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ABSTRACT.  Current methods for estimating evapotranspiration (ET), the essential variable in irrigation performance and water 
management, largely neglect the spatial and temporal variations in ET. Accurate regional ET maps would provide valuable information 
on actual crop water use. The objective of this study was mainly to evaluate a Pilot Project (PP) supported by the Food and Agriculture 
Organization of the United Nations (FAO). In this study, Surface Energy Balance Algorithm for Land (SEBAL) model was used to 
assist the evaluation attempt. The performance of the ET model was evaluated by comparing the predicted daily ET with values 
derived by conventional methods based on ground measurements and meteorological data on 6 Sepetmber, 25 Sepetmber, 28 
November and 11 December. The ET values from SEBAL showed good agreement with the actual values measured in the field. The 
amount of water required to satisfy the irrigation needs at canal level was monitored and successfully estimated. However, during 
November the daily estimated water demand ranged from 15667 m3 for Tereifi minor to 28954 m3 for Heleiwa west minor canal. The 
average values of relative irrigation supply (RIS) were determined as 0.73 which indicates improvements in operational performance 
of minor canals. The results of this study demonstrate that remote sensing measurements and limited ground data can be used to 
successfully estimate ET and assess irrigation performance in areas of poor infrastructure. Results achieved support previous opinion 
that repeatedly recommended the PP as a crucial step for water management in the Gezira scheme, Sudan. 
 
Keywords: evapotranspiration, irrigation performance, Gezira scheme, remote sensing, SEBAL

 
 

 

1. Introduction 

The Gezira scheme is Sudan’s oldest and largest gravity 
irrigation system, located between the Blue Nile and the White 
Nile. Started in 1925 and progressively expanded thereafter, it 
covers about 880,000 ha, receives water from the Sennar Dam 
on the Blue Nile and is divided into some 114,000 tenancies. 
Farmers operate the scheme in partnership with the government 
and the Sudan Gezira Board (SGB) that provides administra- 
tive, credit and marketing services. The scheme has played an 
important role in the economic development of Sudan, serving 
as a major source of foreign exchange earnings and of govern- 
ment revenue. It has also contributed to national food security 
and to generating a livelihood for the 2.7 million people who 
live in the command area of the scheme. 

Since its stabilshment, the task of irrigation management 
was entrusted to the SGB and Minstry of Irrigation. Recently, 
low crop productivity, poor water management performance, 
insufficient financial for operation and maintenance costs, and 
very low water fee collection efficiencies from the farmers 
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open the door to partially transfer the authority of irrigation 
management to local irrigation committee. Abdel Hakam block 
was selected for testing the irrigation management transfer pro- 
cess in a pilot project (PP) supported by the FAO during 2000 
~ 2002. About 12 local irrigation committees were formed at 
the block level. 

Under the new structure of irrigation management, the lo- 
cal irrigation committee responsible for providing all services 
related to the operation and maintenance of the minor irriga- 
tion system. However, irrigation responsibilities of the upper 
system (main canals) are shared between SGB and Ministry of 
Irrigation. 

The PP was evaluated for a variety of management objec- 
tives to assess the irrigation performance. Numerous indicators 
have been proposed during last decades such as the area irri- 
gated, crop patterns and distribution and delivery of water (Ab- 
ernethy, 1986; Levine, 1982; Molden and Gates, 1990). 

This study was conducted to assess the variations of some 
performance critera during the implementation period of the 
PP such as spatial ET, crop yield and relative irrigation supply. 

2. Methodology 

2.1. Study Area and Data Used 

This study was focused on Abdel Hakam block (Figure 1) 
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which is located in the Central Group of the Gezira scheme (La- 
titude 14º 23' N and Longitude 33º 23' E, elevation 409 m) with 
total irrigation command area around 6,000 ha and crop intensi- 
ty of 80%. The main summer crops cultivated during the 2001/ 
02 season were sorghum (2,495 ha), cotton (768 ha) ground- 
nuts (336 ha), vegetables (204 ha) and fodder (158 ha). Four 
Landsat Enhanced Thematic Mapper Plus (ETM+) images ac- 
quired during the 2001 and 2002 seasons were used to analyze 
the temporal and spatial distributions of ET in the study area. 
The images, selected coincidentally with the PP initiated in 
Abdel Hakam, were dated 6 September 2001, 11 December 
2001, 25 September 2002 and 28 November 2002. 

