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Abstract: 

Measuring the evaporation rate from water bodies is crucial. In 

this study, on-site measurements were performed, and it was 

incorporated with the evaporation rate modeling. Three 

different mechanisms.; namely, aerodynamic modeling, energy 

balance modeling, and combination modeling were adopted for 

evaporation determination of a temporary pond in an arid 

environment, in Kuwait. The meteorological data was obtained 

from the Department of Meteorology, Directorate General of 

Civil Aviation, Kuwait, the airport station, and statistical tests 

were conducted to investigate the selected models’ 

performance. The energy balance models showed significant 

agreement using the Bland and Altman analysis, and the 

Dalton, Holman, and Harbeck models gave the lowest RSME 

and MBE values of 0.113, 0.061, 0.133 and 0.028, 0.23, -0.035 

respectively. The derived Energy Balance model gave the 

optimum regression line of 1.0665x + 0.0789 with R2 equal to 

0.7804. 

Keyword: Evaporation, Energy balance, Aerodynamic 

models, Mass transfer. 

 

NOMENCLATURE:  

All the following paraments have the specified units unless 

mentioned in the text otherwise. 

EP Evaporation rate from the water body, 
mm

day
 

Nm Mass transfer coefficient, 
𝑚

𝑠
, or 

𝑚𝑚.𝑠

𝑚.𝑘𝑃𝑎
 

u Wind speed measured at 2 m over the water, 
𝑚

𝑠
 

es Saturation vapor pressure, 𝑘𝑃𝑎 

ea Vapor pressure, 𝑘𝑃𝑎 

Qevap Evaporation Heat Flux, 
𝑊

𝑚2 

𝜌𝑤 Water density, 
𝑘𝑔

𝑚3 

hfg Latent heat of vaporization, 
𝐽

𝑘𝑔
 

As area of the water surface, m2 

Δ 
slope of saturation vapor pressure and temperature 

at temperature T, 
𝑑𝑒

𝑑𝑇
 , 

𝑘𝑃𝑎

℃
 

γ Psychometric parameter, 
𝑘𝑃𝑎

℃
 

Eap Aerodynamic part in Penman model, 
mm

day
 

P Atmospheric pressure, kPa 

cpa 

cpw 

Specific heat of moist air, 
𝑘𝐽

𝑘𝑔℃
 

Specific heat of water, 
𝑘𝐽

𝑘𝑔℃
 

ϵ  
Ratio of the molecular weight of water vapor to 

that of dry air 

Z Elevation of the site, m 

Ts Surface temperature of the water, °C 

Rn Daily average net radiation, 
mm

day
 

Sn Daily average net solar radiation, 
mm

day
 

Ln Daily average net longwave radiation, 
mm

day
 

f Cloud factor 

Tair Daily average air temperature in equation (14), K 

𝜀′ effective emissivity 

𝑆𝑑  Daily total solar radiation, 
mm

day
 

𝑆𝑐𝑙𝑒𝑎𝑟
𝑑  Daily total solar radiation for clear sky, 

mm

day
 

as, bs Empirical constants of equation (16) 

n Bright sunshine hours, hours 

N Day lasting hours, hours 

a The albedo 

𝑆𝑜
𝑑 Solar constant, 

mm

day
 

dr Eccentricity factor 

𝜔𝑠 Sunset hour angle, radians 

𝜑 Site latitude 

𝛿 Solar declination, radians 

Dy The day of the year (Julian Day) 

