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Abstract. The availability of the actual water use from agri- 1 Introduction
cultural crops is considered as the key factor for irrigation

water management, water resources planning, and water afhe yield of crops in the rain-fed sector in the Sudan has
location. Traditionally, evapotranspiration (ET) has been cal-progressively declined with time, owing to changes in both
culated in the Gezira scheme as the point of reference Wit%uantity and distribution of the rainfall (El-Karori, 1986;
evapotranspiration (EJ and crop coefficients() being de-  olsson and Rapp, 1991). This has put great pressure on the
rived from actual measurements of soil-water balance. Reirrigated sector to increase the acreage to meet the popula-
cently developed, advanced energy balance models assist@n's food demand. Moreover, it is estimated that, by 2025
in estimating the ET through the remotely sensed data. In thigereal production will have to increase by 38% to meet world
study Enhanced Thematic Mapper Plus (ETM+) and MOD-fqod demands (Seckler et al., 1999), putting even more stress
erate Resolution Imaging Spectroradiometer (MODIS) im- o, the scarce water resources. However, the limited quan-
ages were used to estimate the spatial distribution of thqity of water available and the cost of its pumping, make it
daily, monthly and seasonal ET for irrigated sorghum in the mandatory that irrigation water be used efficiently. There-
Gezira scheme, Sudan. The daily ET maps were also usefhre, balancing the limited water resources is a big challenge

to estimatek, over time and space. Results of the energy facing the irrigation system managers and engineers for the
balance, based on being remotely sensed, were compared §ming years.

actual measurements conducted during 2004/05 season. The . T .
. To accurately estimate evapotranspitation is considered to
seasonal actual ET values, obtained from the seven MODI% y P P

im for irriqated sorahum. wer timated at 579 mm e the key factor in water resources management in the arid
ages 1o gated sorghum, were estimated at 5/* environment where irrigation is necessary and water is quite
The values for remotely senséd derived during the initial

expensive. Recently, computer-simulation models are being

mid-season and late-season crop development stages, wer . o
P P 9€s, WEl&ed to estimate evapotranspiration from heterogeneous nat-

3562’ ?'85’f1'1t‘z’ and 0'.48’ ffbeslp;Ct.lvebt/h On th? other handﬂral landscapes, which are in a dynamic state due to a spatial
i € Ve,: ues for eoeggeglgjnl 21ur|r(1jgo 685 perV|ou?_m(|an-Thand a temporal variation of interactions between soil, vege-
lon stages were 9.59, .94, 1.21 and L.6o, reSpectively. Te, ., 504 atmosphere (Allen, 2000a). Such models require

estimated seasonal ET of the sorghum, derived by remotel . o . )
senseck,, was 674mm. The Landsat data and the Free%l complex and high-quality input data to obtain accurate re

) . . . . sults. One of the most important developments in the field of
MODIS provided reliable, exhaustive, and consistent infor- b P

mation on the water use. relevant for decision suobort in theremote-sensing hydrology is the determination of distributed
G p h W use, v ISt upport1 aerial actual evapotranspiration from spectral satellite data,
€zira scheme. based on the energy balance approach (Menenti, 1984; Par-

odi, 1993; Bastiaanssen, 1995; Bastiaanssen et al., 1998a;

Su, 2002).
Correspondence tdvl. A. Bashir The main advantage of the energy balance, based on
BY (bashir70us@yahoo.com) remotely-sensed data, is that large areas are covered and
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Fig. 1. Monthly mean of various weather variables of the study area (Sudan Meteorological Authority 1971-2000).

information is easily obtainable without extensive monitor- Plus (ETM+) and MODerate Resolution Imaging Spectro-
ing networks in the field. However, the potential limitation radiometer (MODIS) data to estimate actual evapotranspira-
of the energy balance model is the decrease in satellite imaggon of irrigated sorghum on a daily, monthly and seasonal

availability due to clouds.
In this study, a satellite-based energy

basis. The SEBAL enables the calculation of the actual evap-
balance modepPtranspiration during the time of satellite over pass, which

gorithm for Land (SEBAL) developed by Bastiaanssen etOf variables, such as surface temperature, Normalized Dif-
al. (1998a) was used with Enhanced Thematic Mapperf€rence Vegetation Index (NDVI), emissivity and albedo. A

Hydrol. Earth Syst. Sci., 12, 1129439 2008

www.hydrol-earth-syst-sci.net/12/1129/2008/



M. A. Bashir et al.: Seasonal ET akdvalues for irrigated sorghum in Sudan 1131

Table 1. Brief description of imagery used in this study.

