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Abstract 
         Evaporation equations which are developed and calibrated for one geographical region very often 

are not valid for different region and different climatic condition. In this paper the Penman original 

method is modified by using meteorological data from Diwaniya station to calibrate the three equations 

that were used in Penman's original method, i.e. incoming shortwave radiation equation, net longwave 

radiation equation, and wind function. Thus, new equations which are applicable to Diwaniya and are 

different from those originally suggested by Penman for England are presented so that computed 

evaporation is very close to the observed one. 
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 الخلاصة
ان معاالات ت ابخر اات ابخاا  تعااخ  متعاالاجت بفية ااي ة تاونااي معلايااي تسااهن  لااات مقةفااي بقظااخ ماا ياا  مية ااي ا اات  م ااتم  ميلا ناااي        

ا صالني الاظاخ ماا انلاتالات ميلا ناي مان م ةاي  Penmanم خلفي عن ابظتم  ابخ  اشخ ت يلاهلا, مي  هذه ابمراظي تم تةبلا  ممقةفي طتي اي 
ا صالني مهاذه ابفعالات ت ها  معلاتباي ا شاعلاي اب مالات ابفهةام ابفتاخلم,  Penmanلاجتة ابفعلات ت ابثقثي ابخا  تتاخ ما اةتي اي ابمجهاتني بفع

بساا   Penmanثهاااات ت خلاا  عاان تلاا  ا صالني ابف خت ااي ماان  بااه قانم  تاام ااداالاتمعلاتباي صاالاي  ا شااعلاي ابةهيااه ابفهةاام, متاباي ابااتي   بااذا 
 بفعلات ت ابخ  ت خهي هذه ابثهاات  تيب ةما من ابها ع اكهن ابخر ت ابف تهب من ا

1. Introduction 
          One of the major components of the hydrological cycle is evaporation. Estimation 

of evaporation is very important in many water resources studies such as water balance 

calculations and irrigation management, etc. Many organizations and researchers are 

derived methods to estimate evaporation. One of the famous methods that is widely 

used for estimating evaporation is Penman’s method whereas Penman (1948) combined 

between two methods of estimation of evaporation to develop method to compute 

evaporation from free water surface in terms of four meteorological variables; these 

variables are net radiation, temperature, wind speed, and vapour pressure deficit of the 

air (Calder and Neal, 1984). In the present study Diwaniya meteorological data are used 

to modified Penman’s original method so that evaporation in Diwaniya can be 

computed from equations different from those suggested by Penman for England. Thus, 

values of evaporation for Diwaniya which are computed from theses new equations can 

be utilized in studying two main problems in Diwaniya; theses two problems are 

irrigation management and dryness. 

2. Objective of The Present Study 
          Modifying Penman's original method by using Diwaniya meteorological data to 

calibrate the three equations that were used by Penman, i.e. incoming shortwave 

radiation equation, net longwave radiation equation, and wind function. Comparison 

between Penman's original method and our modified method is also examined. 

3. Mass Transfer Method 

         The simplest mass transfer method employs the following equation (Singh, 1992): 

E = f(u) (e's − e), ………………………………………………...(1)  

where E (mm/day) is the evaporation from the water surface, e's (mm Hg) is the 

saturation vapour pressure at the water surface temperature (t's), e (mmHg) is the actual 

vapour pressure of the air which is equal to the saturation vapour pressure at the dew 

point, and f(u) (mm/day mmHg) is an empirical function of the wind speed. 
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         The wind function f(u) is expressed by Penman in the following form 

(Jayawardena, 1991): 

f(u)= (a + b u2), …………………………………………………………………(2) 

 where a (mm/day mmHg) and b (mm s/day mmHg m) are empirical constants that 

depend chiefly on the height at which wind speed and air vapour pressure are measured, 

and u2 (m/s) denotes wind speed at height of 2 m. 

         There is another form of Penman's wind function (Pereira et. al. 1996): 

f(u)= m (a1 + b1 u2), ………………………………………………………………….(3) 

where m (mm/day mmHg), a1 (dimensionless) and b1 (s/m) are empirical constants that 

depend chiefly on the height at which wind speed and air vapour pressure are measured. 

         The equations that have been developed in the form of Equation 1 may be reliable 

in the areas and over the periods in which they were developed. However, large errors 

can be generated when these equations are extrapolated to other climatic areas without 

recalibration of the constants involved in the formula (Zhu, 2007). 