 

2.2. The SEBAL Model 

Surface energy balance used for remote sensing-based ET 
estimations is proving to be the most recently accepted techni- 
que for aerial ET estimation (Morse et al., 2000). SEBAL is 
one of such models utilizing Landsat and images from other 
sensors with a thermal infrared band to solve the energy balan- 
ce equation and, consequently, to generate an aerial map of 
ET (Bastiaanssen et al., 1998a, b; Morse et al., 2000). 

SEBAL requires weather data such as solar radiation, wind 
speed, precipitation, air temperature and relative humidity in 
addition to satellite images with visible, near infrared and ther- 
mal bands. In the absence of horizontally advective energy, the 
surface energy balance of the land surface can be expressed as: 

 
GHRnE                                    (1) 

 
where λE is latent heat flux, Rn is net radiation at the surface, 
H is sensible heat flux, and G is soil heat flux. All fluxes are 

expressed in W/m2. 

Net radiation is the algebraic sum of the shortwave and 
long-wave radiative fluxes and is computed as: 

 
   outins LLRRn  1                          (2) 

 
where  is surface albedo; Rs is solar radiation (W/m2); ε is 
land surface emissivity; and Lin and Lout are incoming and out- 
going long-wave radiation (W/m2). The  was determined by 
integrating spectral reflectance in the six shortwave bands of 
the Landsat images, and Lin and Lout were computed as func- 
tions of surface temperature derived from the satellite images. 
The ε was computed from Normalized Difference Vegetation 
Index (NDVI) derived from two of the shortwave bands (red and 

near-infrared) as explained by Van de Griend & Owe (1993): 

 

 1.009 0.0047Ln NDVI                             (3) 

 
The outgoing long-wave radiation Lout is determined by 

Stefan-Boltzman’s law (σ = 5.67 × 10-8) as a function of sur- 
face temperature (Ts) and surface emissivity (εo), while inco- 
ming long-wave radiation Lin was determined from the air tem- 
perature (Ta) and atmospheric emissivity (εa). The complete set 
of equations is explained in the FAO-56 publication (Allen et 
al., 1998): 

 
4

out o sL T                                          (4) 
4

in a aL T                                           (5) 

 
Soil heat flux (G) is expressed as a fraction of net radia- 

 
Figure 1. The location of the study area (Abdel Hakam block is shown as black). 
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tion, the fraction being a function of surface radiometric tem- 
perature (Ts) and albedo (), as suggested by Bastiaanssen et 
al. (1998a): 

 

   2 40.0032 0.0062 1 0.98sTG
NDVI

Rn
 


                      (6) 

 
The latent heat flux λE is computed as the residue of sur- 

face energy budget as shown in Equation (1). The sensible heat 
flux H(zoh, z) between a surface and a level z was evaluated us- 
ing a bulk resistance approach. Sensible heat flux, aerodyna- 
mic resistance and friction velocity were estimated as described 
by Bastiaanssen et al. (1998a) and Tasumi (2003): 
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where ρa is the air density; Cp is air specific heat (1,004); Ta is 
the air potential temperature; and zoh is the scalar roughness 
for heat. The aerodynamic resistance for the layer between zoh 
and z is defined as: 
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where k is Von Karman’s constant; zoh is the roughness length 
for momentum; d is the displacement height; and ψh is stabili- 
ty correction factor for heat transport. The friction velocity u* 
is given by: 
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where u(z) is the wind speed at level z; zom is the roughness 
length for momentum; and ψm is the stability correction factor 
for momentum. Surface roughness for momentum transport 
was estimated according to the empirical concept of Moran 
and Jackson (1991) as shown in Equation (14), whereas the com- 
ponents of stability correction functions and Monin-Obukhov 
length were calculated as follows (Paulson, 1970): 
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where parameters g and k are gravity acceleration and Von Kar- 
man’s constant, respectively. The mean value of Ts and Ta re- 
presents the air temperature of the layer between zoh and z. 
The roughness length for heat zoh was set to 0.1zom. The rou- 
ghness for momentum was deduced from NDVI: 

 

    , exp ,omz x y a NDVI x y b                      (14) 

 
where a and b are constants calibrated for each image. 