𝜀 Water emissivity 

𝑇𝑑𝑒𝑤 Dew-point temperature, °C 

l Conduction zone thickness, m 

Tw Bulk water temperature, K 

Ts Water surface temperature, K 

G Lake storage heat flux, 
𝑊

𝑚2 

H Sensible heat flux, 
𝑊

𝑚2 
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1. INTRODUCTION  

The lack of water, especially in arid and semiarid regions, is a 

primary cause of desertification which has a dramatic impact 

on the living environment [1]. One of the main elements that 

enhance scarcity of water is evaporation, notably in limited 

water bodies such as temporary ponds. The first attempt to 

estimate the evaporation rate goes back to the 18th century with 

the Dalton’s work [2] which was based on the bulk mass 

transfer theory. Since then, modifications to his findings were 

carried out by many researchers forming a class of evaporation 

models known as the aerodynamic models in which the 

evaporation process is a dynamic process occurs at the air-

water interface, and hence, ambiguity occurs due to the 

simultaneous heat and mass transfer occurrence [3].  As a 

result, another class of evaporation modeling was developed to 

address this phenomenon which are known as energy balance 

(budget) models which include the basic types of heat transfer 

mechanisms such as conduction, convection, radiation, and 

evaporation. As an attempt to combine both types of models, 

Penman in 1948 [4] introduced a combined model that linked 

the mass transfer and heat transfer approaches.  

The mass transfer method is an attractive method due its 

utilization of the data that are easily measured [5] including the 

meteorological variables such as wind speed, relative humidity, 

air temperature, and water body’s surface temperature. 

However, defining the wind function was always a difficulty 

that reduces the accuracy of this approach. Lake Hefner, 

Holman, Harbeck, and Dalton models are very well-known 

models that were derived from the mass transfer theory. The 

energy balance method is more difficult in use compared to 

mass transfer method because of the difficulty of evaluation of 

certain terms like atmospheric radiation, reflected atmospheric 

radiation, reflected solar radiation, long-wave radiation from 

the body of water, energy conducted to or from the body of 

water, advected energy, and the change of energy storage in the 

water body. To overcome these difficulties in evaluating these 

terms, Penman introduced a combination model based on the 

mass transfer and the energy balance theories. The probable 

error associated with  evaporation rate estimated using the 

Penman model with monthly data is about 8% [6]. Sacks et al 

[7] tested the agreement between the energy balance 

evaporation and mass transfer evaporation for a shallow 

(average 3 m in depth) and a deep lake (average 9 m in depth), 

and they found an error of 8 % and 24 % for the shallow and 

the deep lake respectively. Estimating the evaporation rate of 

temporarily ponds in arid and semi-arid environments is crucial 

for beneficial uses or recharging the groundwater 

[8][9][10][11]. The aim of this study is to test the three 

categories of the evaporation models on a temporary pond in 

Kuwait.  

 

2. MATERIALS AND METHODS  

2.1 Experimental Site Description 

The pond is located at 29° 15΄ 27΄΄ N and 47° 51΄ 38΄΄ E, which 

is a hot desert arid climate zone. This climate is characterized 

by its long summer and short winter. During Summer, 

temperatures are usually high, while in winter weather is dry.  

The average annual rainfall of this region is 175 mm, and the 

mean annual maximum and minimum temperature are 45 °C 

and 28 °C in summer and 35 °C and 14 °C in winter. The pond’s 

area is 65530 m2 and its premises is 1092 m. Figure 1 shows 

the pond’s location that under study.  

 

Figure 1. The pond’s location on the map. 

2.2. On-Site Measurements 

The aerodynamic variables considered in this study were wind 

speed, air temperature, relative humidity, dew point 

temperature, wet bulb temperature, water body temperature, 

and the surface water (skin) temperature. Wind speed, air 

temperature, dew point temperature, wet bulb temperature and 

relative humidity were measured with a multifunctional digital 

anemometer (Mastech, model: MS6252B). The water surface 

temperature was measured with an infrared meter (Digital 

Instruments). The water body temperature was measured with 

a thermometer in a depth of 5 to 10 cm. Distance and areas were 

measured with a laser meter (Lecia, model: DISTOTMD1). 

 

2.3 Meteorological Data 

The meteorological data was acquired from the Department of 

Meteorology, Directorate General of Civil Aviation, Kuwait, 

the airport station. The obtained meteorology data includes 

wind speed, evaporation from Class A pan, bright sunshine 

hours, air temperature, relative humidity, and precipitation, 

from September 1st, 2018 to March 31st, 2019. All parameters 

were recorded and obtained in hourly basis. 

