by water. From this point of view, the 

importance of water studies comes. There are many studies in different majors 

about water. The study of water quality and climate change is one of the most 

popular topics about water. There is some sensitiveness of water quality 

perspectives to climate change, and water temperature is the most critical water 

feature. Any increase in water temperature leads to a decrease in dissolved 

oxygen transfer rate to the water column. In turn, the latter will impact the 

biological activity of the water body ecosystem.  

As the sun rises every morning, its rays heat everything including surface water 

and air. Water layer that is next to the air layer will get a portion of that heat, 

and some of this heat will be lost by evaporation and conduction. A portion of 

solar radiation is reflected from water to the atmospheric layer. Also, the water 

surface emitted radiation and in turn it contributes to the cooling of water. 

Figure (2-1) shows that graphically. Table (2-1) summarizes fluxes typical 

values. The mentioned five fluxes together contribute to make the net total 

surface heat flux (Ht). In turn it becomes the heat transport equation 

sink/source, see eq. (2-1). 

 𝑇

  
  

 𝑇

  
  

  𝑇

   
 

  

      
             

Where  :  Dispersion coefficient. 

𝑇: Temperature.   : Net heat exchange flux. 

 :  Time.  :  Water density. 

 :  Flow velocity.   : Water specific heat at a constant pressure. 

 :  Distance along the axis.  :   Water body depth. 
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Figure (2-1): Surface heat exchange components 

 

Table (2-1): Typical values for the surface heat exchange components 
according to (Al-zubaidi 2018; Kalinowska 2019): 

 

Fluxes Fluxes typical values (Watt/m
2
) 

Solar radiation 

( 50  – 350) 

For a sunny day, (800 – 1000) 

For a very cloudy day,(100 – 300) 

Atmospheric radiation 

(200 – 400) 

(30  – 450) 

Back radiation 

(250 – 500) 

(300 – 500) 

Evaporation ( 0   –   35) 

Conduction (200 – 70ــ) 
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2.2 Previous related literature 

 Al-Zubaidi & Wells (2020) developed a 3D hydrodynamic and water 

quality model to predict the temperature and water quality constituents transport 

in surface waterbodies. Comparisons between the model predictions and the 

analytical solutions and field data were performed to validate the model.  The 

surface heat fluxes were calculated based on Cole and Wells (2017) and 

Edinger et al. (1974). The net solar shortwave radiation determination was 

based on Wunderlich (1972). The 3D model can either compute clear-sky solar 

radiation theoretically and adjust it by cloud cover or read in measured short-

wave solar radiation directly from the available meteorological data. The net 

atmospheric long-wave radiation was computed by an approach proposed by 

Wells et al. (1982). For air temperature greater or equal to 5°C, the atmospheric 

clear-sky long-wave radiation was calculated using the approach of Swinbank 

(1963). For air temperature less than 5°C, the atmospheric clear-sky longwave 

radiation was calculated by adopting the approach of Idso and Jackson (1969). 

Back (Long Wave) Radiation, evaporation heat flux, and conducted heat fluxes 

from the water surface were computed using the approach proposed by Cole 

and Wells (2017). Finally, the results of total net heat fluxes were used to 

calculate the temperature and water quality sources/sinks. As a result, the 3D 

model showed good agreement with field data. 

 Abdi & Endreny (2019) developed the i-Tree Cool River mechanical 

model and tested whether it can determine the cause of thermal pollution and 

mitigation measures. The model represents the influence of external loads that 

receive solar radiation without river bank shelter, multiple lateral rainwater 

channel flows, tributaries of drainage reservoirs, groundwater flow, and low 

levels of constant flow in dry climates and unstable flow in humid climates. The 

i-Tree Cool River model simulates a convection-diffusion equation with inflow 

and heat transport. The long-wave radiation flux composes of two fluxes. The 



CHAPTER TWO: Theoretical Concepts and Literature Reviews 

8 

 

first is a positive downward flux from the atmosphere and land cover over the 

water surface. The other is a negative rising flux from the water body. 

Atmospheric long-wave radiation was calculated by applying (Boyd & Kasper, 

2003). The emissivity of the atmosphere was calculated by the use of the Kustas 

equation. The general sky-view-factor formula was computed based on (Chen et 

al., 1998). Land cover radiation trace the approach of the land cover of  (Boyd 

& Kasper, 2003). Water body is influenced by air radiation, depending on the 

water temperature in which the heat flow adopting the approach of (Boyd & 

Kasper, 2003) ..  

 Kalinowska (2019) studied the workable difficulties associated with the 

thermal spread in the river. The author attempted to outline and discuss 

probable challenges with the understanding and practice of water-air exchange 

calculations. Water temperature measurements was for the Narew and Świder 

rivers, in Poland, which is have different characteristics. Edinger's equation was 

used to calculate the total heat budget. The shortwave solar radiation was 

calculated based on the Magnusson et al. (2012) equation and then corrected, 

taking into account the shading. The incoming shortwave solar radiation was 

measured from three different meteorological stations for the both rivers, 

resulting in different values. This difference could be due to the effect of the 

riverbank vegetation. The incoming atmospheric radiation was estimated 

according to the modified Stefan-Boltzmann equation, and the main difficulty 

was the calculation of the emissivity of the atmosphere. The author used several 

formulas to calculate the atmospheric emissivity for different sky conditions. 

Evaporation and condensation were calculated based on the Dalton equation, 

where the saturated vapor pressure at the surface of the water was calculated 

using the Magnus formula (Magnus, 1844). For wind speed function, the author 

calibrated the chosen wind speed formula by applying and comparing several 

equations using meteorological data from local measurements. Conduction and 
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convection processes were obtained by adopting Bowen ratio (Bowen, 1926; D. 

N. Moriasi et al., 2007; Bowen, 1926; Ji, 2017). In addition, this technique 

lowers the quantity of input data needed. 

 Kalinowska & Rowiński (2015) worked on a stream temperature 

modeling framework, especially after a significant quantity of heat pollution 

was introduced. The exchange mechanisms between the river water and its 

environment also was examined, and the circumstances arising from 

unanticipated fluvial shift in thermal conditions were taken into account. The 

heat exchange equation was written based on (Edinger et al. 1974; Rutherford et 

al. 1993). All components were calculated based on hydrological data, the 

temperate of water, and meteorological data. The heat exchange equation 

became a complicated nonlinear water temperature function, and then the 

solution of the heat transport equation were converted to a linear form. 

 Fink et al. (2014) looked for significant changes in heat exchange 

process with the environment, as well as their temporal evolutions. For this 

reason, a model was used to a large Central European lake linked by the Rhine 

River and consists of two basins. Two sets of data were collected per month at 

the lake deep bottom point, and surface water temperatures were measured 

continuously at other places. This information was utilized to create surface 

water temperature continuous time series measurements. The difference 

between the two temperatures was calculated for all. The temperatures of the 

river water were measured at a measuring Constance station. The station 

provided the required daily average measurement data for the years 1981–2011. 

The entire sum of all heat fluxes is the net heat flux. Downward fluxes are 

considered positive, and vice versa. A dispersed light cloud and a moderately 

disturbed water surface were used to calculate shortwave absorption based on 

Cogley (1979). The absorption of the atmospheric radiation is represented by 

Stefan-Boltzmann law. The emissivity is specified by humidity and clouds with 
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a calibration parameter. Stefan-Boltzmann law was adopted to obtain lake 

surface atmospheric radiation at the absolute temperature of the water. The 

surface emissivity (0.972) was utilized in this study. Dalton’s law, which is 

widely used, was adopted for evaporation and conduction. The saturated water 

vapor pressure was approaching by the Magnus formula. The wind velocity was 

calculated by using Kuhn (1978). Forced and free convection (Bowen, 1926) 

was based on Livingstone and Imboden (1989) by inserting equation (Dalton’s 

law) into the equation (Bowen, 1926).  

Prats et al. (2012) used the technique of equilibrium temperature, and the 

hydrological years for various seasons and hydrologic years were used. 

Furthermore, the thermic change of heat fluxes is addressed. A temperature 

monitoring program was conducted downstream of the Ebro River. A lot of 

researches, including this one, has been conducted on this area to look for the 

impact of the thermal change resulting from the nuclear plant on the river 

ecosystem. A modeling technique was validated by comparing the measured 

temperature with the simulated water temperature. Net short wave radiation was 

determined based on the method suggested by Campbell and Aarup (1989). Net 

longwave heat flux was estimated based on one of the parameterizations 

achieved by Aubinet (1994), while long-wave radiation released by the water 

surface was determined by adopting the usual grey body formula with 

emissivity of 0.97. Evaporative heat flux was gained using Sill (1983) method. 