Once the instantaneous λE flux is computed from Equa- 
tion (1), then the actual evapotranspiration (ETa) for the entire 
day (24 hours) of the image dates is calculated by first deter- 
mining the evaporative fraction (Λ) and the daily net radiation 
(Rn24hour). The 24-hour net radiation was computed according 
to De Bruin (1987), while the evaporative fraction was com- 
puted according to Equation (15). Experimental evidence in- 
dicates that Λ is a constant during cloud-free days (Nichols and 
Cuenca, 1993) and that there is little difference between mid- 
day Λ and the all-day average (Shuttleworth et al., 1989). Van 
Oevelen et al. (1993) and Kustas et al. (1994) showed that Λ 
is an adequate tool for describing the surface energy partition- 
ing for time scales of one day or less and daily integrated va- 
lues of (Rn – G) using satellite data: 
 

 
ET

Rn G


 


                                   (15) 

 
The calculation of ETa includes the transformation of 

Rn24hour from W.m-2 to mm per day by the surface temperature 
dependent latent heat of vaporization (Equation 16) as follows: 

 
7

24

8.64 10
a hourET Rn




                               (16) 

 
where ETa is the actual evapotranspiration (mm/d); Rn24hour is 
the average daily net radiation (W/m2); and λ is the energy re- 
quired to evaporate the water.  

 

2.3. Measurement of the Actual ET 

The Landsat 7 images were processed for 2001 and 2002 
seasons since these years coincided with the experimental re- 
sults of ETa obtained by water balance (WB) approach. The 
daily amounts of water that move into and out of the root zone 
are shown in Equation (17): 

 
RDETPIS                           (17) 

 
where S  is the total water in the root zone; I is the irrigate- 
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Figure 2. Spatial and temporal variation of actual ET by 
SEBAL over the study area during satellite overpass, Sep.6 
(a), Dec.11 (b), Sep.25 (c) and Nov.28 (d). 
 
ion water applied; P is the rainfall; D is the drainage or deep 
percolation below the root zone; and R is the runoff. Under 
the condition of Gezira heavy clay soils runoff, deep 
percolation and capillary rise are negligible, therefore, the 
water balance equation can be simplified as S I P     

aET . 

Consequently, daily ETa for each irrigation cycle was cal- 
culated from differences of volumetric soil moisture content 
according to Equation (18): 

 

 1 21

n

i i ii
a

p z
ET

t

 


   
 

  


                     (18) 

 
where ETa is the actual evapotranspiration during the irrigation 
cycle (mm/d); p is the effective rainfall (mm) between the post- 
and preirrigation gravimetric sampling; n is the number of soil 
layers from which soil samples were taken; θ1i and θ2i are the 
volumetric soil moisture content during the post and pre- 
irrigation cycles, respectively, for the soil layer i; ∆t is the 
time elapsed between θ1i and θ2i (days); and ∆zi is the thick- 
ness of each soil layer sampled (mm). The gravimetric mois- 
ture content (w/w) was converted to volumetric values (v/v) 
by multiplying the gravimetric moisture content by the dry 
bulk density, according to Equation (19): 

 

g BD                                      (19) 

 
where θg is the gravimetric moisture content of the soil (%) 
and BD the soil layer’s bulk density. The data of soil volume 
weight ratios introduced by Abdine and Farbrother (1969) were 
used to generate regression equations that relate soil bulk den- 

sity to soil depth and moisture content. The second degree po- 
lynomial equations were used in the regression for depths of 0 
to 60 cm, while linear regression was used for depths of 60 to 
100 cm. The generated regression equations were used to trans- 
form the gravimetric moisture content to volumetric values 
(Abdelhadi et al., 2006). 

