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ABSTRACT 

Egypt is adopting a horizontal agricultural expansion strategy despite facing water scarcity conditions. The 

agricultural expansion program will be directed towards the uncultivated lands in Egypt which can be estimated to be more 

than 90% of the total area. Therefore, a sustainable agricultural development is required. The most important component in 

the agriculture management system is the accurate estimation of the water quantities required for plantation, which is 

mainly controlled by the evapotranspiration value. The objective of this paper is to calculate the reference 

evapotranspiration (ETo) over the whole area of Egypt, which is used to calculate the irrigation water consumption, in 

order to give an insinuation about the suitable areas for the agricultural expansion due to the low evapotranspiration value. 

The average daily ETo by month is calculated using FAO Penman Monteith equation which is widely recommended due to 

its detailed theoretical base. The calculated ETo is demonstrated in maps using a GIS environment all over Egypt for each 

month. The results of ETo showed that the least mean value occurred during December which is about 3.28 mm, while the 

highest mean value occurred in June and equal to 9.5 mm.  
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INTRODUCTION 

Egypt is now facing water scarcity conditions due 

to constancy of water resources with increasing in 

demands. Although this water scarcity situation, the 

Egyptian government adopted a future strategy for 

horizontal agricultural expansion, due to the rapid 

population growth.  

Nowadays, the agriculture water demand in 

Egypt represents about 85% of the total available water 

[1]. Therefore, the determination of the water quantities 

for the new irrigated area becomes increasingly important 

to avoid underestimation or overestimation of crop water 

consumption. 

  Two water losses processes define the crop water 

consumption. The first process is the water loss from the 

soil surface, wet vegetation, and shallow groundwater is 

called evaporation (E). The second process is the water 

loss from the plant tissues, which is called transpiration 

(T). The combination of these two processes is called 

evapotranspiration (ET) which represents about 99% of 

the total water consumptive use of the plant. So, accurate 

calculation of crop evapotranspiration (ETc) or 

consumptive water use is significant for water resources 

planning and irrigation management [2]. The crop 

evapotranspiration can be calculated using Eq. 1 

 

ETc = ETo  Kc                                                (1) 

 

where; ETc is crop evapotranspiration (mm/day), ETo is 

reference evapotranspiration (mm/day), Kc is crop 

coefficient. The ETo is defined as the rate of 

evapotranspiration from a hypothetical reference grass 

crop cultivated in a land without a shortage in water.  

The main factors affecting the reference 

evapotranspiration (ETo) are location, climatic parameters, 

management practices and environmental aspects. The 

main climatic factors affecting evapotranspiration are solar 

radiation, air temperature, air humidity and wind speed. 

There are several physically based methods used 

for estimating the reference evapotranspiration such as 

aerodynamic, energy budget and modified penman 

methods. Also available are several empirical methods for 

estimating the reference evapotranspiration such as the pan 

evaporation method.  

The most accurate physical model used to 

calculate the ETo and is considered to be the most 

reasonable and recommended method in both humid and 

arid climate regions is the standardized FAO56 Penman-

Monteith equation [3, 4, 5]. 

The FAO56 penman-Monteith equation is used in 

two well-known applications, i.e. CROPWAT [6] and 

BISm which is an MS Excel based model [7]. These two 

applications are friendly users and available as freeware. 

In the literature there are a lot of researchers used these 

applications in their studies to calculate the ETo in Egypt 

[8, 9, 10, 11, 12, 13, 14, 15, 16].  

These applications are easy to use, and give the 

most accurate estimation for the ETo since they are using 

FAO56 penman-Monteith equation. Those applications are 

a point calculator, which means they solve for a specific 

point, but in case of estimating the ETo for hundreds or 

thousands of points, using such calculator will be time 

consumer. Most of the studies calculated the ETo for 

Egypt using these applications represents Egypt in a very 

few points. For instance, they represent every governorate 

using one point.  

In this paper, the GIS environment is used to 

integrate the spatial location, climate, terrain, and FAO56 

penman-Monteith equation to calculate the average daily 

ETo by month. The calculated ETo are demonstrated in 12 

maps covering Egypt using more than 10,000 points. 
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MATERIALS AND METHODS 
 

Study area 
The ETo is calculated over the whole area of 

Egypt for the 12 months of the year. Egypt lies in the 

north-eastern corner of Africa with a total area of one 

million sq. km. The study area, Egypt, is presented in 

more than 10,000 points. Figure-1 presents the study area. 