At last, convection was calculated based on the Bowen ratio (Henderson-

Sellers, 1986). The numerical model was built in the MATLAB environment to 

evaluate longitudinal hydrodynamic and heat fluxes within selected sections of 

the Ebro River. 

Christopher et al. (2010) predicted the longitudinal temperatures changes 

using the heat budget model. This research also describes the transverse and 

daily variations in Waikato River temperature, the longest river in New 
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Zealand. Meteorological data were taken hourly from two locations. Global 

measurements of radiation were also provided every hour. Model equations 

were solved using the STATS program. Evaporation was estimated using three 

models. Then the model was developed using Jobson (1977) and meteorological 

data from the second location. Temperatures downstream were estimated and 

compared to typical naturalistic transverse temperatures. The net heat flux was 

calculated by Edinger et al. (1974). Short wave flux was assumed eighty 

percent direct, and the rest was diffused. Surface reflectivity was produced by 

coefficients that change with cloud cover and solar height. Evaporation was 

calculated based on water density, vapor latent heat, the air-saturated vapor 

pressure at the surface water temperature, and air vapor pressure. Different 

experimental formulas have been acquired from field data to predict wind speed 

function. TVA (1972) was applied to estimate the function of wind speed. Also, 

Jobson (1975) and (Jobson 1977) were utilized to calculate the function of wind 

speed.  The evaporation estimation of all formulas has given the same results. 

Vapor pressure of the air was retrieved from humidity and dry bulb air 

temperature. Alternatively, the vapor pressure of the air was determined from 

wet and dry-bulb air temperature.  Conduction heat flux was obtained using the 

Bowen ratio, and back-radiation was determined by Stefan-Boltzmann ratio 

with emissivity of 0.97. 

 Foreman et al. (1995) built a model for predicting temperature in the 

Fraser River as well as the major Sockeye tributaries. This was an investigation 

study to examine the ability of cold water coming from the lake to lower the 

temperatures of the waters of the Fraser River. The Fraser River is Canadian 

largest river and drains into the Pacific Ocean. The river source is near Jasper, 

Alberta in the Rocky Mountains. it has 1370 km journey to the Strait of 

Georgia. The researchers used (Edinger et al., 1974) to calculate the net rate of 

heat flux. Magnusson equation with albedo of 0.06 was used to calculate 
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shortwave radiation, and Siwmbank was used for computing longwave 

radiation. Back-radiation was obtained using Stefan’s Law with water 

emissivity of 0.96. Dalton’s equation was used for the evaporation rate 

computations. Magnus empirical formula was used for both air vapor pressure 

and saturated air vapor pressure. Also, wind function was calculated based on 

Shanadan 1985 equation with the evaporation constants (a= 9.2, b=0.46, c=2). 

Finally, for conduction heat loss, Bewon's equation was adopted.  

Shanahan (1984) reviewed the techniques for the computation of water 

temperature in surface water bodies. The review described various styles for 

dealing with input data and units to forecast net heat transfer based on two 

approaches: the complete thermal budget and the linear heat exchange. 

Edinger’s equation was applied to calculate the net flux. The author suggested 

Wunderlich (1972) method with a factor of 0.94 to account for the average 

reflectance of the water surface and calculate solar radiations. Brunt's formula 

(Brunt, 1932) and Stefan-Boltzmann ratio of a factor of (      ) were used 

as multiplying water emissivity and Stefan-Boltzmann constant for atmospheric 

radiation and Back Radiation. For wind function, several equations were used 

as shown in Table (2-2).  
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Table (2-2):  Wind functions conditions (Shanahan, 1984). 

Equation Condition 

Lake Hefner equation Harbeck (1952) Natural Lakes 

Meyer (1942) Natural Ponds and Lakes  

USGS/Chattahoochee River Barnwell (1982) Natural River 

QUAL-II Roesner et al. (1977) Rivers 

Brady, Graves and Geyer (1969), 

Ryan and Harleman (1973) 

& Throne (1951). 

Cooling Ponds 

Rimsha and Donchenko (1957) Heated Streams in Winter 

 

 

 

2.3 Literature gap and model features 

Based on the advantages and disadvantages of the models listed in the literature 

above, a MATLAB model was built to calculate heat exchange fluxes between 

air and water surface. The model could be applied to any surface waterbody 

after entering the required metrological data. Taking the advantages of Edinger 

et al. (1974) and Cole and Wells (2017), surface heat fluxes were calculated to 

be used in the calculation of the source/sink term of the heat transport equation. 

The EPA model was used to calculate solar radiation. This EPA model was 

included in the CE-QUAL-W2 water quality model and showed high agreement 

with field data. Atmospheric net radiation was obtained using Wells et al. 

(1982). The adopted equation for the back radiation calculation was (Steven C. 

Chapra, 2008) with water emissivity value of 0.97 (the most reliable value). 

Wind speed profile was calculated based on Edinger et al. (1974) suggestion 
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after correcting wind speed. The correction was done based on Ryan and 

Harleman (1973). Then evaporation heat flux was obtained (Cole & Wells, 

2006). Conduction calculation was obtained by the Bowen ratio (Cole & Wells, 

2006; Kalinowska, 2019). Several features were required to be presented 

together to add more strength and flexibility in the computations. These features 

are: 

1. Wind sheltering coefficient needs to be added to overcome the deference 

between metrological station wind speed reads from different locations. 

2. Flexibility is required to calculate the wind speed profile from different 

functions. 

3. The ability to make a calibration for Edinger equation's coefficients in 

any rage with intervals is required. 

4. Retrieve water temperature from air temperature from different models 

such as logistic and sinusoidal regression models will be a useful tool. 

5. In addition, MATLAB can determine the following directly:  

A. AME and RMSE errors.  

B. Maximum, minimum and mean fluxes values. 

 

Laurance lake was selected to build the model because it has a high resolution 

metrological data. Laurance Lake is a reservoir situated at the Mountain Food 

base in the County of Hood River, Oregon, USA (Berger et al., 2005; Al-

Zubaidi, 2018). Linear interpolation was performed due to the difference in 

time intervals between water temperature data and metrological data. In 

addition, the model was applied to the aeration tank of the wastewater treatment 

plant in Al-Muamirah. The plant is located in Muamirah, south of the city of 

Hilla, the province of Babylon, Iraq. The model was linked advection-

dispersion equation adopted for the model (Makinia et al., 2005). Three 

additional fluxes were added. The three fluxes are (aeration, biological and 

mechanical heat fluxes). Aeration heat flux was obtained as (Talati & 
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Stenstrom, 1990). Biological heat flux can be figured based on Gibb’s free 

energy terms (Wells et al., 2005). Mechanical heat flux was computed as 

(Makinia et al., 2005). The model ran for 24 hours to estimate the temperatures 

in the aeration tank based on the available data from Al-Muamirah wastewater 

treatment plant. Due to a lack of data in the study location, some data has been 

assumed in its typical range. The estimated wastewater temperatures have a 

difference less than 0.5 
O
C.  
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3.1 Introduction 

The prerequisite for an accurate understanding of aquatic ecosystems is 

knowledge of thermal systems. For aquatic beings, the most important 

parameter is the existence of dissolved oxygen (Taft, 1958). The dissolved 

oxygen rate (DO) reduces as the water temperature increases. DO and water 

temperature have an adverse relationship. This relation was subjected to various 

studies  (Steele, 1989). Recent studies have revealed that the water temperature 

and dissolved oxygen rate relationship under specific conditions is a hysteretic 

style (Monika B. Kalinowska & Rowiński, 2015; Rajwa-Kuligiewicz et al., 

2015). Demars et al. (2011) worked on temperature effects on the respiration of 

the entire stream ecosystem and showed that "(The temperature is an essential 

(but not alone) driver of stream and rivers metabolism)''. Regardless of the 

technicalities, any change in water temperature will have severe implications. 

Re-oxygenation and decomposition rates of organic waste will be affected by 

increasing water temperature, which will alter dissolved oxygen (Demars & 

Manson, 2013). 