Platform Sensor No. Dates
of images
Landsat 7 ETM+ 4 28 Jul, 29 Aug, 16 Oct, 17 Nov (all 2004)
Terra MODIS 7 29 Aug, 7 Sep, 21 Sep, 16 Oct, 23 Oct, 1 Nov, 15 Nov (all 2004)

temporal integration of the daily ET for the period August— cessed. Images with zero percent cloud cover were selected
November was used to provide the seasonal actual ET mapfor the processing. The Landsat overpass time was approx-

The objectives of this study were (i) to estimate the spatialimately 09:58:07 a.m. local standard time (LT). All images
seasonal actual ET of irrigated sorghum in the Gezira schem@ODIS and Landsat) were radiometrically and geometri-
and compare the results with the actual measurements (i) toally corrected and geo-registered. Table 1 shows brief de-
apply SEBAL to derive at actua]. for sorghum and compare scription of the data used.

the values with the experimental of the Gezirascheme (i) pue to an instrument malfunction occurring onboard
to compute crop water requirement of sorghum using remotet andsat 7 on 31 May 2003, the total loss of the image data
sensing derived.. has been estimated to be approximately 22% over any given

scene. The problem was caused by failure of the Scan Line
Corrector (SLC) which compensates for the forward motion
of the satellite. Without an operational SLC, the Enhanced
Thematic Mapper Plus (ETM+) line of sight now traces a
zig-zag pattern along the satellite ground track, resulting in

The research was conducted in the Gezira scheme duringlissing data spanning across most of the image with scan
2004/05 season. The study area is located between latdaps varying in size from two pixels near the center of the im-
tudes 1830'N and 1315 N, and longitudes 325 E and  age to 14 pixels along the east and west edges. The impacts
3345 E. The climate is semi-arid with annual precipitation &€ more pronounced along the edge of the scene and grad-
of about 280 mm (30-year average) most of it occurring pe-ually diminish towards the center of the scene. The middle
tween July and October, which indicates the requiremen@f the scene (approximately 22km) should be very similar
of irrigation to sustain agriculture production. The agri- In quality to pervious Landsat image data that was acquired
culture depends on supplementary irrigation from the BluePrior to the failure of SLC. In this study, the analysis was
Nile. Furrow irrigation is the main irrigation system in the applied to the middle part of the scene using four Landsat
scheme. Temperatures are hot in summer, reaching an al M+ images, acquired on different dates, to estimate the
erage of 41.5C in May, while the average minimum tem- actual evapotranspiration for summer sorghum crop during
perature is 14°C in January. The annual mean air temper- 2004 season.

ature is 28.7C. Annually, the average relative humidity is

41%. The annual mean bright sunshine duration and solap 3 Energy balance approach

radiation are 9.3h and 22.1 MX¥fd, respectively (Fig. 1).

The major crops are cotton, sorghum, groundnut and wheal . . .
here are many remote-sensing algorithms for assessing the