 

3. EVAPORATION MODELS ANALYSIS  

In this study, three categories of models will be examined; 

namely, the aerodynamic models, the energy balance models, 

and the combination models. The following analysis shows the 

selected models. 

3.1 Aerodynamic Models 

The aerodynamic models are equations that derived by the mass 

transfer theory, and in general it has the following form: 

 𝐸𝑝 = 𝑁𝑚𝑓(𝑢)(𝑒𝑠 − 𝑒𝑎) (1) 

Where the f(u) is the wind speed function. To get the 
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evaporation heat flux, Qevap, in W/m2, equation 2 is used: 

 𝑄𝑒𝑣𝑎𝑝 = 𝐸𝑝𝜌𝑤ℎ𝑓𝑔 (2) 

where Ep in equation 2 is in m/s. 

3.1.1 Hefner Model 

The (lake) Hefner models [4] is defined as: 

 𝐸𝑃 = (0.42 + 0.0040 𝑢)(𝑒𝑠 − 𝑒𝑎) (3) 

where EP in inch/day, u in miles/day, and the vapor pressures 

are in inHg. 

3.1.2 Holman Model 

The Homan model [5] is expressed as: 

 𝐸𝑃 = 0.8(0.37 + 0.0041 𝑢)(𝑒𝑠 − 𝑒𝑎)0.88 (4) 

where EP in inch/day, u in miles/day, and the vapor pressures 

are in inHg. 

3.1.3 Harbeck Model 

Based on an extensive measurement program on lakes in the 

western USA, Harbeck [6] suggested an expression for the 

mass transfer coefficient that merged the area of the lake. The 

Harbeck model for lakes in the range of 50 m <  𝐴𝑠
0.5 < 100 km 

is formulated as in equation 5: 

 𝐸𝑃 = 2.909 𝐴𝑠
−0.05 𝑢(𝑒𝑠 − 𝑒𝑎)0.88 (5) 

3.1.4 Dalton Model 

The Dalton model [7] has the formulation as in equation 6: 

 𝐸𝑃 = 0.26(1 + 0.54 𝑢)(𝑒𝑠 − 𝑒𝑎) (6) 

3.1.5 Mass Transfer Correlation (MTC) 

In this analysis, the air is assumed to be a quiescent fluid, hence; 

the average heat transfer coefficient, ℎ̅ in 
𝑊

𝑚2∙𝐾
 , can be obtained 

by: 

 ℎ̅𝐿

𝑘
= 0.15𝑅𝑎𝐿

1/3
 (7) 

where L is the characteristics length of the lake in meter (= 

Area/Perimeter), and k is the thermal conductivity 
𝑊

𝑚∙𝐾
. The 

left-hand side of equation (7) is known as Nusselt number, and 

𝑅𝑎𝐿 is Rayleigh number which is defined as: 

 𝑅𝑎𝐿 = 𝐺𝑟𝐿𝑃𝑟 (8) 

Where, GrL is Grashof number, and Pr is Prandtl number: 

 
𝐺𝑟𝐿 =

𝑔(𝜌𝑠 − 𝜌∞)𝐿3

𝜌𝜈2
 (9) 

Where 𝑔  is the acceleration due gravity, 𝜈  is the kinematic 

viscosity (m2/s), 𝜌 is the average density across the boundary 

layer (=[ 𝜌𝑠 + 𝜌∞ ]/2); and 𝜌𝑠  (= 𝜌𝑤𝑎𝑡𝑒𝑟,𝑠 + 𝜌𝑎𝑖𝑟,𝑠 ) and 𝜌∞ 

(=  𝜌𝑤𝑎𝑡𝑒𝑟,∞ + 𝜌𝑎𝑖𝑟,∞ ) are the surface and bulk densities 

(kg/m3), respectively. Invoking the heat-mass transfer analogy, 

the average mass transfer coefficient, ℎ̅𝑚, can be obtained by: 

 ℎ̅𝑚𝐿

𝐷𝐴𝐵
= 0.15𝑅𝑎𝐿,𝑚

1/3
 (10) 

the left-hand side of equation (10) is known as  

number, and DAB is the binary diffusion coefficient (m2/s), and: 