 

3.2 Location and background of the research area 

Laurance Lake is a reservoir situated at the Mountain Food base in the County 

of Hood River, Oregon, USA (Fig. (3-1)). Its latitude and longitude 

coordination are 45.46 and 121.66, respectively. It has an elevation of 910m 

above sea level. It was built for irrigation conservation in 1968. At its full Pool, 

it has a capacity of 3564 acre-feet (Berger et al., 2005; Al-Zubaidi, 2018). 

Reservoir inflows flow into the major inflows from Clear Branch Creek at the 

western end of the reservoir and into smaller inflows at Pinnacle Creek in the 

southeastern corner of the reservoir. There is a dam and outlet at the eastern end 

of the reservoir (Al-Zubaidi, 2018). 
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Figure (3-1): Laurance Lake, Oregon, USA location (retrieved from Google by 

QGIS). 

 

 
 

3.3 Model input data and Code algorithms  

Meteorological data are required to activate the code. Air and water 

temperatures, dew point, wind speed, relative humidity, and cloud cover were 

all the inputs. The model can handle input data from various time intervals. 

Two datasets were used to run the model. One dataset is linked to the input 

meteorological data, while another is linked to the surface temperature of the 

waterbody.  Each dataset has a various time resolution. The available surface 

water temperature was at the dam and had a different temporal resolution than 

the meteorological data. As a result, linear interpolation was employed to 

calculate surface water temperature at any required time. Based on water 

temperature, back radiation was calculated. While atmospheric radiation 

calculation depends on air temperature and cloud cover. Evaporation estimation 
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is done based on water temperature, dew point, relative humidity, and wind 

speed profile. Wind speed is corrected, and then it enters the calculation of the 

wind speed profile. For code activation purposes, Laurance Lake 

meteorological data are adopted. The data was measured at two stations. The 

first is at the dam and the other is at a station at Parkdale.  Datasets cover the 

period (487-670) Jday (Julian day) where the first Jday is at 1/1/2002 (Berger et 

al., 2005). The theoretical framework was presented in Fig (3-2). Figure (3-3) is 

a summarized schematic flowchart for the code.  

 

 

Figure (3-2): Theoretical framework. 
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 Figure (3-3): MATLAB code summarization. 

 

3.4 Model fluxes calculations 

Surface heat fluxes are estimated by applying the method in Cole and Wells 

(2017) suggested by Edinger et al. (1974). Consequently, the net surface heat 

flux (Ht) in Watt/m
2
 and as follows (Foreman et al., 1997) : 

                                 

Where (Ht) can be used for the calculation of the source/sink term of the heat 

transport equation (eq. 2-1). 

 

3.4.1 Solar Radiation 

Short wave radiation comes from the sun (Grossnickle & Canada, 2000). It 

is the most valuable factor that rules both seasonal and daily water temperature 

variations (Al-Murib et al., 2017). On the surface of this planet, solar radiation 

is greatly unsteady spatially and temporally. However, it is nearly constant in 
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the upper atmosphere of the earth with a value of 1370 Watt/m
2
 and is called 

the solar constant (Klassen & Bugbee, 2015).  

Special filtering is being made of the spectrum quality and amount of 

radiation delivered to the earth through the atmosphere. Moisture, gases, and 

particle matter in the air scatter and absorb, resulting in filtration. The residual 

radiation is dispersed or absorbed by water, CO2, ozone, and particulate matter. 

Solar radiation is divided into two types: direct and diffuse. Global radiation is 

the sum of the two. Direct normal irradiance (DNI) is the straight-line radiation 

from the sun (Klassen & Bugbee, 2015). The magnitude of short-wave radiation 

counts on several factors: solar altitude, scattering and absorption, reflection, 

and shading (Steven C. Chapra, 2008). Solar radiation ranges (800-1000) 

Watt/m
2
 for sunny days. While for cold winter days, solar values have a domain 

of (100-300) Watt/m
2 
( Kalinowska, 2019).  

There are many models for calculating and estimating solar radiation such as 

the model proposed by Klein, 1948; Kennedy, 1949; EPA, 1971; and Lee, 

1978; Meeus [1999] and (Annear & Wells, 2007). In this thesis, the EPA model 

was admitted. This model has been used in the water quality model CE-QUAL- 

W2 and presented a good agreement with field data. All the equations used for 

estimating the sun position have been refined based on updating the original 

formulation given in EPA (1971) and (Cole & Wells, 2006). 

3.4.2 Atmospheric radiation 

Atmospheric long-wave radiation is the radiation that results from the 

absorption and re-radiation of solar short-wave radiation, mainly by water drops 

and vapor in the atmosphere. It depends on cloud cover and cloud altitude 

(Foreman et al., 1997; Wang & Dickinson, 2013). Both short-wave solar and 

long-wave atmospheric radiations are not a fashion of water temperature and 

are submitted to be scattered and reflected at the interface of air and water 
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(Foreman et al., 1997). While the solar radiation measurements are 

comparatively available from numerous meteorological stations, the long-wave 

radiation measurements are computed. Atmospheric long-wave radiation value 

depends on the air temperature and differs between (30-450) Watt/m
2
                 

(Kalinowska, 2019). Whereas Al-Zubaidi (2018) stated that the magnitude of 

long-wave radiation is in the range of (200-400) Watt/m
2
 . 

Atmospheric net radiation ( 𝑎𝑛) can be obtained using Wells et al. (1982). 

With the addition of the cloudiness and the reflectivity effect, the final adopted 

equation for calculating the net long-wave radiation can be written as 

mentioned in (Al-Zubaidi, 2018): 

For air temperature (𝑇𝑎) ≥ 5 °C: 

        𝑇                             
 

For air temperature (𝑇𝑎) < 5 °C: 

          𝑇        [      𝑒           
  ]                      

 

Where 

 : is the emissivity of the waterbody (0.97) 

 : is the Stefan-Boltzmann constant (5.62E-8 Watt/m
2
/°k

4
). 

 °: is a proportionality constant (0.937E-5). 

𝑇𝑎: is the air temperature (°C). 

(1+ 0.17 2
): accounts for the cloud cover effect (Wunderlich, 1972). 

 

3.4.3 Back-radiation 

Likewise, earthly objects waterbodies emit long-wave radiation, which 

contributes to cool down from the water surface. The value of back radiation 
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heat flux usually fluctuates within (300-500) Watt/m
2
 (Deas & Lowney, 2000). 

With the assumption that water temperature is available, the calculation of back 

radiation is relatively easy. Back radiation calculation is similar to the long-

wave atmospheric radiation calculation fashion. It could be computed based on 

Stefan Boltzmann's law, but with different emissivity. The water emissivity 

value is between  0.9 to 0.99, but 0.97 is the most reliable value ( Kalinowska, 

2019). The adopted equation for the back radiation calculation is (Steven C. 

Chapra, 2008): 

         𝑇                   

 

Where  

  : is the emissivity of the waterbody (0.97). 

 : is the Stefan-Boltzmann constant (5.62E-8 Watt/m
2
/°K

4
). 

𝑇𝑠: is the water surface temperature (°C). 

 °: is a proportionality constant (0.937E-5). 

 
 

3.4.4 Evaporation 

Evaporation flux is the flux resulting from the evaporation process 

known for all as "the process by which liquid water enters the atmosphere as 

water vapor. It is an important part of the exchange of energy in the Earth-

atmosphere system that produces atmospheric motion and therefore weather and 

climate. The rate of evaporation depends on the temperature difference between 

the evaporating surface and the air, the relative humidity, and wind" (Augustyn 

& Rafferty, 2009). The value of evaporation falls in the range (0-35) Watt/m
2
. 

Evaporation heat flux was obtained as follows (Cole & Wells, 2006): 

   𝑓    𝑒  𝑒              

 

Where  

𝑓 ( ): wind speed function (Watt/m
2
/ mmHg) 
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W: measured wind speed at a certain height above the water surface (m/sec). 

𝑒𝑠: saturated vapor pressure at 𝑇𝑠 (mmHg).  

𝑒𝑎  : atmospheric vapor pressure at 2m above the water surface (mmHg). 

 

Saturated vapor pressure is a mathematical trend of the surface water 

temperature. It can be computed based on relative humidity (𝑅ℎ): 

𝑒𝑠             
     𝑇𝑠

 𝑇𝑠         
             

 

And the air vapor pressure depends on both ambient air temperature and air 

relative humidity. 