         Since it is difficult to measure the temperature at the air-water interface, e's in 

Equation 1 has often been replaced by the saturation vapour pressure at the air 

temperature, es,  or the saturation vapour pressure at the mean water temperature, ew 

(Pochop et. al., 1985a; Pochop et. al., 1985b; Jayawardena, 1991; Prereira, 1996). 

Hence, the following approximate equation is used instead of Equation 1: 

Eth = f(u) (es − e), ………………………………………………………………….(4)  

In 1948 Penman calibrated Equation 4 for UK to obtain the following equation: 

Eth=0.35 (1 +0.54 u2) (es − e), …………………………………………………..(5)  

where Eth (mm/day) is theoretical water-surface evaporation. Sometime later Penman 

(1956) revised his equation and proposed that the parameter a1 equals 0.5 would give a 

better description of lake evaporation (Prereira, 1996). Therefore, the following 

equation is suggested: 

Eth=0.35 (0.5 + 0.54 u2) (es − e), ……………………………………………..(6)          

 

4. Energy Budget Method 
          The principal quantities which are employed in the energy budget theorem are 

incoming shortwave radiation, net shortwave radiation, net longwave radiation, and net 

radiation. The description of theses quantities are as follows: 

 (i) Incoming Shortwave Radiation  
         The incoming solar shortwave radiation (Rs), which is arrived at the earth surface, 

can be computed using the famous empirical formula of Angstrom (Wales-Smith, 

1980):  

Rs = RA (c + d (
N

n
)), ……………………………………………………….. (7)  

where Rs (cal/cm
2
 day) is the incoming shortwave solar radiation actually received at the 

earth from sun and sky, RA (cal/cm
2
 day) is the total possible solar radiation 

(extraterrestrial radiation) for the latitude and time of year in the absence of an 

atmosphere and is obtainable from equation or standard tables, n (hr/day) is the 

measured daily duration of bright sunshine, N (hr/day) is the total possible daily 

duration of bright sunshine for the  latitude and time of year which is obtainable from 

equation or standard tables, and c and d are regression constants. The values of c and d 

which were suggested by Penman (1948) 0.18 and 0.55 respectively.  Then, Equation 7 

could be written in the following form: 
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Rs = RA (0.18 + 0.55 × (
N

n
)), ………………………………………………….(8) 

 

(ii) Net Shortwave Radiation 
         Part of Rs is reflected as a shortwave solar radiation. The remaining energy, RI, is 

given by: 

RI = Rs − r Rs , …………………..…………………………………………………(9) 

where RI (cal/cm
2
 day) is the net shortwave solar radiation and r is the albedo or 

reflection coefficient which is equal to 0.06 for free water surface (Wilson, 1983). 

 

(iii) Net Longwave Radiation 
         Some of the net amount of radiation absorbed at the earth surface is reradiated by 

the earth as longwave radiation. This net outward flow may be expressed according to 

the Stefan-Boltzmann law as follows (Meyer, 1999; Meyer et. al., 1999; Allen et. al., 

2005):  

RB = εw σ Ta
4
 (εat −1) fcd, ………………………………………………………...(10)  

where RB (cal/cm
2
 day) is the net longwave radiation received at the surface, εw 

(dimensionless) is the emissivity of the water surface and it is equal to 0.97 in clear sky 

condition (Eaglson, 1970, Jayawardena, 1991), σ (=117×10
-9

 (cal/cm
2
 day k

4
) is a 

universal constant called the Stefan-Boltzmann constant, Ta (°k) is the absolute 

temperature of the surface (absolute temperature (°k)=temperature (°C)+273), εat 

(dimensionless) is the atmospheric emissivity, and fcd (dimensionless) is the cloudiness 

function. 

The atmospheric emissivity, εat, is computed as follows: 

εat = f + v √e, …………………………………………………………………..(11)  

where f (dimensionless) and v (mmHg
-0.5

) are empirical constants. The values of 

constants f and v are (0.43-0.68) and (0.033-0.095 mmHg
-0.5

) respectively (singh, 1992). 

The cloudiness function, fcd, is computed as follows: 

fcd = h + q 
so

s

R

R
 , ………………………………………………………………(12) 

 where h and q are empirical constants and Rso (cal/cm
2
 day) is a clear sky incoming 

shortwave solar radiation; the amount of the incoming shortwave solar radiation (Rs) 

that would be received at the weather measurement site under conditions of clear sky. 

The value of fcd equals one in a perfectly clear day where the ratio 
so

s

R

R
 equals one 

(Meyer, 1999; Meyer et. al., 1999; Allen et al., 2005). 