3. Results and Discussions 

Figure 2 shows the spatial distribution of actual daily ET 
as estimated by SEBAL over the entire study area on four Ju- 
lian Days (JDs): 6 September, 11 December, 25 September and 
28 November. Table 1 summarizes the calculated statistics ob- 
tained from the frequency distribution diagrams displayed ag- 
ainst the respective ETa maps, whereas Figure 3 represents the 
frequency distribution at each pixel. The ETa for the four JDs 
ranged from 0 to 6, 0.01 to 7.8, 0.2 to 5.7 and 0 to 9 mm/d, 
respectively (Figure 2). It is clear from Figure 3 that the Sep- 
tember images have similar histograms with two peaks, the first 
one (less than 2 mm/d) represents the fallow lands, while the 
second (more than 4 mm/d) represents the sorghum fields. The 
ETa values for cotton during 6 September and 25 September 
ranged from 1.2 to 5.0 mm/d and 2.8 to 5.0 mm/d, respective- 
ly (Table 2). 

 

 
Figure 3. Actual evapotranspiration histogram during 
satellite days. 

 

Table 1. Basic Statistics of Spatial Variation of Actual 
Evapotranspiration over the Study Area 

Date 
Actual evapotranspiration 

Mean Mode Standard deviation 
6-09-2001 3.2 4.6 1.3 
11-12-2001 3.9 3.4 2.1 
25-09-2002 3.2 4.2 1.2 
28-11-2002 3.6 3.6 1.9 

 

The spatial distribution patterns of ETa in late November 
and early December were very similar: the higher values were 
found in cotton fields, whereas the values for sorghum ranged 
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from 1.7 to 4.4 mm/d and from 1.4 to 3.4 mm/d, respectively 
(Table 2). The first peak during November and December which 

shows values of less than 1 mm/d appeared mainly in the 
fallow land that had very low soil moisture in the root zone 

compared with irrigated land. Sorghum had low ET as it was 
due to harvesting, whereas cotton fields showed high ET 
values (more than 6 mm/d). 

 
Table 2. Statistics of Daily Actual Evapotranspiration for 
Sorghum and Cotton 

Date 
Sorghum Cotton 

Mean Max. Min. Mean Max. Min. 
6-09-2001 4.7 5.3 3.9 3.6 5.0 1.2 
11-12-2001 2.4 3.4 1.4 6.4 7.6 4.9 
25-09-2002 4.3 4.8 3.5 4.2 5.0 2.8 
28-11-2002 3.0 4.4 1.7 6.5 7.7 5.1 

 

 
Figure 4. Daily water demand and relative irrigation supply 
(RIS) for different minor canals of Abdelhakam block during 
November. 

 
The assessment of the spatial distribution of ETa by 

SEBAL allowed the estimation of water use for the irrigation 
system at different minor canals of the study area. Table 3 
shows the water demand for different crops grown at each 
minor canal. For example, water consumption values for the 
Tereifi minor canal during 6 September, 25 September, 28 
November and 11 December were 10,282, 11,383, 15,667 and 
15,626 m3, respectively, representing critical information and 
key factors for irrigation water management. Daily water de- 
mand for all minor canals during November which represents a 

transition month with areas still having summer crops such as 

sorghum and cotton and new areas beginning to have winter 

crops such as wheat and some vegetables is shown in Figure 4. 
Daily demand ranges from 15,667 m3 for Tereifi to 28,954 m3 
for Heleiwa west. Satellite remote sensing provides a tool to 
estimate crop acreage and net irrigation water requirements at 
canal level for each crop season. Thus the objective of effi- 
cient and sustainable water management can be achieved by 
optimal linkage between water available and water demand. 

Knowing the water supply needed in all minor canals is 
requisite for computing water demand in all majors, and the 
needs of all majors are added up to compute the supply need- 
ed into the main canals. The demand thus estimated is suppli- 
ed from the dam to satisfy the demand set for each minor and 
major canal. To extrapolate daily values to monthly and sea- 
sonal ET, the processing of several images taken during the 
growing season is requisite, as is a means of integrating daily 
ET into seasonal values. 