𝑒𝑎   𝑅  𝑒𝑠            

 

Air vapor pressure is computed based on dew point temperature: 

 

𝑒𝑎             
     𝑇𝑑

𝑇𝑑        
             

 
𝑇𝑑: Dew point temperature (°C). 

 

3.4.5 Conduction 

Conduction is the process of heat swap between direct contact masses that have 

different temperatures. The process is happening at the air-water border and can 

be settled out using the resulting equation from the Bowen ratio (Cole & Wells, 

2006; Kalinowska, 2019): 

      𝑓    𝑒  𝑒              

 

Where  𝑐 is Bowen’s coefficient (0.47 mmHg/ °C). 

Conduction heat flux values are (-70 - 200) Watt/m
2 

(Al-Zubaidi, 2018). It can 

cool down or warm up the water temperature, and this happens when the air 
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temperature is less or greater than the water temperature, respectively (Edinger 

& Geyer, 1974). 

 

3.5 Wind Speed Function 

The wind speed function is commonly a linear and sometimes quadratic 

function of wind speed and may be written as (Cole & Wells, 2006) : 

𝑓    𝑎  𝑏               

 

Where 𝑎, 𝑏, 𝑎𝑛𝑑 𝑐 are empirical coefficients. Values of a, b, and c were taken 

as suggested: 

𝑎 = 9.4  Watt /m
2
/ mmHg.  

𝑏 = 0.46 Watt /m
2
/ mmHg/(m/sec)

2
.
 
 

𝑐 = 2. 

For rivers, it should be measured typically 2 meters above the surface. 

(sometimes 1.5 m), and for lakes and reservoirs, it is usually measured at 7, 8 or 

10 meters above the surface (Monika Barbara Kalinowska, 2019). Other 

researchers suggested  the wind speed, for any waterbody, should be measured 

at 2 m above the water surface (Al-Zubaidi, 2018; Shanahan, 1984). The wind 

speed generally increases with the height. Wind speed needs to be set to a 

certain height based on Ryan and Harleman (1973): 

  

   
 

 𝑛  
 
  

 

 𝑛  
  

  
 
             

Where 

  : the desired wind velocity (m/sec) at elevation z (m). 

 𝑍1: the known wind velocity (m/sec) at elevation z1. (m). 

𝑍°: the wind roughness height (m). 
𝑍: height of desired wind velocity (m). 

𝑍1: height of known wind velocity (m). 
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In addition, a wind sheltering coefficient, WSC, is advised to correct the wind 

speed at the measuring location to the waterbody surface location. The 

correction style was as a multiplication factor to wind speed (Cole & Wells, 

2006). 



 

 

 

 

 

CHAPTER FOUR 
 

 

Results and Discussion
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4.1 Surface heat flux budget model simulation  

To show the results, the simulation time was divided into several sections 

to reveal the fluctuations and reactions to the variations of fluxes during 

different durations. The whole data simulation period is (487-670) Julian Day. 

Many researchers contend that short-wave radiation owns its maximum strength 

on summer days (Lofgren & Zhu, 2000). In this work, the maximum value for 

the solar radiation was 842 Watt/m
2
 at 540 Jday. It is a typical value for the 

summer day's season.  This is shown in Fig. (4-1). The peaks for atmospheric 

radiation was around 454 Watt/m
2
 at 635 Jday. The atmospheric peak is smaller 

than the solar radiation, but it still hits the maximum on the summer days. The 

reason behind that atmospheric flux depends on the air temperature. When the 

solar rays hit their maximum in the summer and rise the air temperature, it 

becomes very normal for the atmospheric radiation to have a rise in those days , 

see Figure (4-2).  

 

Figure (4-1): Short wave radiation flux. 
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Figure (4-2): Atmospheric long-wave radiation fluxes.  

 

In contrast to atmospheric radiation, long-wave back radiation depends 

primarily on water surface temperature. It strikes its maximum value on hot 

days as a result of the water is being affected by solar radiation and atmospheric 

radiation (Fig. (4-3)). Back radiation has 410 Watt/m
2
 at 576 Jday as a 

maximum value. 

When evaporation remarked a maximum value of 359 Watt/m
2
 at 578 Jday, 

conduction has 169 Watt/m
2
 as the highest value on the same day. The 

aforesaid is applied for the deepest falling, evaporation takes -66 Watt/m
2
 as the 

minimum value at 659 Jday and conduction has on the same day -31 Watt/m
2
 as 

a lowest value. Figures (4-4) and (4-5) reveal the linking relationship between 

evaporation and conduction heat fluxes. Finally, the total heat flux recorded 
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770.7631 Watt/m
2
 as a maximum value at 508 Jday, and this is normal for 

sunny summer days. For winter days, its values surely will dropdown. This 

dropdown happened as its minimum value recoded -448.92 Watt/m
2
 at 578 Jday 

(Fig. (4-6)). 

 

Figure (4-3): Back long-wave radiation fluxes. 
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Figure (4-4): Evaporation fluxes. 

Figure (4-5): Conduction fluxes. 
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Figure (4-6): Total heat fluxes. 

 

Several periods of time (515-545), (576-606), and (638-668) Julian day 

was chosen (Fig. (4-7)) in which the solar radiation impact on total flux appears 

clearly. The total heat flux behaves similar to the solar radiation flux. This 

proves that the major effect on the total heat budget is related to the solar 

radiation. Solar radiation has 287, 249 and 113 Watt/m
2
 as a mean value for 

(515-545), (576-606), and (638-668) Julian day, respectively. It was noted that 

the solar radiation mean values went down referring to the winter season. The 

same happened to the total flux where its mean values dropped from 100 

Watt/m
2
 at (515-545) to 25 Watt/m

2
 at (576-606) and reached 11 Watt/m

2
 at 

(638-668). Table (4-1) shows the mean values of the atmospheric, back 

radiation, evaporation and conduction heat fluxes. 
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(a) 

 
(b) 

 

(c) 

Figure (4-7): Fluxes at (a): 515-545, (b). 576-606, and (c): 638-668 Jday. 
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Table (4-1): The mean values for (515-545), (576-606) and (638-668) 

Jday. 

Fluxes Watt/m
2
 515-545 576-606 638-668 

Atmospheric 

radiation 
314 337 307 

Back radiation 375 397 361 

Evaporation 85 111 32 

Conduction 40 52 15 

 

For more details about the fluxes behavior, several weekly periods were 

chosen with a selected day. The periods were (500-507), (550-557), and (590-

597) Julian days (Fig. (4-8)). Solar radiation strongly showed its control effect 

on the total radiation. In every solar radiation top and bottom peak, total flux 

follows these with a different scale. Also, solar radiation appears to fluctuate 

between zeros at night hours and reaches gradually the maximum intensity at 

midday. Solar radiation comes in two cycles. The first one is the daily cycle 

caused by the rotation of the earth around itself. The other cycle is the annual 

cycle caused by the rotation of the earth around the sun.  

Atmospheric radiation has been remaining under the effect of the air 

temperature. Air temperature, in turn, is affected by solar intensity. On the other 

hand, back radiation has a steady behavior, but it has a slight gradient. The 

twinning of evaporation and conduction appears clearly. Every rise and drop in 

evaporation flux, conduction continued up with. Table (4-2) summarizes the 

minimum values for atmospheric radiation, back radiation, evaporation, 

conduction, and total heat flux.  

 



CHAPTER FOUR: Results and Discussions 
 

33 

 

 

 

 

 
 

 

 

Figure (4-8): Fluxes for A. (500-507), B. ( 550-557), and C. ( 590-597) 

Jday. 

A. 

B. 

C. 
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Table (4-2): The minimum values summarization for atmospheric radiation, 

back radiation, Evaporation, conduction, and total flux. 
Fluxes 

Watt/m
2 

500-507 504-505 550-557 553-554 590-597 592-593 

Atmospheric 

radiation 
220 221 269 301 271 304 

Back 

radiation 
345 346 392 394 395 396 

Evaporation -5 35 59 94 60 60 

Conduction -2 16 27 44 28 28 

Total flux -260 -198 -455 -394 -388 -266 

 

 

 

 

4.2 Model sensitivity: 

 4.2.1 Wind sheltering coefficient (WSC) 
 

The model development accounts for the lake sensitivity to wind 

shielding. The total shear force on the water surface is related to a wind 

sheltering coefficient and the wind-affected lake area. To correct the wind 

speed, it was suggested to multiply wind speed by a wind sheltering coefficient 

(WSC) (Cole & Wells, 2017). When WSC is equal to 1, this means no 

corrections are needed (Al-Zubaidi, 2018). To study this effect, (0-2) range of 

values for WSC was chosen, and it is applied for three periods ((487-670) Jday, 

(490-497) Jday, and (492-492.5) Jday) as shown in Fig. (4-9), (4-10), and (4-

11). 