 𝑅𝑎𝐿,𝑚 = 𝐺𝑟𝐿𝑆𝑐 (11) 

where Sc is the Schmidt number (= 𝜈/ DAB). The evaporation 

heat flux, Qevap, in W/m2, can be obtained by: 

 𝑄𝑒𝑣𝑎𝑝 = ℎ𝑓𝑔ℎ̅𝑚(𝜌𝑤𝑎𝑡𝑒𝑟,𝑠−𝜌𝑤𝑎𝑡𝑒𝑟,∞) (12) 

The applicability of the heat-mass transfer analogy is tested by 

the following equalities: 

 𝑃𝑟

𝑆𝑐
≈ 1 (13) 

 ℎ̅

ℎ̅𝑚

≈
𝑘

𝐷𝐴𝐵
(

𝐷𝐴𝐵

𝛼
)

1/3

 (14) 

where 𝛼 is the thermal diffusivity (m2/s). 

 

3.2 Combination Model 

3.2.1 Penman Model 

Penman model combines the practical use of the aerodynamic 

models and the energy balance models, and it is used widely in 

estimation of evaporation from water bodies. Penman model [2] 

is expressed as: 

 
𝐸𝑃 =

∆

∆ + 𝛾
𝑅𝑛 +

𝛾

∆ + 𝛾
𝐸𝑎𝑝 (15) 

Δ, slope of saturation vapor pressure and temperature at 

temperature, can be estimated by: 

 
∆ =

4098𝑒𝑠

(237.3 + 𝑇)2
 (16) 

γ, psychometric parameter, is determined by: 

 
𝛾 =

𝑐𝑝𝑃

𝜖ℎ𝑓𝑔
× 10−3 (17) 

the atmospheric pressure, kPa, can adjusted for the elevation of 

the lake, Z, as:  

 
𝑃 = 101.3 (

293 − 0.0065𝑍

293
)

5.256

 (18) 

while the hate of vaporization, MJ/kg, can be estimated from: 

 ℎ𝑓𝑔 = 3.501 − 0.002361𝑇𝑠 (19) 

the aerodynamic part, Eap, is: 

 𝐸𝑃 = 0.26(1 + 0.536 𝑢)(𝑒𝑠 − 𝑒𝑎) (20) 

the daily average net radiation, Rn, is given by: 
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 𝑅𝑛 = 𝑆𝑛 + 𝐿𝑛 (21) 

where the daily average net longwave radiation is: 

 𝐿𝑛 = −𝑓𝜀′𝜎𝑇𝑎𝑖𝑟
4  (22) 

here, 𝜎 is Stefan-Boltzmann constant = 2×10-9 
mm

𝑚2𝐾4day
. For arid 

condition, the cloud factor, f, is expressed as: 

 
𝑓 = 1.35 (

𝑆𝑑

𝑆𝑐𝑙𝑒𝑎𝑟
𝑑 ) − 0.35 (23) 

the daily total solar radiation ratio can be determined by the 

following empirical formula, with as = 0.25 and bs = 0.5: 

 𝑆𝑑

𝑆𝑐𝑙𝑒𝑎𝑟
𝑑 = 1.35 (

𝑎𝑠 + [1 − 𝑐]𝑏𝑠

𝑎𝑠 + 𝑏𝑠
) − 0.35 (24) 

where: 

 𝑐 =
𝑛

𝑁
 (25) 

the effective emissivity, 𝜀′, is determined by: 

  𝜀′ = 0.34 − 0.14√𝑒𝑑 (26) 

where ed is the daily average vapor pressure in kPa. To estimate 

the daily average net solar energy, the following equation is 

used: 

 𝑆𝑛 = (1 − 𝑎)𝑆𝑑 (27) 

where a, the albedo, is the integrated reflectivity of the surface 

for radiation incident over the frequency range 0.15 – 4.0 μm. 