However, sorghum is considered to be the main staple foo bal fl th face: h algorithm has it
in Sudan. The area that is annually cultivated with sorghumenergy alance Tluxes on Ihe surtace, each aigoriihm nas 11
is estimated to be 0.25 million hectares. own advantage_s and d|sadvantages_. The SEBAL_ procedure
allows us to estimate the ET at a regional scale using a small
amount of ground based inputs. The model also does not re-
quire a crop classification map. However, the disadvantages
Remotely sensed data used in the study were Landsat @re_that it requ?r_es cloud-free conditions and heterogeneity in
and MODIS images of different dates. The MODIS images Moisture conditions.
from seven different dates, representing the period August— The SEBAL is the most promising algorithm and it has
November, were downloaded from the website of MODIS been widely applied in several countries due to its accurate
Data Support, the EOS Data Gatewditg://daac.gsfc.nasa. estimation of actual evapotranspiration (Bastiaanssen et al.,
gov/). The descending mode images from Landsat ETM+1998b, 2005; Bastiaanssen and Bos, 1999; Hemakumara et
data at daytime, having spatial resolution of 28%ansatel-  al., 2003). The SEBAL calculates both the instantaneous and
lite nadir, were used. In this study, four Landsat satellite im-24-h integrated surface heat fluxes. The latent heat flux rep-
ages (path 173/row 50), acquired by Landsat 7, were profesents the energy required for ET, and is computed as the

2 Materials and methods

2.1 Study area and conditions

2.2 Remote sensing input
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residual of the surface energy balance. The simplified formThe instantaneous EF and EToF are shown in the literature

of the energy balance equation is given by to be similar to the 24-h evaporative fraction and 24-h EToF,
respectively, (Shuttleworth et al., 1989; Brutsaert and Chen,
Rn=H+Go+AE (1) 1996; Trezza et al., 2003) and this allows estimating the

whereRnis net radiation (W/r%), H is sensible heat flux to  1atent heat flux at a daily basis. The crop reference evap-
warm or cool the atmosphere (ng G, is soil heat flux otranspiration was obtained by applying Penman-Monteith
(W/m?), andAE is latent heat flux (W/), associated with ~Method as fallows:
the evaporatio_n f_rom_ soil, water and vegeta_tion. _ 0.408Rn — G,) + V%uz(es —ey)
The net radiation is computed from spatially variable re- ETo = AT (1t 034u)
flectance and emittance of radiation. This model requires 4 S
spectral radiances in the visible, near infrared and thermawhere ET, denotes the crop reference evapotranspiration
infrared regions of the spectrum to determine the interme{mm/d), Rnthe net radiation at crop surface (M), G,,
diate parameters such as surface albedo, NDVI and surfacée soil heat flux density (MJ/Ad), T the mean daily air
temperature. The soil heat flux is the energy connected téemperature at 2m heightQ), u, the wind speed at 2m
soil warming, and it is computed as an empirical fraction of height (ms™), ¢, the saturation vapour pressure (kPay,
the net radiation using surface temperature, surface albed@e actual vapour pressure (kPa)-e, the saturation vapour
and NDVI as the depending variables. pressure deficit (kPa)A the slope vapour pressure curve
In the SEBAL method, the initial estimate of rough sur- (kPa°C™1), y the psychometric constant (kP@1). The
face length for momentum transpod,f) is based upon REF-ET software version 2.0 that was developed by Allen
the soil adjusted vegetation index (SAVI) using an empir- (2000b) was used to compute ETThe monthly and sea-
ical relation (Moran and Jackson, 1991). The observedsonal EToF and ET were estimated by linear interpolating
wind speed measurements are used to determine the frighe ETOF values for the period inbetween two consecutive
tion velocity () at each pixel, based on the assumptionimages using the following equation:

3

that the wind speed at blending height (200m) is aerially b
constant. Reference heigh#y and Z, (usually 0.01 and ET = Z (EToFu) x ET,a)) (4)
2.0 m above the ground, respectively) are defined as the ver;—; —a

tical limits for specifying sensible heat flux#() and near . .
pecifying 0 wherea and b are the start and end dates of integration,

surface temperature differencd. Then, according to the : i . ) . -
sensible heat transfer equation, these limits become appli'—ETOF(i) is EToF for day/, predicted by linear interpolation of

cable for aerodynamic resistance,;) (Farah and Basti- EToF between two consecutive satellite images, angl,'ElTa
aanssen, 2001). The extremes of wet (zero sensible hegyass reference ET for datecalculated from the point-based
flux assumedRn=G,+AE) and dry (zero latent heat flux weather data. The concept was used by many researchers

assumedRr=G,+H) pixels within the image, enable par- ((jTasu_rm_et aI.,d200|5, lCh_emm ftsgléifoﬂ' Forénort_e details,
titioning of the available energy on the surface. This implies es::r|pt|on an C(;i cu at|o-ns OI ; referto Bastiaanssen
thatd Tye=0 andd Tyry= (Rn—G,) ran/ pa Cp and allows the etal. (1998a) and Tasumi et al. (2000).