To show the effect of WSC on the total heat flux, a comparison was 

made between the average total fluxes for each WSC as shown in Table (4-1). 

WSC affects both evaporation and conduction, which are responsible for 

lowering the total heat flux. This leads to conclude that when WSC is low, the 

average total flux becomes higher. When WSC = 0, which is the lowest value, 
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the average total heat flux recorded a high value of 184.709 Watt/m
2
. Also, the 

average total flux registered -65.319 Watt/m
2
, which is the lowest value with a 

comparison of 184.709 Watt/ m
2
, when WSC=2.  

 

Table (4-3): Mean values of total heat flux for every WSC value. 

WSC 
Mean Total Flux 

Watt/ m
2 WSC 

Mean Total Flux 

Watt/ m
2 

0 184.709 1.2 34.692 

0.2 159.706 1.4 9.689 

0.4 134.703 1.6 -15.313 

0.6 109.700 1.8 -40.316 

0.8 84.697 2 -65.319 

 

 
Figure (4-9): WSC effects for (487-670) Jday. 
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Figure (4-10): WSC effect for (490-497) Jday.  

 
Figure (4-11): WSC effect for (492-492.5) Jday. 

 

 

 

4.2.2 Model Sensitivity of wind speed function to Edinger-wind 

coefficients  

 
Calibration was made for wind coefficients suggested by Edinger, where 

several ranges for coefficients were assumed to examine the changes in the total 

flux. Certainly, to show the consequences of these changes, Julian day periods 

of (532-532.5) and (487- 670) were selected. 
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To study the coefficient ''a '' effect for calibration purposes, a domain of (9-10) 

was adopted as shown in Fig. (4-12) and (4-13). In these Figures, the model and 

the ''A4'' hold the same values of "a". The highest value of total flux was 

775.061 Watt/m
2
 when a=10. While for a = 9 the maximum total flux was 

773.649 Watt/m
2
, the model scored the highest total flux at 774.214 Watt/m

2
.  

 

 
Figure (4-12): Model sensitivity to Edinger wind speed function coefficient "a". 

 

 
Figure (4-13): Model sensitivity to Edinger wind speed function coefficient "a" 

for (532-532.5) Jday. 
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The calibration of coefficient "b'' was in between (0-1) as appeared in Fig. (4-

14) and (4-15). For this range, the model displayed "B4" with (b4= 0.4) and 

"B5" with (b5= 0.5). The model "b" coefficient value of (0.46) highlighted 

clearly that. The highest-ranking value for total flux is 778.714 Watt/m
2
 at b=1, 

while the maximum value at b= 0 was 770.380 Watt/m
2
. The model total flux 

has a maximum value that goes between B4 (when b=0.4, 773.714 Watt/m
2
) 

and B5 (when b=0.5, 774.547 Watt/m
2
). 

 

 

 
Figure (4-14): Model sensitivity to Edinger wind speed function coefficient "b". 

 

 
Figure (4-15): Model sensitivity to Edinger wind speed function coefficient "b" 

for (532-532.5) Jday. 
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For the coefficient "c", the range of calibration was (1-2). Again, the 

model united with one of the calibration lines because of their equal values as 

shown in Fig. (4-16) and (4-17). there is an evidence that it is the total flux 

maximum value for the model is identical for c= 2. When c=1, the peak value 

hits 770.38 Watt/m
2
.  

 

 

 
Figure (4-16): Model sensitivity to Edinger wind speed function coefficient "c". 

 

 
Figure (4-17): Model sensitivity to Edinger wind speed function coefficient "c" 

for (532-532.5) Jday. 
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4.2.3 Other wind speed function formulas 
 

The model applies Edinger's suggestion for wind speed coefficients (b1 = 

9.4, b2= 0 and b3 =0.46). For more flexibility, other suggested functions as 

mentioned in Table (4-4) were investigated (Kalinowska, 2019). Figure (4-18) 

shows all wind speed function formulas for approximately eight months. While 

Fig. (4-19)  clears the formulas for (508-509) Julian day.   

  

Table (4-4): Wind speed functions (Kalinowska, 2019). 

Wind Speed 

Functions Formula 

   

            
   

            
   

            

F(W)= 

(       
    

 ) 

Ahsan & Blumberg 

(1999); Arifin et al. 

(2016); and Ji (2017) 

6.9 0 0.34 
(    

       ) 

Miller and Street 

(1972) 
7.42 0 0.49 

(     
      ) 

Czernuszenko 

(1990) 
0 3.75 0 (     ) 

Marciano & 

Harbeck (1952) 
0 2.07 0 (     ) 

Ryan (1973) 6.9 3.07 0 (         ) 

Meyer (1928) 8.4 3.07 0 (         ) 

 

Evaporation and conduction fluxes are affected by wind. Therefore, wind 

speed functions in its return will affect the total heat flux. The mean total flux 

calculated with the wind speed functions suggested by Czernuszenko, Ahsen, 

and Millar have a difference from the model mean total flux below 13 Watt/m
2
, 

scored (97.067, 92.756, and 75.067) Watt/m
2
, respectively. While the mean 

total fluxes calculated with the wind speed function suggested by Ryan, Meyer, 

and Marciano have a difference from the model mean total flux exceeded 35 

Watt/m
2
, resulted in (34.036, 48.129, 126.982) Watt/m

2
, respectively. 
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Figure (4-18): Wind speed function formulas effect. 

  

 

 

 
Figure (4-19): Wind speed function formulas effect for (508-509) Jday. 

 

4.2.4 Model comparison of wind speed function formulas 
 

To highlight the difference between Edinger's formula and other 

formulas, it was suggested to take the mean absolute error (MAE) and RMSE 

errors related to Edinger's formula. Table (4-5) abbreviated the value of each 

formula with its RMSE and MAE values. The highest recorded values for MAE 

and RMSE were 68.071 and 76.303, respectively for Marciano and Harbeck 
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formula. After that, Czernuszenko formula came with 37.910 and 46.090 as 

values of MAE and RMSE, respectively. While Ryan formula scored the lowest 

values (MAE of 13.851 and RMSE of 17.944).  

 

Table (4-5): The MAE and RMSE values in (Watt/m
2
) for each speed wind 

function. 

Formulas MAE RMSE 

Ahsan & Blumberg 

(1999); Arifin et al. 

(2016); and Ji (2017) 

33.395 39.104 

Miller and Street (1972) 16.411 18.375 

Czernuszenko (1990) 37.910 46.090 

Marciano & Harbeck 

(1952) 
68.071 76.303 

Ryan (1973) 13.851 17.944 

Meyer (1928) 26.120 31.508 

 

4.3  Air-water temperature modeling: 
 

4.3.1 Sinusoidal-based model 

The sinusoidal style was applied to this model to calculate water 

temperature. This style suggested that air temperature is a sinusoidal function of 

water temperature. Evaporation, conduction, and back radiation fluxes are going 

to be changed as it is a function of water temperature. This change will lead to 

different total heat flux. Sinusoidal style has recorded maximum long back-

radiation of 405.075 Watt/m
2
 at 575 Julian day. While long back-radiation of 

the model has been recorded a maximum value of 410 Watt/m
2
 at 576 Julian 

day. Figure (4-20) shows the back radiation of both model and sinusoidal style. 

There is a gap of 20.588 Watt/m
2
 between the mean value of evaporation flux 

from the model (85.048 Watt/m
2
) and the sinusoidal style (64.46 Watt/m

2
). 
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Evaporation flux by both the model and sinusoidal style is displayed in Fig. (4-

21) 

 

 
Figure (4-20): Back longwave radiation flux by the model and the sinusoidal 

style. 

 
Figure (4-21): Evaporation flux by the model and the sinusoidal style. 

 

For conduction flux, the model reports the minimum value of -24.4 

Watt/m
2
 at 659 Julian day, and the sinusoidal style shows a minimum of -

115.86 Watt/m
2
 at 575 Julian day. Figure (4-22) shows the conduction flux for 

the model and the sinusoidal style. At 575 Julian day, sinusoidal-based water 

temperature hits the maximum value of 20.6 celsius, and it is very close to the 

model maximum water temperature value of 21.5 Celsius at 576 Julian day. 

