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Abstract: Remote sensing (RS) can efficiently support the
quantification of crop water requirements and water pro-
ductivity (WP) for evaluating the performance of agricul-
tural production systems and provides relevant feedback
for management. This research aimed to estimate winter
wheat water consumption and WP in the central clay plain
of Sudan by integrating remotely sensed images, climate
data, and biophysical modelling. The wheat crop was cul-
tivated under a centre-pivot irrigation system during the
winter season of 2014/2015. The Landsat-8 satellite data
were used to retrieve the required spectral data. The
Surface Energy Balance Algorithm for Land (SEBAL) was
supported with RS and climate data for estimating the
Actual Evapotranspiration (ETa) and the WP for the wheat
crop. The SEBAL outputs were validated using the FAO
Penman–Monteith method coupled with field measure-
ments and observation. The results showed that the sea-
sonal ETa ranged from 400 to 600mm. However, the WP
was between 1.2 and 1.5 kg/m3 during the wheat cycle. The
spatial ETa and WP maps produced by the SEBAL model
and Landsat-8 images can improve water use efficiency at
field scale environment and estimate the water balance
over large agricultural areas.

Keywords: actual evapotranspiration, water productivity,
landsat-8 images, SEBAL model, water use efficiency

1 Introduction

The water used for crops is crucial, especially in arid and
semi-arid regions [1]. Therefore, water use efficiency is the
key input for irrigation scheduling, and it is required to
increase available water resources, improve soil quality,
and increase crop productivity [2]. Kijne et al. [3] reported
that the amount of water required for food production in
the world by 2050 would be around 4,500 km3/year from
the current, which is ∼7,000 km3/year. They estimate that
water productivity (WP) improvements could save up to
2,200 km3/year reducing the future additional needs to
∼2,300 km3/year. Therefore, there is a need to widen the
perspectives on water management from the farm level to
the watershed level and integrate land-use-related water
demands in resource negotiations and priority settings.

The WP (kg/m3) is defined as the ratio between crop
production (kg/ha) and the water consumption (m3) per
unit area (ha) [4,5]. Therefore, precise estimation of crop
yield and crop water requirements (i.e. crop actual evapo-
transpiration) is essential for computing WP [6,7]. Accord-
ingly, careful estimation of crop water productivity (CWP)
becomes necessary for proper water management and
improving decision-making processes for irrigation water
use [8].

Remote Sensing (RS) and the Geographic Information
System (GIS) are vital techniques for assessing the irriga-
tion performance and spatial distribution of water use and
WP [8]. RS and GIS can explore irrigation systems and CWP
from field level to large-scale agricultural areas [8,9].

The Surface Energy Balance Algorithm for Land (SEBAL)
model showed significant development over the last decade,
which increased its ability to estimate ET using a wide range
of satellite data. SEBAL model has been successfully applied
in many studies for determining the crop water requirement.
The estimation of water consumption and productivity for
rice was performed using the SEBAL model in the Songnen
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Plain of China [10]. However, the application of the SEBAL
model to estimate the Actual Evapotranspiration (ETa) for
cotton crops in the Mato Grosso State of Brazil assists in the
management of the irrigation schedule in irrigated cropping
systems [11]. In Pakistan’s Indus Basin Irrigation System, the
SEBAL model was used to improve the strategic planning and
management of available water resources in the basin [12].
However, the SEBALmodelwas evaluated to quantify thewater
required by the winter wheat in many countries. In North
China, the application SEBAL for ET estimation resulted in an
error of 4.3% throughout the entire growing stages of thewinter
wheat [13]. Moreover, the potential of SEBAL for improving on-
farm water management for wheat was investigated in Paki-
stan [14]. The ET seasonal trend for wheat was estimated in
Lebanon’s Bekaa valley with a mean value of 620mm [15].