 

Table 3. The Daily Demand of Water Derived by SEBAL for 
Different Minor Canals in the Study Area 

Minor canal Area in ha Demand of water in m3

6 September 
Tereifi 408 10282 
Amin 496 13541 
Abdelhakam 628 16140 

Beika 684 18331 

25 September 
Tereifi 408 11383 
Amin 496 13739 
Abdelhakam 628 17835 
Beika 684 22435 

28 November 
Tereifi 408 15667 

Amin 496 18154 
Abdelhakam 628 23487 
Beika 684 25103 

11 December 
Tereifi 408 15626 
Amin 496 19146 
Abdelhakam 628 23613 
Beika 684 27292 

 

Table 4. Evapotranspiration of Cotton as Estimated by 
Different Methods 

Date SEBAL PM ETc (E0*kf) 

6-09-2001 3.6 5.5 4.0 

11-12-2001 6.4 6.3 7.0 

25-09-2002 4.2 5.8 4.8 

28-11-2002 6.5 5.5 7.2 

 

The term relative irrigation supply indicates how well ir- 
rigation supply matches with the demand. Figure 4 highlights 
the values of relative irrigation supply, RIS (defined as the ra- 
tio of irrigation supply to irrigation demand) for different min- 
or canals of Abdelhakam block. The RIS varies from 0.37 for 
Tereifi minor to 0.98 for Abdelhafeez minor canal, the average 
being 0.73. The results showed plausible water supply for all 
minor canals (0.6 ~ 0.98) except Tereifi minor which revealed 
a sever water scarcity (0.37). In general, relative irrigation sup- 
ply equal or around one could be taken as an advantage in terms 
of crop water requirements. Values range from 0.60 to 0.78 
could be considered as deficit irrigation practice that contribu-  
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tes a lot for water conservation and irrigation efficiency impro- 
vement. In contrast, lower values of RIS are good indicator 
for sever water shortage. 
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Figure 5. Comparison of SEBAL evapotranspiration with 
actual measurements values: (a) Sorghum and (b) Cotton. 

 

Table 4 shows ET values of cotton estimated by SEBAL, 
PM reference ET and crop evapotranspiration (ETc = E0kf). 
The calculated ETc values were related to the original Penman 
evaporation from free water surfaces by crop factor (kf). The 
differences between estimated ETc and SEBAL ET values pre- 
dicted on JDs 6 September, 11 December, 25 September and 
28 November were 10%, 8.5%, 12.5% and 9.7%, respectively. 
The average low difference indicated that the crop was not 
subjected to water stress during its growing cycle. The actual 
ET from SEBAL was lower than reference crop ET based on 
Penman-Monteith (ET0-PM) during September, corresponding 
to the expectaions during the September cotton crop and to 
the early stages of low evapotranspiration. During late Novem- 
ber and early December, however, the actual ET values from 
SEBAL were higher than those from ET0-PM, corresponding 
to the maximum growth stages of cotton when larger quanti- 
ties of water were required. 

Figure 5 demonstrates a comparison between SEBAL va- 
lues and the actual field measurements obtained by the water 
balance method. The moisture content of the soil was regular- 
ly monitored by gravimetric sampling before and after each ir- 
rigation cycle, down to a depth of 100 cm. All gravimetric sam- 
ples were dried at 105 ºC for 24 h, and routine weather data 
from the Gezira Meteorological Station (GMS) were taken in- 
to account. 

The ETa values estimated for sorghum by SEBAL on the 
four satellite dates 6 September, 11 December, 25 September 
and 28 November were 4.7, 2.4, 4.4, and 3 mm/d, respectively. 
The actual ET values measured using WB on 6 September, 25 
September and 28 November were 5.3, 4.6 and 3.8 mm/d, 
respectively; ET for 11 December was not measured because 
of the unavailability of gravimetric data. The absolute error be- 

tween the estimated values by SEBAL and the measured va- 
lues by WB on the three JDs was 0.6, 0.2 and 0.8 mm/d, re- 
spectively. The good agreement between SEBAL and WB me- 
thod in this study confirms other studies (Bashir et al., 2007) 
and indicates the potential of SEBAL in Gezira irrigated sche- 
me under clear sky conditions. Other quantitative validations 
of evapotranspiration rates estimated from Landsat images us- 
ing SEBAL have been reported by several authors (Allen et 
al., 2007a, b; Bastiaanssen et al., 2005). 