Figure (4-23) revealed water temperature for model and sinusoidal style 

modeling. A surpass of 15.812 Watt/m
2
 between the maximum values of total 
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flux for the model and the style. Whereas style scored the peak at 790.026 

Watt/m
2
 at 542 Julian day, the model recorded 774.214 Watt/m

2
 at 508 Julian 

day. Figures (4-24) and (4-25) show the total fluxes for the entire dataset and 

for one month, respectively.  

 

 
Figure (4-22): Conduction for the model and the sinusoidal style modeling. 

 

 
Figure (4-23): Water temperature for both model and sinusoidal style modeling. 
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Figure (4-24): The total fluxes for the entire data range. 

 

 
Figure (4-25): The total fluxes for (530-540) Jday. 

 

4.3.2 Logistic-based model  

 
Likewise, the sinusoidal model, logistic modeling will affect evaporation, 

conduction, and back radiation fluxes. These fluxes will affect the total flux as 

well. At 575 Julian day, logistic-back radiation hits the maximum value of 

391.256 Watt/m
2
, while the model maximum value is 410 Watt/m

2
 on 576 Jday. 

Figure (4-26) shows the back radiation of model and logistic style. There is a 

gap of 19.251 Watt/m
2
 between the mean value of evaporation of the model 

(85.048 Watt/m
2
) and the logistic style (65.797 Watt/m

2
). The evaporation of 

the model and logistic style are displayed in Fig. (4-27).  
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Figure (4-26): Back longwave radiation for the model and logistic style 

modeling.  

 

 
Figure (4-27): Evaporation for the model and the logistic style modeling. 

 

 

The minimum conduction by logistic style was -142.664 Watt/m
2
 at 575 

Julian day, while minimum conduction by the model has been recorded -31.331 

Watt/m
2
 t 575 Julian day. Figure (4-28) shows the conduction of the model and 

logistic styles. The maximum water temperature by the logistic style was 

18.064 celsius at 575 Julian day. While water temperature by the model has 

been recorded its maximum of 21.5 celsius at 576 Julian day. Figure (4-29) 

shows the water temperature of both the model and the logistic style. 
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Figure (4-28): Conduction flux for the model and the logistic style modeling. 

 

 
Figure (4-29): Water temperature for the model and the logistic style. 

 

A gap of 21.693 Watt/m
2
 between maximum values of the total flux for 

the model and this style. While the style marked a peak of 752.521 Watt/m
2
 at 

542 Julian day, the model hit 774.214 Watt/m
2
 at 508 Julian day. Figures (4-30) 

and (4-31) showed the total fluxes for the entire data and for one month. 
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Figure (4-30): The total flux for the model and logistic style modeling for the 

entire data period. 

 

 
Figure (4-31): The total flux for the model and the logistic style modeling for 

(530-540) Jday.  

 

 

4.3.3 Model comparison of water temperature with logistic 
and sinusoidal-based model  
 

In order to show the difference between the total heat flux from the model, 

logistic, and sinusoidal style. MAE, RMSE, and Nash–Sutcliffe efficiency 

(NSE) errors were determined. Table (4-6) abbreviated the total flux values of 

each with its MAE, RMSE, and NSE values. In addition, Figures (4-32) to (4-
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38) represent graphically the modeled fluxes of Table (4-6). A quick look at the 

Table is enough to realize several things: First, all the values of MAE and 

RMSE are growing except Nash–Sutcliffe efficiency (NSE) values which 

gradually went down then it increases during total period. Also, NSE at the 

period (560-562) and (560-563) were close, where the recordings of the two 

models are closer to the model at those periods. Furthermore, this 

approximately is applied to the period (560-564). After that, the two models 

record somewhat far away, besides the cumulative errors. Finally, the logistic 

style is more efficient than the sinusoidal style. 

 

Table (4-6): MAE, RMSE, and NSE values for sinusoidal and logistic styles. 

Range 
MAE RMSE NSE 

Logistic Sinusoidal Logistic Sinusoidal Logistic Sinusoidal 

560-561 0.470 0.614 5.949 7.953 0.944 0.901 

560-562 0.931 1.275 8.369 11.692 0.941 0.886 

560-563 1.404 1.916 10.285 14.345 0.942 0.885 

560-564 1.957 2.546 12.467 16.481 0.938 0.892 

560-567 4.1211 5.144 20.706 25.529 0.900 0.848 

560-574 10.198 12.109 36.992 42.920 0.839 0.784 

560-590 20.841 25.064 53.496 61.753 0.830 0.773 

487-670 59.221 79.601 73.640 96.118 0.931 0.882 
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Figure (4-32): Model, logistic and sinusoidal styles for (560-561) Jday. 

 
 

 

Figure (4-33): Model, logistic and sinusoidal styles for (560-562) Jday. 

 

 
Figure (4-34): Model, logistic and sinusoidal styles for (560-563) Jday. 
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Figure (4-35): Model, logistic and sinusoidal styles for (560-564) Jday. 

 
Figure (4-36): Model, logistic and sinusoidal styles for (560-567) Jday. 

 

 

 
Figure (4-37): Model, logistic and sinusoidal styles for (560-574) Jday. 
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Figure (4-38): Model, logistic and sinusoidal styles for (560-590) Jday. 

 

 

4.4 Model application: Temperature dynamics in 

wastewater treatment plants 
 

4.4.1 Study area and dataset 

Aeration is the most critical stage in wastewater treatment plant facilities. 

Aeration removes or modifies constituents to prevent them from interfering with 

the treatment procedure. Aeration tank looks like a small lake. It is a deep water 

with a large surface area. The present MATLAB model was developed to solve 

the advection-dispersion equation. The aeration tank of the wastewater 

treatment plant in Al-Muamirah in the province of Babylon was the study area. 

The plant is located in Muamirah, south of the city of Hilla with longitude and 

latitude of 44.472 and 32.4247, respectively. Figure (4-39) shows Al-Muamirah 

wastewater treatment plant location on the Google Map. It was established in 

1986 with an area of about 70 acres. It receives daily about 107000 m
3
/d 

wastewater. The treatment plant works 24/7 with morning and evening shifts. 

There are two aeration tanks at the plant. Each tank was divided into five zones 

to accomplish the adopted finite difference scheme (Makinia et al., 2005). 

Figure (4-40) reveals the five zones of aeration tanks.  
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Besides the mentioned inputs (meteorological data, air and water 

temperature, dew point, wind speed, relative humidity, and cloud cover inputs), 

other input data were needed to complete the calculation of biological, 

mechanical, and aeration flux. To calculate aeration flux, data of airflow 

density, liquid density, the molecular weight of water, latent heat, and vapor 

pressure of air and water were required. Inputs data of Mass of the substrate 

removed per day, influent flow rate inputs, and Gibb’s free energy for aerobic 

respiration, nitrification, and de-nitrification were entered to calculate biological 

flux. Finally, mechanical flux was calculated by the power efficiency. 

 
Figure (4-39): Al-Muamirah wastewater treatment plant location retrieved by 

QGIS. 
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Figure (4-40): Schematic diagram of aeration tank zones. 

 

Consequently, the required input data can be categorized as follows: 

1. Design data includes included influent, airflow rate, width, length, and depth 

for the aeration basin, etc. 

2. Operation data includes aerator power, airflow rate, etc. 

3. Temperature which is isolated separately due to its importance and the wide 

details.  

 

4.4.2 The numerical scheme 

The following numerical scheme was used to solve the advection-dispersion 

equation adopted for the model (Makinia et al., 2005): 

 

  
𝑇 

    𝑇 
  

  
     𝑇   

  𝑇 
      𝑇 

        
𝑇   

  𝑇 
 

  
     

  
𝑇 

  𝑇   
 

  
 

    
  

     
          

𝑇   Temperature of wastewater in the reactor, 
o
C. 

   Subscript denoting cell number in the reactor. 

𝑛   Superscript denoting time level. 
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   Flow velocity in the reactor, m/hr. 

    Cross-sectional area at the inlet to the control volume, m
2
. 

    Longitudinal dispersion coefficient, m
2
/hr. 

𝑑                                  

   
    Net-heat-exchange flux. 

    Liquid density in the reactor, kg/m
3
. 

    Water specific heat at constant pressure, J/kg*
 o
C. 

𝑑 : Time, hr. 