In 1948 Penman showed that the ratio 
so

s

R

R
 can be replaced in 

N

n
 (Singh, 1992). 

Hence, Equation 12 is written as follows: 

fcd = h + q 
N

n
, ……………………………………...……………………………(13)  

In the same year (1948) Penman calibrated Equation 10 for England and obtained: 

RB = σ Ta
4
 (0.092 √e −0.56) (0.1 + 0.9 (

N

n
)), ………………………………..(14)  

Sometime later he gave another form of Equation 10 (Wilson, 1983): 

RB = σ Ta
4
 (0.077 √e −0.47) (0.2 + 0.8 (

N

n
)), …………………………………..(15)  
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(iv) Net Radiation (Hn) 
         The amount of energy, i.e. net radiation, finally remaining at a free water surface 

that is denoted by Hn is equal to the algebraic sum of net shortwave radiation and net 

longwave radiation (Meyer, 1999; Meyer et. al., 1999; Dodds et. al., 2005; Allen  et al., 

2005): 

Hn = RI + RB, ………………………………………………………………….(16)  

 

5. Penman’s Method 

         Penman showed that by combining the energy budget and the mass transfer 

theorem which are described in the previous sections of this paper it can be shown that: 

 

E
γ+Δ

Eγ+HΔ
=

th
, 

………………………………………………………………………….(17)  

where γ (=0.495 mmHg/°C) is a psychrometric constant and Δ (mmHg/°c) is the slope 

of saturation vapour pressure-temperature curve at air temperature t. 

Equation 17 is the Penman equation in Penman's original form. Eth is obtained from 

aerodynamic equation (Equation 5 or 6). H (mm/day) is computed as follows: 

H=10 Hn/ ρw λv, …………………………………………………………………….(18) 

where ρw (g/cm
3
) is the mass density of water, and λv (cal/g) is the latent heat of 

vaporization which is computed as follows (Meyer, 1999; Dingman, 1994): 

λv = 597.3 − 0.564 t, ………………………………………………………………….(19) 

The typical value of λv is 590 cal/g (Dingman, 1994). Thus,  some writers assume λv 

equal to this value for small range of air temperature. 

The slope of saturation vapour pressure temperature curve, Δ in mmHg/°C, may be 

estimated by firstly computing es as follows (Meyer, 1999; Meyer et. al., 1999; 

Dingman, 1994; Allen et al., 2005): 

)
237.3t

 t17.27
exp( 4.582  es


  , …………………………………………………..(20) 

Then Δ is found by taking the derivative of Equation 19 with respect to temperature. 

Therefore, 

 t)]  t /(237.3exp[17.27 
237.3)(t

18777
  Δ

2



 , 

…………………………………………..(21)  

 

6. Modification of Penman’s Method for Diwaniya  
         In this section we calibrate Equations 2, 7, 11, and 13 using the average values of 

meteorological data from Diwaniya Meteorological Station (see Table 1) so that the 

Penman method may be followed to estimate evaporation in Diwaniya as accurately as 

possible. The calibration procedure is described as follows: 

1) The constants in Equation 2 both vary from 0 to 1. We choose a=b=0 as  starting 

values.  

2) The constants in Equation 7 vary from 0 to 1. We choose c=d=0 as  starting values. 

3) The constant f in the atmospheric emissivity equation (Equation 11) varies from 0.43 

to 0.68 while v varies from 0.033 to 0.095 mmHg
-0.5

. Therefore, We choose f=0.43 

and v=0.033 mmHg
-0.5 

 as starting values. 



Journal of Babylon University/Engineering Sciences/ No.(3)/ Vol.(20): 2012 

 

 548 

4) The constants in the cloudiness function (Equation 13) both vary from 0 to 1. Our 

trial values are h=0 and q=1−h= 1.0. 

5) The evaporation for each month is computed using computer program. This 

estimated value of evaporation is compared with the observed one and the 

difference between them is detected. The sum of squared differences for all months 

is also computed. 

6) A large number of different sets of constant values are tried using the computer 

program. The set of constants which corresponds to minimum sum of squared 

differences between computed and measured evaporation is considered to be the 

best set in representing climate and location of Diwaniya city. 

 

Calculation of daily mean evaporation (mm/day) for each month according to the 

Penman original method and our modified method using the set of constants 

corresponding to the minimum squared differences are shown in Table 2 and 3 

respectively. Graphical comparisons are also given as Figure 1 and 2 which show very 

clearly that the modified method agrees with Diwaniya observed evaporation observed 

better than the Penman original method. This is expected because the constants which 

are used by Penman are appropriate for England rather than for other locations. 