The typical value of the albedo for open water surfaces is 0.08 

(8%). The daily total solar radiation, 𝑆𝑑, is found by: 

 𝑆𝑑 = [𝑎𝑠 + (1 − 𝑐)𝑏𝑠]𝑆𝑜
𝑑 (28) 

Where, 𝑆𝑜
𝑑  in term of equivalent depth of evaporated water, 

mm/day is expressed as: 

 

 𝑆𝑜
𝑑 = 15.39𝑑𝑟(𝜔𝑠 sin 𝜑 sin 𝛿

+ cos 𝜑 cos 𝛿 sin 𝜔𝑠) 
(29) 

in which; 

 
𝑑𝑟 = 1 + 0.033 (

2𝜋

365
𝐷𝑦) (30) 

where, the sunset hour angel, 𝜔𝑠,is the angel defines the both 

the beginning and end of the day; and the solar declination, 𝛿, 

which is the angle between the rays of the Sun and the plane of 

the Earth’s equator, are given respectively by:  

 
𝜔𝑠 = cos−1(− tan 𝜑 tan 𝛿) 

    

(31) 

 
𝛿 = 0.4093 sin (

2𝜋

365
𝐷𝑦 − 1.405) (32) 

 

3.3 Energy Balance Models 

3.3.1 Energy Balance Model 

The energy balance model is derived  as in [4] around the air-

water interface, energy to the interface is equal energy from the 

interface, is expressed as: 

 

 𝛼𝑠𝑄𝑠𝑜𝑙𝑎𝑟 + 𝜀𝑄𝑠𝑘𝑦 + 𝑄𝑐𝑜𝑛𝑑

= 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑒𝑣𝑎𝑝 + 𝑄𝑤𝑎𝑡𝑒𝑟

+ 𝑄𝑎𝑑𝑣𝑒𝑐𝑡𝑒𝑑 

(33) 

where, Qsolar is the incoming solar radiation (both direct and 

diffuse), Qsky is the radiant energy from the sky, Qcond is the 

energy received from the water by conduction, Qconv is the 

convective energy to/from the air, Qevap is the evaporation from 

the water to the air, Qwater is the radiation energy emitted by 

water back to the atmosphere, Qadvected is the energy loss due to 

the air bulk motion. The water emissivity, ε, and absorptivity, 

α, are taken to be equal since the sky temperatures is not 

significantly different than the water surface temperature. All 

Q’s in W/m2. Using equation (23), Qevap can be determined. 

𝛼𝑠𝑄𝑠𝑜𝑙𝑎𝑟 can be assumed to be equal the daily average net solar 

energy, 𝑆𝑑. . The term 𝜀𝑄𝑠𝑘𝑦 is estimated as [13]: 

 

 𝜀𝑄𝑠𝑘𝑦 = (0.0727 + 0.006𝑇𝑑𝑒𝑤)𝜎𝑇𝑎𝑖𝑟
4  (34) 

 

here, 𝜎 is Stefan-Boltzmann constant, 5.67×10-8 
W

𝑚2𝐾4. The heat 

conduction is given by: 

 
𝑄𝑐𝑜𝑛𝑑 =

𝑘(𝑇𝑤 − 𝑇𝑠)

𝑙
 (35) 

Qconv is given by: 

 𝑄𝑐𝑜𝑛𝑣 = (5.7 + 3.8𝑢)(𝑇𝑠 − 𝑇𝑎𝑖𝑟) (36) 

and, 𝑄𝑤𝑎𝑡𝑒𝑟 can be computed from Stephen-Boltzmann fourth-

power radiation law as: 

 𝑄𝑤𝑎𝑡𝑒𝑟 = 0.97𝜎(𝑇𝑠 − 𝑇𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒) (37) 

Where 𝑇𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 is the absolute temperature of 0 °C which is 

equal to 273.15 K. Qadvected is given by: 

 𝑄𝑎𝑑𝑣𝑒𝑐𝑡𝑒𝑑 = 0.00077(0.37
+ 0.22𝑢) (𝑒𝑠 − 𝑒𝑎)0.88(𝑇𝑠

− 𝑇𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒) 

(38) 