V: Reactor volume, m
3
. 

The net heat exchange flux for the reactor was represented graphically in Fig. 

(4-41). The net heat flux is the algebraic summation of the radiations below 

(Wells et al., 2005): 

 

   
                      

 
                       

 

Where: 

Hsn : Net solar radiation (Watt/m
2
) . 

Han :  Net atmospheric radiation (Watt/m
2
). 

Hbr :  Back long wave radiation (Watt/m
2
). 

He  : Evaporation heat flux (Watt/m
2
). 

He  : Conduction heat flux (Watt/m
2
). 

 : Reactor depth, m. 

                        m3
. 

      Aeration-heat-transfer flux, Watt. 

      Biological-processes heat-exchange flux, Watt. 

    Mechanical-power-heat-exchange flux, Watt. 
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The numerical solution of the one-dimensional advection diffusion equation 

was developed as follows: 
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Figure (4-41): Schematic diagram of the heat equilibrium aeration tank. 
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The three heat fluxes, which are added to the net heat flux, are defined below: 

1. Aeration,     , is the heat loss resulted from the aeration process and 

composed of two components, sensible loss and latent loss(Talati & 

Stenstrom, 1990): 

                        

              𝑇  𝑇              

    
        

𝑅
 {

𝑒  [𝑅          𝑅  ]
   

 
𝑒  𝑅 
   

 𝑇      
}         

 

 

Where: 

   : Convective (sensible) heat transfer, Watt. 

   : Evaporative (latent) heat transfer associated with aeration flux, Watt. 

  : Airflow rate, m
3
/d. 

  : Molecular weight of water, 18 g/mole. 

  : Latent heat of evaporation, 2263 J/g. 

𝑅: Universal gas constant, 8314.7 J/ (k.mole . K). 

𝑒 : Vapor pressure of water at reactor temperature, Pa. 

  : Exit-air-humidity factor,    = 1. 

𝑒 : Vapor pressure of air at air temperature, Pa. 

    Liquid density in the reactor, kg/m
3
. 

    Water specific heat at constant pressure, J/kg*
 o
C. 

 

2. Biological processes,     , is the heat released during exothermic biological 

processes, such as nitrification, denitrification, and carbon oxidation. It can 

be figured based on Gibb’s free energy terms (Wells et al., 2005): 
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       (    
  

  
     

         

  
               

      

  
)           

 

 

Where: 

   : Gibb’s free energy for aerobic respiration, -110 kJ/e. 

  : Mass of the substrate (as chemical-oxygen demand [COD]) removed per 

day, kg/d. 

   : Gibb’s free energy for nitrification, -43 kJ/e.  

      : Soluble-biodegradable-organic-nitrogen concentration in the inlet to the 

reactor, kg/m
3
. 

   : Gibb’s free energy for de-nitrification, -104 kJ/e. 

 : Influent flow rate, m
3
/d. 

 

3. Mechanical energy,   , is the difference between the heat produced during 

the compression process and the heat added to the reactor, which is 

represented by the blower inefficiency. It can be computed as (Makinia et 

al., 2005): 

 

                         

Where : 

  : Power of aerator/compressor, Watt. 

  : Efficiency of aerator/compressor, 0.4. 

 

4.4.3 Model simulation results 

The model was run for 24 hours to estimate the temperatures in the 

aeration tank based on the available data from Al-Muamirah wastewater 

treatment plant Table (4-7). Figure (4-42) shows the site measurements and the 

simulated temperatures. Due to the lack of data in the study location some data 
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has been enforced. The hypothesis process was within the typical range of that 

data, and the hypothesis was validated after numerous trials. The model 

predictions showed good agreement with the real data. The MAE and RMSE 

values were not high. MAE values was below 0.322 
o
C. For the RMSE values, 

the highest value was 0.771 
o
C. The model ability to anticipate aeration basin 

temperatures is demonstrated by the low errors values. The predicted 

temperatures for 28/6/2021 were between (29.6 -30.01) 
o
C. It is also noted that 

the entry of wastewater represents the entry of the new heat wave that begins to 

rise gradually until it reaches the exit of the basin, recording its highest value. 

This process repeats itself each entry.  

The estimated wastewater temperature at 10 a.m. on 28/6/2021 for zone 3 

was 29.83 
o
C, while the actual temperature was 30 

o
C. And after two hours 

later, the estimated temperatures were 29.78 
o
C and 29.83 

o
C at 11 a.m. and 12 

p.m., while the site temperatures were 30.01 
o
C and 30.03 

o
C, respectively. This 

means the difference between the site measurement and model estimation was 

0.17, 0.23, and 0.2 
o
C at 10 a.m., 11 a.m., and 12 p.m., respectively.  
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Table (4-7): Required data to run model. 

Data Name Value Data Name Value 

Laboratory Data Operational Data 

   2.3 (Assumed) Q 50,000 m
3
/d 

       0.005 (Assumed) U 3 km/hr. 

   870 kg/ m
3
 (Assumed)   160 kWatt 

Temperatures 
Zone 

1 

Zone 

2 

Zone 

3 
   205 m

3
/hr(Assumed) 

Temperature at 10 

am. 
29.8 30 32    1014 J/kg*

 o
C 

Temperature at 11 

am. 
30 30.01 30.02    1100 m

2
/hr(Assumed). 

Temperature at 

12am. 
30.01 30.03 30.03 Model Assumptions 

Design Data  x 30 m 

Depth 6.4 m  t 1 hr. 

Width 62 m i 5 zones 

Length 150 m n 24  hr. 
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(a)  

 
(b) 

Figure (4-42): The site measurements and the simulated temperatures. 

 

To show the effect of how the model depends on the essential radiations (solar 

and atmospheric radiation, evaporation, conduction, and back radiations). The 

radiations (mechanical, biological, and aeration radiations) were separated 

internally within the code. The outcome of this elimination was displayed in 

Fig. (4-43) and Table (4-8). The results were, at 10 a.m. was 29.83 
o
C, while at 
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11 a.m. was 29.78 
o
C. At noon the estimated temperature was 29.83 

o
C. There is 

no difference between the temperature computed based on all radiations and the 

main ones. The MAE and RMSE values were around zero 
o
C for the first four 

zones, while the MAE and RMSE for the last zone were 0.0017 and 0.0048 
o
C, 

respectively. This demonstrates that the results for the present model with its 

essential radiations are not very different from the results of the original model 

with its five radiations. MAE and RMSE values are shown in the Table (4-9).  

Table (4-8): Wastewater temperatures at zone No.3 (at the middle of the 

aeration basin) in 
o
C. 

Temp. 

Actual 
Estimated with all 

radiations 

Estimated with basic 

radiations 
Time 

10 am 30 29.83 29.83 

11 am 30.01 29.78 29.78 

12 am 30.03 29.83 29.83 

 

 

Table (4-9): MAE and RMSE values at zones No.1, 3 and 5 in the aeration 

basin. 

Zone no.5 Zone no3 Zone no.1 Zones 

0.322 0.076 0.051 MAE 

U
sin

g
 a

ll 

ra
d

ia
tio

n
s 0.770 0.125 0.102 RMSE 

0.324 0.080 0.051 MAE 

U
sin

g
 b

a
sic 

ra
d

ia
tio

n
s 0.774 0.132 0.102 RMSE 
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(a) 

 

 
(b) 

 

Figure (4-43): The site measurements and the simulated temperatures by all 

radiations and basic radiations.



 

 

 

 

 

 

CHAPTER FIVE 
 

 

Conclusions and Recommendations 



CHAPTER FIVE: Conclusions and Recommendations 

 

65 

 

 5.1 Conclusions 

A model was built to calculate the atmospheric-water heat fluxes that affect 

water temperature in surface waterbodies. This study concluded the following 

results: 

1. Model simulation: 

a. Solar radiation flux is more powerful than other fluxes.  

b. Solar radiation flux has the main impact the total heat flux, but its 

daily fluctuations effect reduces generally. In a big picture, the 

prominent role of the influence on total heat flow is to the back 

radiation flux because of its continuous and somewhat stable effect. 

c. Because back radiation flux is a function of water temperature, its 

curve is identical to the water temperature curve.  

d. Wind speed function is very powerful for calibrating the model. 

Any change in the wind speed function will cause a change in 

evaporation and conduction fluxes and that leads to a change in the 

total heat flux.  

 

2. Air–water regression:  

a. The impacted fluxes are back radiation, evaporation, and conduction. 