 

 
 

Figure-1. The Study area. 

 

ETo calculation 

The ETo is calculated using Penman-Monteith 

equation [17] as presented by Allen et al., 1998 in the 

United Nations FAO Irrigation and Drainage Paper (FAO 

56). The FAO Penman-Monteith equation used to estimate 

the ETo is presented in Eq. 2 as follows: 

 𝐸𝑇𝑜 =  0.408 ∆ (𝑅𝑛−𝐺)+ 𝛾 900𝑇+273𝑈2(𝑒𝑠− 𝑒𝑎)∆+ 𝛾 (1+0.34 𝑈2)      (2) 

 

where; ETo is the reference evapotranspiration [mm/day], 

Rn is net radiation at the crop surface[MJ/m
2
/day], G is 

soil heat flux density [MJ/m
2
/day], T is mean daily air 

temperature at 2 m height [˚C], U2 is wind speed at 2 m 

height [m/s], es is saturation vapour pressure [kPa], ea is 

actual vapour pressure [kPa], (es - ea) is saturation vapour 

pressure deficit [kPa],  is slope of saturation vapour 

pressure curve [kPa/˚C], and  is psychrometric constant 

[kPa/˚C].  
The slope of saturation vapour pressure curve at 

mean air temperature,, is calculated using Eq. 3 as shown 

below: 

 ∆ =  4098 [0.6108 exp( 17.27 TT+237.3)](T+237.3)2                    (3) 

 

The psychrometric constant, , is calculated using 

Eq. 4 as follows: 

𝛾 = 0.665 × 10−3 𝑃                                  (4) 

 

Where P is the atmospheric pressure [kPa] and 

can be calculated using Eq. 5 as follows: 

 𝑃 = 101.3 (293−0.0065 𝑧293 )5.26
                                 (5) 

 

Where z is the elevation above sea level (m). 

The net radiation (Rn) is the net difference 

between incoming net shortwave radiations (Rns) and the 

outgoing net longwave radiations. The Rn is calculated 

using Eq. 6 as shown below: 

 

Rn = Rns – Rnl        (6) 

 

The net shortwave radiations (Rns) resulting from 

the balance between incoming and reflected solar radiation 

is given by Eq. 7: 

 

Rns = (1 - ) Rs                                   (7) 

 

Where Rns is the net shortwave radiation 

[MJ/m
2
/d],  is the albedo or canopy reflection coefficient 

for the reference crop. A fixed value of 0.23 is 

recommended for the albedo. Rs is the measured incoming 

solar radiation [MJ/m
2
/d]. 

There are many equations used in the literature to 

calculate the net long wave radiations (Rnl). In this paper, 

the equation used is the one proposed by the FAO 56 in 

[18]. The equation assumes that the rate of longwave 

energy emission is directly proportional to the absolute 

surface temperature raised to the fourth power. The 

equation is expressed in Eq. 8 as follows: 

 Rnl =  σ [Tmax,k4 − Tmin,k42 ] (0.34 − 0.14 √ea) (1.35 RsRso − 0.35)(8) 

 

Where Rnl is net long-wave radiation [MJ/m
2
/d], 

σ is Stefan-Boltzmann constant [4.903  10
-9

 MJ/K
4
/m

2
/d], 

Tmax,k and Tmin,k are maximum and minimum absolute 

temperature during the 24-hr period [K], Rs/Rso is the 

relative shortwave radiation (limited to  1.0). Rso is the 

clear sky radiation [MJ/m
2
/d] when the actual duration of 

sunshine equals the maximum daylight hours. The Rso can 

be calculated using Eq. 9: 

 𝑅𝑠𝑜 = (0.75 + 210−5𝑧)𝑅𝑎                   (9) 

 

Where Rso is clear-sky solar radiation [MJ/m
2
/d], 

z is the elevation above sea level [m], and Ra is the 

extraterrestial radiation [MJ/m
2
/d]. The Ra for each day of 

the year and for different latitudes is calculated from the 

solar constant, solar declination, and the time of the year 

as shown in Eq. 10: 

 Ra =  24 ×60π Gscdr(ωs sin φ sin δ +  cos φ cos δ sin ωs)      (10) 
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where, Gsc (0.0820 MJ/m
2
/min) is solar constant, dr is 

inverse relative earth-sun distance Eq. 11, s is the sunset 

hour angle [rad.] and is expressed in Eq. 12,  is the 

latitude [rad.] and is expressed in Eq. 13, and  is the solar 

declination [rad.] and is expressed in Eq. 11. 