 

Table 5. Crop Yield (1999-2001): Abdel Hakam Block 
Compared to Gezira Scheme* 

 1999/2000 2000/2001 Increase % 

Cotton (Yield kg·ha-1) 
Abdel Hakam 1003 1878 87 
Gezira scheme 857 1596 86 
Increase % 17 17  

Sorghum (Yield t·ha-1) 
Abdel Hakam 1.19 2.93 146 
Gezira scheme 1.55 2.26 46 
Increase % -29 30  

Wheat (Yield t·ha-1) 
Abdel Hakam 0.48 2.26 375 
Gezira scheme 1.19 1.67 40 
Increase % -60 36  

Groundnuts (Yield t·ha-1) 
Abdel Hakam 1.36 2.12 56 
Gezira scheme 2.05 2.05 3 
Increase % -29 0  

*Source: TCP/SUD/0065 National Project Coordinator Report (July 
2000- October 2001). 

 

For cotton, ETa values estimated by SEBAL on 6 Sep- 
tember, 11 December, 25 September and 28 November were 
3.6, 6.4, 4.2 and 6.5 mm/d, respectively, whereas the corres- 
ponding actual values were 3, 7, 3.5 and 8 mm/d, respectively. 
The absolute error between the estimated and measured values 
was 0.6, 0.6, 0.7 and 1.5 mm/d, respectively. The average ab- 
solute error for both sorghum and cotton was estimated to be 
around 0.7 mm/d, denoting reliable agreement between the 
actual ET measurements and ET estimated by SEBAL for most 
of the images of both sorghum and cotton. 

The close relation between the two values verified that 
the crops were well supplied by water and reflected the high 
yields of all the crops grown in the Abdel Hakam block com- 
pared with the average in the Gezira scheme (Table 5). In a 
study on the impact of the PP on crop productivity, Abdelhadi 
et al. (2004) compared the PP (Abdel Hakam block) with the 
four neighboring blocks, demonstrating that average increase 
in cotton yield ranged from 3% to 45% in the first season and 
14% to 64% in the second season, whereas the average sor- 
ghum yield increased from 36% to 310% and 101% to 182% 
during the first and second seasons, respectively. The signifi- 
cant increase in outputs per unit of land considered as the most 
important impact of the participatory irrigation management 
carried by the PP. 
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From the 2001 and 2002 seasons, SEBAL results clearly 
showed that farmers were able to deliver sufficient amounts of 
water to their fields, unlike previous seasons (before the PP). 
The primary reason for this positive change was probably due 
to the activities carried out by farmers before each season such 
as maintenance of canal banks, replacement of field outlet pi- 
pes, erection of new field outlet gates, and maintenance and 
erection of intermediate regulators. It is also clear that the trans- 
fer of the irrigation management authority to local irrigation 
committees chieved the objective of curtailing irrigation const 
and making irrigation management financially self-sustaining. 

4. Conclusions 

In this study, multidate ETM+ images and energy balance 
model were used to evaluate a PP in Abdel Hakam block sup- 
ported by the FAO during 2000 ~ 2002. A comparison between 
SEBAL and actual measurements or conventional methods ba- 
sed on meteorological data showed plausible agreement, indi- 
cating that sorghum and cotton in these seasons (2001 and 
2002) were not subjected to any kind of water stress. The dai- 
ly values of water demand at different minor canals were suc- 
cessfully estimated. Relative irrigation supply indicated impro- 
vements in operational performance of irrigation during the pe- 
riod of the PP. Results revealed that the yields of major crops 
have increased significantly in Abdel Hakam block compared 
with the neighboring blocks as well as the scheme average. 
The PP supported by the FAO proved that the participatory 
water management approach can be successfully implemented 
to change the attitudes of farmers towards water management 
issues. The results of this temporal assessment are useful and 
encouragement to convince the donors to repeat the PP in se- 
veral blocks of the Gezira scheme. 
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