3.3.2 Energy Budget Model 

The energy budget model is a model based on energy balance 

on a specified sample volume, and it takes the following form 

[16]: 

 𝑅𝑛 − 𝐺 = 𝜀𝜎𝑇𝑠
4 + 𝐻 + 𝑄𝑒𝑣𝑎𝑝 (39) 

𝑅𝑛 here is in W/m2. The lake storage heat flux, G, is computed 

from [17]: 

 
𝐺 = 𝑐𝑝𝑤𝜌𝑤𝑍

𝜕𝑇𝑤

𝜕𝑡
 (40) 

Where Z is the average depth of the lake, m, and 
𝜕𝑇𝑤

𝜕𝑡
 is the 
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time rate change of water bulk temperature. The sensible heat 

flux, H, which is a function a of air temperature measured at 2 

m, is obtained from[10]: 

 
𝐻 = 𝜌𝑎𝑐𝑝𝑎 [(

𝜎𝑇

0.92
)

3 0.82𝑔

𝑇𝑎𝑖𝑟 + 273.15
]

1/2

 (41) 

where, 𝜎𝑇 is the standard deviation of air temperature in °C. 

3.4. Models Testing 

The models performance will be examined by two statistical 

indicators, the root mean square error (RMSE) and mean bias 

error (MBE).  

 

𝑅𝑀𝑆𝐸 = [
1

𝑛
∑(𝐸𝑖,𝑀𝑜𝑑𝑒𝑙 − 𝐸𝑖,𝑂𝑏𝑠)

2
𝑛

𝑖=1

]

1/2

 (42) 

and, 

  

 
𝑀𝐵𝐸 =

1

𝑛
∑(𝐸𝑖,𝑀𝑜𝑑𝑒𝑙 − 𝐸𝑖,𝑂𝑏𝑠)

𝑛

𝑖=1

 (43) 

Although RMSE and MBE normally provide an acceptable 

procedure for model performance, they do not tell whether the 

models’ output is statistically significant or not. To test the 

significance of the model performance, a Student t-test will be 

performed; in which, the null hypothesis is assuming that the 

variances of the observed and the calculated evaporation rates 

are equal. As a result, the test statistic will be defined [19] as: 

 
𝑡 =

𝑥̅1 − 𝑥̅2

√
(𝑛1 − 1) ∙ 𝑠1

2 + (𝑛2 − 1) ∙ 𝑠2
2

𝑛1 + 𝑛2 − 2
∙

𝑛1 + 𝑛2

𝑛1 ∙ 𝑛2

 

(44) 

where 𝑥̅𝑖 , 𝑠𝑖
2 , and ni is the mean, variance, and the size of 

population i respectively. Here, the degree of freedom (df) is n1 

+ n2 - 2. Thus, the critical t value would be 2.1788 and – 2.1788 

for a two-tailed test. The level of significance was set to be  

α = 0.05. 

To assess the agreement between the observed and the 

calculated values, the Bland and Altman plot analysis [20] will 

be used. The Bland and Altman analysis constructs two limits 

of agreement, the upper limit which equals to the mean of the 

two data set added to 1.96 of the standard deviation, and the 

lower limit which equals to the mean of the two data set 

subtracted from 1.96 of the standard deviation. The plot is 

basically an XY scatter plot, in which the Y-axis shows the 

difference between the two measurements and the X-axis 

represents the average of these measures.  

 

4. RESULT AND DISCUSSION 

4.1 On-Site Measurements  

The on-site measurements of experimental variables are 

demonstrated on Figure 2. The air temperature, the relative 

humidity, and the dew point temperature readings exhibit the 

highest variation among the other experimental variables as 

shown in Figure 2. The water body temperature, the wet bulb 

temperature, and the surface water temperature experimental 

readings show a little variation comparing to the other 

experimental variables. This may refer to the stability 

conditions of water body comparing to the air metrological 

variables.  

 

Figure 2.The on-site measurements of the experimental 

variables. RH is the relative humidity. The × sign referred  

to the mean values. 