This is due to its dependency on water temperature.  

b. Sinusoidal regression model results are close to logistic regression 

model even though AME, RMSE, and NSE values denoted that the 

logistic style is more efficient than the sinusoidal style. 

 

3. Model application: The model implementation of a WWTP aeration tank 

to calculate water temperature was performed and highlighted the 

following:  

a. The difference between the site measurements and model 



CHAPTER FIVE: Conclusions and Recommendations 

 

66 

 

estimations was less than 0.25 
o
C. 

b. After exclusion fluxes (mechanical, biological and aeration heat 

fluxes), the model showed very close results with approximately 

negligible AME and RMSE.  

5.2 Recommendations 

 Future recommendations are: 

1. Applying the model to a local waterbody. 

2. Linking the model with the advection-diffusion equation for 

modeling lakes or reservoirs temperature and water quality. 

3. Trying different air-water temperatures regression styles. 

4. Linking the model with other water quality constituents such as DO, 

BOD, sediments… etc. 

5. Testing the model sensitivity to the atmospheric emissivity. 

6. Developing a model to simulate the thermal pollution spreading in the 

waterbodies. 

7. Linking the model with water temperature retrieved by remote 

sensing technology. 

8. Take into account other heat exchange fluxes.
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 الخلاصت
 

    II 

عبػخ نزمذٚش دسخبد انسشاسح فٙ  24شح ، رى رشغٛم انًُٕرج نًذح ًٛٛيٛبِ انصشف انصسٙ ثبنًؼ

. كبَذ انجٛبَبد يٍ يٕلغ انجسث رى فشض ثؼط انجٛبَبد ثغجت َمص انجٛبَبد فٙ  خضاٌ انزٕٓٚخ. 

يُخفعخ  AME  ٔRMSEدسخبد انسشاسح انًزٕلؼخ لشٚجخ نهغبٚخ يٍ انجٛبَبد انسمٛمٛخ. كبَذ لٛى 

. ٔردذس الإشبسح أٚعًب إنٗ أٌ ٔصٕل يٛبِ انصشف انصسٙ 1ألم يٍ  AME  ٔRMSEَغجٛبً.  لٛى 

ُٚزس ثجذء يٕخخ زشاسح خذٚذح ، رزكثف ثبغشاد ززٗ رصم إنٗ يخشج انسٕض ، ػُذيب رصم إنٗ 

رسٔرٓب. يغ كم إدخبل ، رزكشس انؼًهٛخ. رٕظر لٛى الأخطبء انًُخفعخ لذسح انًُٕرج ػهٗ انزُجؤ 

، كبَذ دسخخ زشاسح انًٛبِ  28/6/2021صجبزًب ٕٚو  10انغبػخ  ثذسخبد زشاسح زٕض انزٕٓٚخ. فٙ

 ثٕاعطخ انًُٕرج دسخخ يئٕٚخ ٔدسخخ انسشاسح انًمذسح 30انثمٛهخ انًمبعخ ػُذ يُزصف انسٕض 

دسخخ يئٕٚخ. ػلأح ػهٗ رنك ، لذيذ ػذح سعٕيبد نذسخبد انسشاسح انًمذسح نسٕض  29.79

 عبػخ. 24انزٕٓٚخ نًذح 



 الخلاصت

   I 

 

 الخلاصت
 

انزمذٚش انذلٛك نزجبدل انطبلخ انغطسٛخ ٔيكَٕبرٓب ْٕ الأعبط نًسبكبح خٕدح انًٛبِ انغطسٛخ ، 

خبصخ فٙ انجسٛشاد ٔانخضاَبد ، لأٌ اَزمبل انسشاسح ثٍٛ انًبء ٔانٕٓاء ٚؤثش ثشكم يجبشش ػهٗ 

سٛشح انطجمبد انسشاسٚخ. فٙ ْزا انجسث ، اعزُبداً إنٗ عطر انًبء ٔثٛبَبد الأسصبد اندٕٚخ يٍ ث

نٕساَظ ، رغُزخذو غشٚمخ يصطهر رهٕ الاخش نًُزخخ رذفك انسشاسح )الإشؼبع انشًغٙ ٔاندٕ٘ 

نزطٕٚش انكٕد ٔيسبكبح انُزبئح.  MATLABٔالإشؼبع انؼكغٙ ٔانزجخش ٔانزٕصٛم(. اعزخذو ثٛئخ 

و رؼذ انمذسح ػهٗ إثشاص يغبًْخ كم يكٌٕ يٍ يكَٕبد انزذفك انغًخ انشئٛغٛخ نهًُٕرج ، زٛث رمذ

 دنٛلاً ػهٗ انزذاخم انمٕ٘ ثٍٛ عطر انًبء ٔانغلاف اندٕ٘.

( ٕٚيبً شًغٛبً. ٔأظٓشد انُزبئح أٌ انطبلخ انشًغٛخ انصٛفٛخ ْٙ 670-487فٙ فزشح انذساعخ )

ٔاغ / و ) 842.05الأػهٗ كثبفخ ٔثهغذ رسٔرٓب 
2
. ٔثغجت انظبْشح  540.91فٙ انٕٛو انشًغٙ  (

ٔاد / ) 0ٕٚيٛخ. اَّ ٚزشأذ ثٍٛ انطبلخ انشًغٛخ نٓب رمهجبد  انطجٛؼٛخ نششٔق ٔغشٔة انشًظ ، فئٌ

و
2
نٛلاً ٔٚصم إنٗ رسٔرّ انٕٛيٛخ ػُذ انظٓٛشح رمشٚجبً. ػهٗ انشغى يٍ أٌ انمًٛخ انمصٕٖ نهذفك  (

ٔاغ / و  359.77 )ْٙ 578.44عدهذ ػُذ انٕٛو انشًغٙ  انجخبس٘انسشاس٘ 
2
، فئٌ أدَٗ لًٛخ ( 

ٔاغ / و  126.039ْٙ ) 655.54م ػُذ انٕٛو انشًغٙ ٕصٛذفك انسشاس٘ ػجش انزنهز
2

رذفك (. ٚزمهت 

الإشؼبع انشاخغ ألم يٍ انزذفمبد الأخشٖ. ٚؼٕد ْزا إنٗ اػزًبدِ ػهٗ ػبيم ٔازذ يزغٛش ، ْٕٔ دسخخ 

ٔاد / و  410.06زشاسح انًبء. انمًٛخ انمصٕٖ انًغدهخ نلإشؼبع انخهفٙ )
2

( يشرجطخ ثذسخخ زشاسح 

دسخخ يئٕٚخ(.  يسبكبح انًُٕرج رظُٓش رأثٛش يُسُٗ اندشعٙ نلإشؼبع انشًغٙ  21.5انًبء انمصٕٖ )

 ػهٗ يُسُٗ انزذفك انسشاس٘ انكهٙ فٙ ٔلذ لصٛش.

 = b1 = 9.4  ،b2 = 0  ٔb3نًؼبيلاد عشػخ انشٚبذ ) Edingerٚطجك انًُٕرج الزشاذ 

رسبكٙ يُسُٗ انًُٕرج ٔنكٍ  (. رى إخشاء يؼبٚشح نكم يؼبيم. ٔخذ أٌ يُسُٛبد انًؼبٚشح انُبردخ0.46

فٙ َطبلبد يخزهفخ. نًضٚذ يٍ انًشَٔخ ، رى رطجٛك الزشازبد أخشٖ يٍ انجبزثٍٛ ػهٗ انًُٕرج. رى 

 ( كبٌ انًُٕرجJi ،2017؛ Arifin et al. ،2016؛ Ahsan & Blumberg ،1999اكزشبف أٌ )

م زًبٚخ انشٚبذ انًمزشذ ألشة إنٗ انٕظغ يٍ الالزشازبد الأخشٖ. أٚعًب ، رى أخز يؼبي

(WSC .ػهٗ أَّ يعبػف عشػخ انشٚبذ) 

يٍ أخم سثػ انًُٕرج انًطٕس ثًؼبدنخ انزأفك ٔانزشزذ ، رى إخشاء دساعخ زبنخ ثُبءً ػهٗ 

شح. اعزُبداً إنًٗٛٛرٕٓٚخ فٙ يسطخ يؼبندخ يٛبِ انصشف انصسٙ ثبنًؼثٛبَبد يٛذاَٛخ يٍ زٕض 
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