estimation ofdTyry using the initial estimate of,;,. It is
assumed thatlT is linearly related to surface temperature

at all pixels and, hence, the determination of the relation-The water content in the effective root zone is estimated by

ship is possible with the aid of the extreme pixels. The firstysing the water balance equation on a daily basis, according
estimate of sensible heat flux is used to correct the turbuto the equation below:

lent heat transport for buoyancy effects, according to Monin-
Obuhkov’s similarity hypothesis. The estimation of sensibleET =17+ P — D — SR+ AS (5)
heat flux requires iterative solution unfil converges to the
local non-neutral buoyancy for each pixel.

2.4 Calculation of actual crop evapotranspiration

where ET is the evapotranspiration (mnh)is the irrigation

. . . e applied (mm),P is the precipitation (mm)D is the amount
The evaporative fraction (EF) describes the partitioning of Egrainége l:?elow the rpoot zrz)nSRis ghe s)urface runoff and
the surface energy balance as the latent heat flux/net availab%s is the change in soil moisture storage (mm). Because of
energy, with the net available energy being defined as th(?he negligible values of runoff, deep percolation and capillary

difference in net radiation and soil heat flux. In this study, . ; : .
: . ’ rise, the above water balance equation for the Gezira clay soil
we used the concept “ETo fraction” (EToF), which represents q y

i i to:
the ratio of ET of each pixel to the reference ET (EBs was reduced to
computed by Penman-Monteith method (EToF is the sameAS =7+ P — ET ©6)

as the crop coefficienk.), ET,F is calculated and applied o L o
instead of EF: Irrigation and precipitation are the deposits in water balance

and are measured or calculated values. In this study, applied
ET,F = k. =ET/ET, (2) irrigation water was measured using gravimetric samples (to
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Table 2. Emissivity, albedo and surface roughness of wheat, cotton and rice used in the model compared to literature values.
Crop Value Literature biophysical values
Wheat 0.987 0.981-0.9860.97¢?
Emissivity Cotton 0.973 0.9%
Rice ~ 0.970 0.97-0.85
Wheat 0.168 0.14-0.£20.16-0.2%; 0.16-0.28
Albedo Cotton 0.151 0.21
Rice 0.168 0.17-0.220.2%; 0.17
Wheat 0.013
Surface roughness Cotton  0.014
Rice 0.016
aChen and Zhang (1989);Huband and Monteith (1986Y;Campbell and Norman (1998}:Coll et al. (2004)€ Allen et al. (2002);
f Halstead et al. (1957%; Mohan and Arumugam (1994)
reduce the error of calculations, more than three gravimet- 10
ric samples were randomly taken from the same point) be-
fore each irrigation and 2—3 days after irrigation. Rainfall g
was measured using the rain gauges. During the short posts ~-
irrigation periods, the roots suffer from temporary anaerobic E 6
conditions and consequently ET was very small and, hence, T
neglected (Fadl, 1978). The data of the soil volume-weight & | e SERAL
ratios, introduced by Abdine and Farbrother (1969), were - MD .
used to generate regression equations that link soil bulk den- — A -~ RAET, e
sity to soil depth and moisture content. For a depth of 0— 25 29 August 16 Ociober 17 November

60 cm, second degree polynomial equations were used in the

regression as it provided a better match than the simple lingig. 2. comparison of the daily actual ET (mm/d) estimated by
ear regressionk?=0.996), while linear regression showed a SEBAL and the daily actual ET calculated by the water balance
high coefficient of determination than polynomial for the 60— (WB) method (Landsat data).