 𝑑𝑟 = 1 + 0.033 cos (2 𝜋365  𝐽)    (11) 

 𝛿 = 0.409 sin (2 𝜋365  𝐽 − 1.39)                 (12) 

 𝜔𝑠 = arcsos (− tan 𝜑 tan 𝛿)    (13) 

 

Where J is the number of the day in the year between 

January 1
st
 and December 31

st
. In this paper, the J is 

calculated at the middle of each month and can be 

expressed by Eq. 14 as follows: 

 J =   Integer (30.4 Month − 15)                 (14) 

 

Climate data 
In order to obtain the ETo over Egypt using FAO 

Penman-Monteith equation, some climate data are 

required. WorldClim Version2 dataset [19] was used, in 

order to provide the required climate data as the maximum 

and minimum temperature, radiation, vapor pressure, and 

wind speed. The monthly average climate data is 

aggregated across a target temporal range of 1970-2000. 

Global climate layers of the WorldClim Version2 were 

used with a spatial resolution of ten minutes. 

 

Digital elevation model 
Digital elevation model (DEM) is a digital 

representation of the surface elevation topography. The 

DEM of Egypt used has a resolution of 1-arc second (~30 

m) and its geo-reference is UTM WGS84 36 N. The DEM 

is extracted using ArcGIS with Spatial Analyst Extension, 

from ALOS World 3D - 30m (AW3D30) version 2.1 

released in April 2018 [20]. The DEM is essential to 

calculate the ground elevation for each point in the study 

area. 

 

RESULTS AND DISCUSSIONS 

 

ETo maps 
The average daily ETo values by month are 

calculated by FAO Penman-Monteith equation described 

before using the climate, spatial location, and terrain data 

for more than 10,000 points covering Egypt. The ArcMap 

software as a GIS environment is used for calculating the 

average monthly ETo. The Natural Neighbor method is 

applied using the calculated ETo to create an average daily 

ETo for each month as demonstrated in Figure-2, Figure-

3, and Figure-4. 
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Figure-2. Egypt’s average daily ETo by month for months January to April. 

January March 

February April 



                                  VOL. 15, NO. 1, JANUARY 2020                                                                                                             ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2020 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                        108 

  

  

 
 

Figure-3. Egypt’s average daily ETo by month for months May to August. 

 

May 

June 

July 

August 
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Figure-4. Egypt’s average daily ETo by month for months September to December. 

 

From Figure-2, Figure-3, and Figure-4 it is shown 

that the highest values of the ETo occur in summer season 

(June, July, and August) while the lowest values occur in 

winter season (December, January, and February). In 

addition, for all months the ETo increases from North to 

South and this is due to the increment of temperature and 

solar radiation towards the South. Moreover, the Eastern 

region of Egypt (Red Sea Coast) has lower values of ETo 

compared to middle and Western regions due to the higher 

values of humidity. 

 

Statistical analysis 
 In order to provide more description and have 

better understanding for the calculated ETo values, some 

descriptive statistical metrics were used to give a short 

summary about the calculated data. The metrics used were 

divided into two different categories, first the measures of 

the central tendency of the data category, that was used in 

order to show the central position of the calculated ETo 

values, where mean and median were calculated. The 

second category includes the variability measures, where 

standard deviation, minimum, maximum, skewness 

coefficient and kurtosis coefficient were calculated. Table-

1 shows the statistical metrics value for the ETo over the 

12 months. 