4.2 Aerodynamic Models 

The aerodynamic model’s evaporation rate and the evaporation 

flux results are shown on Figure 3 and Figure 4, respectively. 

 

 

Figure 3. Aerodynamic models’ estimation of evaporation 

rate (mm/hr). 

 
Figure 4. Aerodynamic models’ estimation of evaporation 

flux (W/m2). 

As shown in Figure 3, the evaporation rates estimated by the 

aerodynamic models follow the same pattern although they are 

varying in magnitude. This finding may refer to the same deficit 

value, 𝐷̅, (the difference between the saturated vapor pressure 

and the real vapor pressure) of the aerodynamic models and its 
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varying values of the mass transfer coefficients. This shows 

how the mass transfer coefficients play a critical role in 

estimating the evaporation rates of the aerodynamic models and 

thus its accuracy in this matter. In a descending order, the 

estimation of the evaporation flux is given by Hefner, Dalton, 

Holman, Harbeck, and MTC model respectively as shown in 

Figure 4.  Since the Penman model categorized as a combined 

model, which has an aerodynamic part and energy balance part, 

it is demonstrated in Figure 3 and 4 for comparison. The main 

difference between the Harbeck model and the other 

aerodynamic models is the incorporation of the area of the 

water body, in this case the area of the pond. This advantage of 

the Harbeck model may explain why the Harbeck model is 

relatively closer to the Penman model. The evaporation rate and 

flux obtained by the mass transfer correlation (MTC) is the 

lowest comparing to the other models. This is an expected 

finding, since the quiescent assumption has been made which 

addresses the evaporation that due to the buoyancy variation for 

a still air.  Indeed, the MTC model shows how the evaporation 

is effected by the wind motion. The applicability of the heat-

mass transfer analogy, for the MTC model, is tested using 

equation (12) and (13), and the analogy was found applicable 

with Pr/Sc equals to an average of 1.003 for 37 data points.  

4.3 Combined and Energy Balance Models 

The combined (Penman) and energy balance model’s 

evaporation rate and the evaporation flux results are shown on 

Figure 5 and Figure 6, respectively. 

 
Figure 5. Combined and energy balance models’ estimation 

of evaporation rate (mm/hr). 

 
Figure 6. Combined and energy balance models’ estimation 

of evaporation flux (W/m2). 

Although, in general, the pattern of the combined and energy 

balance models are similar, Figure 5 shows a clear similarity 

between the Penman model and the energy budget model for 

some intervals that are differ than the energy balance model 

namely, between time interval 9:20 to 9:30, 12:00 to 12:20, and 

1:10 to 2:40. A possible explanation to this agreement may 

refer to the complexity of the energy balance model. Figure 6 

shows that the energy balance model and the energy budget 

model gave a higher evaporating flux than the penman model. 

Since the aerodynamic part in Penman model contributes to 

nearly 50 % of the model, a comparison between the 

aerodynamic models and the energy balance models including 

the combined model is required. A comparison between all 

models regarding the evaporation flux is demonstrated in 

Figure 7. Comparing to the aerodynamic models (except for 

MTC model), the energy balance models and the Penman 

model fluctuate less. However, the MTC model is comparingly 

smother than all the models. 

 
Figure 7. Evaporation flux given by all models. 

To test the model’s performance against the data obtained by 

the meteorological station, the pan evaporation rate reading was 

plotted along with evaporation rates obtained by the selected 

models in this study as shown in Figure 8.  

 

 
Figure 8. A comparison of the evaporation rates of the tested 

models in this study and the Pan (meteorological) data. 

 

4.4 Models Testing 

To test the selected models’ performance to the evaporation pan 

meteorological data, Bland Altman plots were constructed as 

shown in Figure 9. In Figure 9, the solid horizontal line 
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represents the mean, while the dotted upper line and the dotted 

lower line represent the upper and lower agreements 

respectively.  