100 cm depth R%=0.967). The generated regression equa-
tions were used to transform the gravimetric moisture con-
tents to volumetric values. The actual evapotranspiration dur-

ing each irrigation cycle was calculated from soil water bal- p0|nt§ to the val|d|ty.of _the data. The model input values
ere in agreement with literature values (Campbell and Nor-

ance between each post and pre-irrigation moisture samplin ) . |
cycles (Abdelhadi et al., 2006). The gravimetric moistureﬁgan' 1998; Huband and Monteith, 1986; Allen et al., 2002).

samples were taken with 20 cm increments up to one mete igure 2 shows the daily actual ET estimated by SEBAL and
depth calculated by the WB method (ETcomputed as a residual

of soil water balance, Eq. 5). The results from Fig. 2 in-
dicate that EJ estimated by SEBAL were similar to those
calculated by the WB method during the last three dates (29
August, 16 October and 17 November), while at the begin-
ning of the season the SEBAL overestimated the WB, the
underestimation of the WB method could be attributed to the
During the 2004/05 season, the actual evapotranspiratiouifficulties of measuring actual ET by WB during the first
(ET,) via SEBAL and water balance (WB) was quantified irrigation due to the special nature of Gezira Vertisols (soil
for irrigated sorghum in the Gezira scheme, Sudan. In parhad huge cracks at the beginning of the irrigation season).
ticular, the soil of the study area is a deep, heavy soil withDuring 28 July, 29 August, 16 October and 17 November the
58-66% clay, 0.5% organic matter, a water infiltration rate SEBAL ET, values were 4.7, 5.5, 7.2, and 2.7 mm/d, respec-
of immh ! and apH of 8.5. tively, while for the WB method, the calculated EWere

To judge the quality of the model output, a comparison t02.6, 5.9, 7.1, and 3.0 mm/d. The comparison provides an in-
ground based measurements, taken from secondary sourcefication of the amount of confident that can be given to ET
are shown in Table 2. Biophysical values for wheat, cot-estimated via remotely sensed based-energy balance model
ton and rice of the input parameters albedo and emissivitysuch as SEBAL. Figure 3 also demonstrates the comparison

3 Results and discussions

3.1 Evaporative depletion of the study area

www.hydrol-earth-syst-sci.net/12/1129/2008/ Hydrol. Earth Syst. Sci., 12, 11332008
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8 Table 3. Remote sensing-derived crop coefficient compared with
B ETscn. M ETaa experimental,. from Farbrother (1973) for irrigated sorghum at
6 different growth stages.
k=) Crop coefficient values
E 4 Method Initial  Crop-develop. Mid-season End-season
r_/ stage stage stage stage
u Farbrothett,  0.55 0.94 121 0.65
2 RSk, 0.62 0.85 1.15 0.48
0

Aug29 Sep7 Sep2l Octlé Oct23 Novl Novl5
and monthly ET calculated using the water balance approach
Fig. 3. Comparison of daily actual ET (mm/d) estimated by SE- (WB) for irrigated sorghum in the Gezira scheme. The abso-
BAL and daily actual ET calculated by water balance (WB) method lute error% values between monthly estimated ET by SEBAL
(MODIS data). and monthly calculated ET by the WB for sorghum during
September, October and November were 4%, 4%, and 19%,
respectively.
between ET estimated from MODIS images and was mea- Figure 6 illustrates the spatial distribution map of ET
sured using the water balance method. The average absoluggnm/season) for the summer season (1 August to 27 Novem-
error between the ET estimated and measured values founiger). The pattern of ET determined with SEBAL for alll
to be around 0.9 mm/d compared to 0.7 mm/d for the Landsateatures in the image was compared to a simple false color
images. The MODIS data can predict the ET losses from thecomposite (FCC) of MODIS band 4, 2, and 1 (RGB) the de-
agricultural field accurately as well as Landsat, if it is usedgree of associations is noteworthy. However, such simple
routinely throughout the season. band combination gives a first approximate visual impres-