 
Table 1: List of weather elements of Diwaniya Meteorological Station which are 

used to calibrate Penman's original methods. 

Element  Symbol Unit Time period 

Air temperature * t ºC 1971-2002 

Relative humidity * RH % 1971-2005 

Actual vapour pressure * e mmHg 1988-2002 

Wind speed *  u m/s 1971-2005 

Actual sun shine duration * n hr 1980-2007 

Observed evaporation † Ea mm/month 1971-2006 
 

Source: Iraqi Meteorological Organization, * The data are daily mean (unit/day), † The 

data are monthly (mm/month).  
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Figure 1: Comparison of evaporation in Diwaniya as computed by Penman's 

original method (1956) with observed evaporation (Equations 6, 8, 15, 16, 17, 18, 

19, and 21). 

 

 

 

 
Figure 2: Comparison of evaporation in Diwaniya as computed by our modified 

method with observed evaporation (a=0.675, b=0.3, c=0, d=0.45, f=0.58, h=1.0, q=0, 

and v=0.095 as well as using Equation 19). 
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7. Conclusions 
         Application of some equations which are used in Penman's original method for 

open water-surface evaporation in England to compute evaporation in Diwaniya city 

leads to results which are substantially different from measured values. Therefore, 

adjustment of the constants in these equations is necessary. In this paper, a set of values 

of these constants are determined based on meteorological data from Diwaniya 

Observing Station. Hence, it is concluded that the following equations give better 

results than the original equations which are applicable to England only: 

1. Wind function 

    f(u)= (0.675 +0.3  u2), ………………………………………………………….(22)           

or 

    f(u)= 0.75 (0.9 +0.4  u2), ………………………………………………………(23)  

2. Incoming shortwave radiation 

    RS = 0.45 RA

 
)

N

n
( , ………………………………………………………….(24)  

3. Net longwave radiation 

    RB=0.97 σ Ta
4 

(0.58+0.095 √e), ……………………………………………..(25)  

Therefore, the general form of equation of our modified method from which the 

evaporation in Diwaniya can be computed as accurately as possible is as follows: 

E=
γ

e)) - su2)(e  0.3+ ((0.675 γ))e 0.095+(0.58 T  0.970.45R r)-((1 4

aA



 
, ….(26) 

or 

E=
γ

e)) - s(e u2)  0.4+ (0.9 (0.75 γ))e 0.095+(0.58 T  0.970.45R r)-((1 4

aA



 
 , .(27) 

         It is found that the sum of squared different between computed and observed 

evaporation for all months is 39.834 when using the original equations in Penman's 

method for evaporation in England. There is a considerable difference between this 

values and the value of 1.585 which is obtained using the above new equations. 
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Notations 
Δ              Slope of saturation vapour pressure curve at air temperature t. 

εat            Atmospheric emissivity. 

εw             Water emissivity. 

γ              Psychrometric constant. 

λv             Latent heat of vaporization. 

ρw             Mass density of water. 

σ              Stefan-Boltzman constant. 

a, a1 Empirical constants of Penman's wind function. 

b, b1          Empirical constants of Penman's wind function. 

c, d           Empirical constants of incoming shortwave radiation. 

e              Actual or observed vapour pressure. 

es             Saturation vapour pressure at the air temperature. 

e's            Saturation vapour pressure at the surface temperature. 

ew             Mean water temperature. 

E              Evaporation from free water surface. 

Eth            Theoretical evaporation from water surface. 

f               Empirical constant of atmospheric emissivity. 

fcd            Cloudiness function. 

f(u)           Wind function. 

h              Empirical constants of cloudiness function. 

H              Net radiation in mm/day. 

Hn             Net radiation. 

m              Empirical constant of Penman's wind function. 

n              Actual sunshine duration. 

N              Total or possible sunshine duration. 

q              Empirical constants of cloudiness function. 

r              Albedo or reflection coefficient. 

RA             Extraterrestrial solar radiation. 

RB             Net longwave solar radiation. 

RI             Net shortwave solar radiation. 
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Rs             Incoming shortwave solar radiation. 

Rso Clear sky incoming shortwave solar radiation (cal/cm
2
 day). 

t              Air temperature. 

t's              Water surface temperature. 

Ta             Absolute air temperature. 

v              Empirical constant of atmospheric emissivity. 

u2             Wind speed at height of two meters. 

 

 

 

 

 