 
(a) 

 

 
(b) 

 

 
(c) 

 

 

 
(d) 

 
(e) 

 

 
(f) 

 

 
(g) 

 

 
(h) 

Figure 9. Bland Altman agreement plot of hourly distribution 

of observed meteorological evaporation rate and estimated 

evaporation rate of: (a) Hefner; (b) Holman; (c) Harbeck;  

(d) Dalton; (e) MTC; (f) Penman; (g) Energy Balance; (h) 

Energy Budget. 
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Figure 10. Bland Altman agreement plot of hourly distribution 

of observed meteorological evaporation rate and estimated 

evaporation rate of: (a) Hefner; (b) Holman; (c) Harbeck; (d) 

Dalton; (e) MTC; (f) Penman; (g) Energy Balance; (h) Energy 

Budget. 

Table 1 shows the significance of the models’ performance 

using the t-test with α = 0.05. The models show significance 

performance were the models with p-value greater than 0.05, 

and they were in bold and italic p-value numbers on Table 1. 

Table 1. The t-test matrix for the model’s performance. 

Model Hefner Holman Harbeck Dalton MTC Penman 

Energy 

Balance  

Energy 

Budget 

Variance 0.0233 0.0131 0.0238 0.0183 0.0151 0.0034 0.0205 0.0046 

Observations 7 7 7 7 7 7 7 7 

df 12 12 12 12 12 12 12 12 

t Stat -1.7668 -0.3750 0.4716 -0.4105 5.8584 3.7486 -1.8294 2.3120 

p-value 0.1027 0.7142 0.6457 0.6887 0.0001 0.0028 0.0923 0.0393 

RMSE 0.174 0.061 0.113 0.113 0.384 0.206 0.143 0.140 

MBE 0.129 0.023 -0.035 0.028 -0.378 -0.188 0.129 -0.119 

 

Based on Figure 9 and Table 1, Hefner, Holman, Harbeck, 

Dalton, and the Energy Balance models show significance 

performance comparing the recorded meteorological data. For 

these models the p-values are greater than 0.05, hence; there are 

strong evidences that fail to reject the null hypothesis of equal 

variances, and therefore their variances are equal to the 

recorded meteorological evaporation rates. That means these 

models’ outputs show significance agreements to the observed 

ones. As shown in Figure 9 (a-d) and (g), the plotted data points 

are clustered around the mean values, as a result, showing 

reasonable agreements. While for MTC, Penman, and Energy 

budget models which represented in Figure 9 (e-f) and (g), the 

plotted data points are relatively drifting away from the mean 

value (the solid horizontal line). As discussed by several 

studies, correlation (r or R2) is not generally a sufficient 

parameter for a tested model agreement, however, correlation 

can give an emphasis on the observed to calculated values 

relationship. Therefore, regressions of the models that show 

significance relationship were found and shown on Figure 10. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

Figure 10. Correlations of the significant models prediction. 
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To use the regression line as an indication for agreement, the 

slope in the regression line plays an essential role. As the slope 

approaches unity, as good the model agreed with the observed 

values. The optimum regression line is the one with slope ≅ 1 

and intercept ≅ 0. In this context, Figure 10 (e), the Energy 

Balance model shows the best regression line, and thus; it is the 

best model for the meteorological data prediction. In light of 

regression analysis, the models that follow the Energy Balance 

model with prediction of the recorded data in descending order 

are: Harbeck, Holman, Hefner, and Dalton model. 

The RMSE and MBE are basically representing the mean 

difference between the observed and the predicted values. In 

this context, the lower the RMSE and MBE magnitude values 

are, the better the model is. However, since the RMSE and 

MBE are mean differences, they are highly affected by any 

large difference values, and as a result they are blind towards 

the under and overestimation readings. As Table 1 shows, 

Holman, Dalton, and Harbeck models have the lowest RMSE 

and MBE measures. The Energy Balance and the Budget 

Models have smaller RMSE and MBE values than the Penman 

Model. 

5. CONCLUSION 

Several evaporation models have been tested including 

aerodynamic models, energy balance models, and Penman 

model as a combined model. The performances of the 

aerodynamic models are accepted, while the energy balance 

models (the Energy Balance and the Budget models) show 

more significant performance when applied to a temporary 

pond in arid environment.  
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