The frequency distribution of the daily actual ET for the sion of the relative ET distribution in the study area. The
different Landsat image dates, including all land use typesgstimated seasonal ET for land cover in the study area lies
are presented in Fig. 4. The histograms in Fig. 4 associate theetween 52-800 mm. Using the water balance approach, the
higher ET to irrigated crop grown in the study area, while low accumulated ET of irrigated sorghum for a period of 92 days
ET was observed from bare soil and settlements. In 28 July{28 August—-27 November) was 489 mm. SEBAL estimated
irrigated crops showed relatively high ET, although most of ET from MODIS, for the same period, was 451 mm with
the crops were at the initial stage. This could be attributed t8% deviation from the actual measurements. Bastiaanssen
high soil moisture (a substantial rain occurred one day prioret al. (2005) reported that, the accuracy of SEBAL measured
to the image acquisition) at the root zone at the time of theon a field scale by lysimeter, scintillometer, Bowen ratio tow-
satellite overpass. Two clear peaks appear in the histogram&;s, or Eddy correlation fluxes varied between 1 and 33% for
distinguishing between vegetation fields and fallow areagnstantaneous ET and between 2 and 30% for 10-day ET. At
(sparse vegetation), on 28 July one peak around 3.5 mm/¢éhe catchment scale, accuracies were estimated by the water
(fallow soil) and the second one around 4.6 mm/d (irrigatedbalance, which led to results of less than 11%.
crops), cotton crop obtained more than 4 mm/d during 29 Au- The seasonal ET consumption at the administrative level
gust, during 16 October the first peak represents fallow soillgroup) in the Gezira scheme was monitored using the
(2.7 mm/d) and the other represents sorghum and cotton aMODIS data (period from August to November). Figure 7
eas, while during 17 November the fallow soil shows very provides details of seasonal water depleted at each group in
low ET,. It should be noted that during 17 November, the the scheme. The eastern group shows the lowest seasonal ET
high evaporation signature (greater than 6 mm/d) represent&24 mm). Seasonal ET estimated from Masalamia, Wad-
the cotton field as sorghum was harvested or due to the hahabouba, Wadishaier, North and Matori groups is more than
vest, ET was reduced to less than 3mm/d. The ET map$50 mm. Variation of ET between the different groups has
also include values for areas near the irrigation system thathe potential to identify areas of water stress and that of wa-
include natural vegetation, bare soil and riparian vegetationter logging to improve water use efficiency in the scheme.
All of these ET values are important for the hydrological bal- This could be achieved from the analysis of the ET in the dry
ance of the area as well as for groundwater modeling. and wet areas of the different groups shown in Fig. 7.

In this study, the monthly and seasonal evapotranspiration The quantification of accurate daily and seasonal evapo-
ET,; maps on a pixel-by-pixel basis were produced for thetranspiration for different land cover types in the irrigated
summer irrigated season of 2004/05. Figure 5 demonstratescheme will provide valuable information for the farmers
the comparison of monthly ET (mm) estimated using SEBAL and irrigation engineers to determine the delivered amount

Hydrol. Earth Syst. Sci., 12, 1129439 2008 www.hydrol-earth-syst-sci.net/12/1129/2008/
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Fig. 6. Spatial distribution map of seasonal evapotranspiration
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using MODIS data.

this will lead to sustainable management of the limited water

resources in the country.
3.2 Remotely derived crop coefficiett,
Remote sensing-derived (RSk.) values were determined

for each pixel by dividing the actual ET from SEBAL by
reference crop evapotranspiration E£as estimated by us-

crop coefficients {,=1.1xks) by Adam (2005) and it has
been used to quantify crop water requirements for all the ir-
rigated crops in the scheme. The remote sensing-dekived
values for the different crop stages (initial, crop development,
mid-season and end-season stages) were 0.62, 0.85, 1.15,
and 0.48, respectively, while the experimental (Farbrother)

ing Penman-Monteith equation. Table 3 demonstrates théc values for the corresponding crop periods were 0.55, 0.94,

comparison of the derivek). with the experimental crop co-

efficient by Farbrother (1973) for irrigated sorghum in the

1.21 and 0.65, respectively.
According to the results of this study, the estimated value