From Table-1 it is shown that the ETo has the 

least mean value in December which is about 3.28 mm, 

while the highest mean value occurs in June and equal to 

9.5 mm. Also the median values show the same pattern for 

the 12 months. Regarding the variability of the ETo values 

the standard deviation show close values for the 12 

months, while the range seem to be wider during April, 

September 

October 

November 

December 
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May, and June compared to January and December. For 

skewness, months January, February, October, November, 

and December shows positive skewness behaviour with a 

small value of skewness coefficient, less than 0.5, so it can 

be described as a fairy symmetrical data. The remaining 

month shows a negative skewness behaviour, but with 

distinct values, March, April and September have small 

skewness value greater than -0.5, so it can be described as 

a fairy symmetrical data, while May and August shows a 

moderate skewness behaviour with a values between -0.5 

and -1, for June and July skewness is less than -1, so they 

are the highly skewed months. 

The kurtosis coefficient usually refers to the 

combined weight of the two tail of the distribution relative 

to the rest of the distribution. When the kurtosis value is 

equal or very close to zero, the distribution is assumed to 

be normal, while a negative value refers to a light tail 

distribution and a positive value refers to a heavy tail 

distribution. Regarding the ETo values, most months seem 

to have a light tail distribution with a negative kurtosis 

value, while June and July show a heavier tail distribution, 

and May is the closest one to be normal.  

Figure-5 presents the box plot for the ETo values 

for the 12 months over Egypt, where the minimum value, 

first quartile, median, third quartile, and the maximum 

value can be seen. In addition, the skewness can be shown 

for most of months.  Moreover, the plot shows that 

January, February, November, and December have the 

most tightly ETo values compared to the other months. 

Figure-6 presents the probability density function for the 

twelve different months, showing the distribution shape 

and the skewness for each month.  

 

Table-1. Descriptive statistical analysis of the calculated ETo. 
 

  
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Measures of 

Central 

Tendency 

Mean 3.41 4.43 5.93 7.66 8.86 9.50 8.96 8.50 7.67 5.96 4.18 3.28 

Median 3.23 4.34 5.94 7.70 9.07 9.79 9.25 8.80 7.80 5.94 4.11 3.11 

Measures of 

Variability 

Standard 

Deviation 
0.73 0.83 1.01 1.20 1.14 1.07 0.94 1.00 1.10 0.97 0.83 0.74 

Kurtosis -1.02 -0.83 -0.77 -0.64 0.08 0.55 0.30 -0.36 -0.68 -0.95 -0.99 -1.09 

Skewness 0.28 0.19 -0.08 -0.27 -0.87 -1.10 -1.05 -0.77 -0.38 0.04 0.32 0.34 

Minimum 1.78 2.42 3.28 4.49 5.35 5.91 5.95 5.67 4.81 3.80 2.63 1.83 

Maximum 5.05 6.32 8.01 9.90 10.64 11.06 10.44 9.99 9.82 7.98 6.16 4.93 

Range 3.27 3.89 4.73 5.41 5.29 5.14 4.48 4.32 5.01 4.18 3.53 3.09 

 

 
 

Figure-5. Boxplot for the ETo for months January to December. 
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Figure-6. Plot of the PDF for the ETo for months January to December. 

 

CONCLUSIONS 

The reference evapotranspiration is calculated all 

over Egypt using FAO Penman Monteith equation. The 

climate data used for the study is monthly averaged from 

period 1970-2000. The ETo calculations and 

demonstration are done using a GIS environment. The 

results of ETo showed that the least mean value occurred 

during December which is about 3.28 mm, while the 

highest mean value occurred in June and equal to 9.5 mm. 

Also, the median values showed the same pattern for the 

12 months. Regarding the variability of the ETo values the 

standard deviation showed close values for the 12 months, 

while the range seem to be wider during April, May, and 

June compared to January and December. The output ETo 

maps are useful to calculate the actual crop water 

requirements all over Egypt which helps in saving 

irrigation water due to the water scarcity situation, also the 

output ETo maps can be used in defining the suitable areas 

to be used for the future agricultural expansion, due to its 

low evapotranspiration values.  

It is recommended to use the same methodology 

presented in this study but with more recently climate data 

in order to investigate the effect of climate change on the 

values of the reference evapotranspiration over Egypt, 

since the WorldClim Version2 used during this study was 

only available during the period 1970 - 2000.  
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