Gezira scheme at different crop stages. Farbrother and hisf crop coefficient by SEBAL during mid-season looks sim-
co-workers, during the early 1970s, associated crop referilar to the k. values suggested by Farbrother (during early
ence ET, to evaporation from open water and called the ratio 1970s) with only 5% deviation. During the initial stage, the
crop factor ). These crop factors were converted later to derivedk,. value was overestimating the experimental value

www.hydrol-earth-syst-sci.net/12/1129/2008/ Hydrol. Earth Syst. Sci., 12, 11332008
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Fig. 7. Estimated seasonal actual evapotranspiration for various administrative units (groups) of the Gezira scheme.
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Fig. 8. Crop coefficient curve of sorghum.

by 13%, while during crop development stage, the remotetributed to differences in crop varieties, differences in the
sensing-derived, value underestimating the Farbrother by date of sowing, changes in the climatic conditions and cul-
10%. Significant differences were observed during the latetural practices. Such variations explain the difficulties of in-
season stage and the derived underestimating Farbrother terpolating traditionak., determined for specific crop vari-

by 26%. Above variations were expected and could be ateties and specific regions, to be used for large scale region.
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Table 4. Evolution of crop water requirements of sorghum during the season estimated using remote sensing.derived

Month  10-days Crop stage EM0-days REg/10-days CWR/10-days

interval (mm) (mm)
Aug 1 Initial 48 12.4 35.6
Aug 2 Initial 35 59.9 00.0
Aug 3 Development 53 11.8 41.2
Sep 4 Development 59 5.0 54.0
Sep 5 Development 67 0.0 67.0
Sep 6 Mid-season 70 2.6 67.4
Oct 7 Mid-season 69 11.1 57.9
Oct 8 Mid-season 70 0.0 70.0
Oct 9 Mid-season 69 0.0 69.0
Nov 10 Late 57 0.0 57.0
Nov 11 Late 45 0.0 45.0
Nov 12 Late 32 0.0 32.0

Thus due to the lack of actual crop coefficient, SEBAL can be 10
used successfully to derive and update crop coefficient curves W RS_Kc*ET, [l Exp_Kc*ET,
for large areas of crops in the Gezira arid conditions as the s
determination of field-measurégd is expensive, labor inten-
sive and time consuming.

o

3.3 Estimation of sorghum crop water requirements

IS

Crop water requirements (mm/d)

Figure 8 shows the crop coefficient curve for sorghum de-
rived from remote sensing data and Farbrother (Experimental
k.) based on ten-day intervals. Allen et al. (1998) stated that
crop coefficient for any period of the season can be derived ° 1, 3 4 5 6 7 8 9 10 1 1
by considering that during the initial and mid-season stages, Ten~day intervals

k¢ is constant and equal to theg value of the growth stage

under consideration. During the crop development and latd19- 9- Ten days interval crop water requirements for sorghum.
season stages, varies linearly between the at the end of

the pervious stage arid at the beginning of the next stage.

The following equation was used in a spreadsheet program

to computek, value at each single day of the entire season.

i~ 3 (Lprey)

Lstage

2

kei = keprev+ |: } (ke next— ke prev) (7)  The mid-season stage was characterized by a maximuym ET
reaching 70 mm then declining to 32mm in the late sea-

wherei is the day number within the growing seasép,is son stage. These results explain the statement by Dooren-
crop coefficient on day, Lstageis the length of the stage un- bos and Pruitt (1977) that the water requirements of crops
der consideration (days), (Lprev) sSum of the length of all  vary markedly during the growing period, mainly because
previous stages (days). Both the derived and experimentadf variations in crop canopy and climatic conditions. The
crop coefficients were combined with the reference evapo-average daily ETwas 5.76 mm. The water from effective
transpiration to estimate crop water requirement (CWR) forrainfall during the season was estimated at 103 mm, repre-
sorghum based on ten-day intervals (Fig. 9). The seasonaenting 15% of EJ, an additional amount of 571 mm should
CWRs estimated, based on the derived and the experimentéle added by irrigation. Itis clear that meteorological data and
crop coefficients, were found to be around 674 and 704 mmremote sensing measurements can be used to provide ET in-
respectively. formation on a seasonal basis, and then the farmer will be in-

Table 4 shows the seasonal evolution of Ebr the  formed of the daily value of irrigation water requirements at
irrigated sorghum estimated using remote sensing-derivedield scale. The information obtained and the results achieved
k.. The ET. increased from 35mm per 10-day intervals are very essential for managing scarce water in the region and
to 67 mm per 10-day in the initial and development stagesto find options to “grow more crop per drop.”
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4 Conclusions Allen, R. G., Waters, R., Tasumi, M., Trezza, R., and Bastiaanssen,
W. G. M.: SEBAL - Surface Energy Balance Algorithm for

This study focused on the evaluation of multi-temporal Land, Idaho implementation, Advanced training and users man-

ETM+ and MODIS data to calculate daily, monthly and sea- ual, Idaho, USA, 2002. N

sonal ET based upon satellite energy balance model sucfilén. R. G.: Using the FAO-56 dual crop coefficient method

as SEBAL The Seasonal ET estimated by SEBAL USing over an |rr|gated region as part of an evapotransplratlon Inter-

MODIS data was 579 mm. A comparison of the seasonal ET comparison study, J. Hydrol., 229, 27-41, 2000a.

. . Allen, R. G.: REF-ET: Reference evapotranspiration calculation
estimated from MODIS with the actual measurements for a software, University of Idaho, Moscow, Idaho, 2000b.

period of 92 days showed a deviation of 8%. Spatial daily gagtiaanssen, W. G. M.: Regionalization of surface flux densities
maps were used to compute a crop coefficient curve for the ang moisture indicators in composite terrain, a remote sensing
irrigated sorghum, the derived crop coefficient values during  approach under clear skies in Mediterranean climates, Report
initial stage, crop development, mid-season, and late season 109, Agricultural Department, Wageningen, The Netherlands,
stages were 0.62, 0.85, 1.15 and 0.48, respectively. The de- 1995.

rived crop coefficient from remote sensing was used to comBastiaanssen, W. G. M., Menenti, M., Feddes, R. A., and Holtslag,
pute the crop water requirements of sorghum. The average A. A. M.: Aremote sensing _sun‘ace energy balance algorithm for
daily ET was 5.76 mm. Considering the amount of effective 1and (SEBAL): 1. Formulation, J. Hydrol., 212-213, 198-212,
rainfall, 571 mm should be added by irrigation throughout 998a.

the season. The results above show that satellite-based eRastaanssen, W. G. M., Pelgrum, H., Wang, J., Ma, Y., Moreno,

bal del h SEBAL i ful | dat J., Roerink, G. J., and van der Wal, T.: A remote sensing sur-
€rgy balance model such as IS very usetul in updat- - ¢3¢ energy balance algorithm for land (SEBAL): 2. Validation,

ing crop coefficient for specific crop. J. Hydrol., 212-213, 213-229, 1998b.

Owing to low temporal resolution of high spatial resolu- Bastiaanssen, W. G. M., and Bos, M. G.: Irrigation performance
tion image and the cost involved with the acquisition, make indicators based on remotely sensed data: a review of literature,
their use unattractive. Therefore, the availability of free of Irrig. Drain. Syst., 13, 291-311, 1999.
charge daily basis satellites such as MODIS (Moderate ResBastiaanssen, W. G. M., Noordman, E. J. M., Pelgrum, H., Davids,
olution Imaging Spectroradiometer) makes them a viable al- G., and Allen, R. G.: SEBAL model with remotely sensed data
ternative for future estimation of ET. This kind of satellite {0 improve water-resources management under actual field con-

data is sufficient for water management purposes on large ir- ditions, J. Irrig. Drain. Eng., 131(1), 85-93, 2005.
figation systems such as Gezira scheme Brutsaert, W. and Chen, D.: Diurnal variation of surface fluxes dur-

ing thorough drying (or severe drought) of natural prairie, Water

. . . Resour. Res., 32(7), 2013-2019, 1996.
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