Wheat (Triticum aestivum) is one of the most impor-
tant cereal crops cultivated widely in many parts of the
world. For more than three decades, wheat production has
become an issue in Sudan because it affects the food
security and diet of the population. The total cultivated
area by wheat in Sudan increased from 16,400 ha in 1961
to 400,000 ha in 2009. In contrast, the maximum harvested
area was in 1991 from 462,928 ha [16]. Consequently, wheat
yield increased from 25 to 900 tons between 1961 and 2020 [17].
The variations in wheat production and cultivated area can be
attributed to Sudan’smany challenges. These challenges include
climate change, population growth, food prices, financial dis-
ruptions, and political fluctuations. Therefore, producing more
food in large-scale agricultural schemes requires the re-shaping
of agriculturalwater use in thesemajor food-growing areas [18].

The increasing competition over the water resources in
the Nile Basin requires a better understanding of water uses
and management related to water consumption [19]. Accord-
ingly, improving the ability of decision-makers, investors, and
farmers to make informed decisions about water resources
management in Sudan and the costs of CWP is crucial.

This article aimed to estimate wheat water consump-
tion and WP in the central clay plain of Sudan by inte-
grating RS data, climate data, and the SEBAL model. Also,
efforts were made to compare the outputs of the remotely
sensed data and the actual water applied at the field based
on the farm records.

2 Materials and methods

2.1 Study area

The study site (Alwaha farm) is located on the East bank of
the Blue Nile within the central clay plain of the Sudan,

which includes the Gezira scheme (Figure 1). It is located
about 60 km southeast of Khartoum, the capital of Sudan.
Alwaha farm covers an area of about 14,500 Hectare (ha). The
main source ofwater is the Blue Nile through pumps. Sprinkler
irrigation through the centre pivot system is the main water
supply method on the farm. The main crops produced by the
farm are Alfalfa, Wheat, Corn, and Rhodes grass.

The climate of the study site is characterised by a hot,
dry summer season from April to June/July, a rainy season
from August to September/October, and a winter season
from November/December to March. The rainfall at the site
is minimal, about 100–150mm/year. The relative humidity
ranges from 60% during the rainy season to about 30% in
the dry months. Consequently, only sparse vegetation grows
at the study site and when the rainy season is relatively wet.
The soils of the study site were dominated by the sandy
pediplains and basement or Nubian outcrops [20]. However,
aggradation clay plains, as well as the riverine alluvial
deposits, also exist in the area.

The crop calendar shows that the wheat crop was cul-
tivated during the winter season of 2014/2015 (Table 1), with
a total area of 1,150 ha covering 20 pivots. However, the
area of each pivot varies from 24 to 61 ha for the total of
twenty pivots planted by wheat.

2.2 Data sets used

2.2.1 Landsat-8 data

8 Landsat-8 satellite imageries were obtained from the
United States Geological Survey (USGS) website (https://
earthexplorer.usgs.gov/). The main characteristics of these
data are shown in (Table 2). The Landsat-8 images were
acquired with a cloud cover of less than 10%. The nearest
neighbour method was used to geometrically and radio-
metrically correct all images and resampled them into a
pixel size of 30 × 30m.

2.2.2 Digital elevation model (DEM) data

A global DEM was generated from the Advanced Space-
borne Thermal Emission, and Reflection Radiometer
(ASTER) was used for topographic correction [21]. The
DEM is known as ASTER GDEM, and it is obtained from
the USGS website. It is a 30 m grid size DEM produced
by the National Aeronautics and Space Administration
and the Ministry of Economy, Trade, and Industry of
Japan.
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2.2.3 Meteorological data

Climatic data of the study site were obtained from the
local metrological station located on the farm. These data
include air temperature, net radiation, relative humidity,
wind speed, vapour pressure, and precipitation (Figure 2).

The collection of climate data was made on an hourly
and daily basis. In addition, missing climatic data were
filled in from the Global Land Data Assimilation System
[23]. Figure 3 shows the correlations between the local
metrological station and the GLDAS data used for filling
the gap.

2.2.4 Field measurement data

The field data were collected from the daily records of the
Alwaha farm. These records include the crop age, applied
irrigation based on total operation pivot hours, and grain
yield for each pivot.

Table 1: Winter wheat crop calendar during 2014/2015

2014 2015

Nov Dec Jan Feb Mar

Sowing Growing Harvesting

Figure 1: Location of the study area.
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Table 2: Landsat-8 satellite sensor specifications [22]

Sensor Bands type Wavelength (µm) Spatial resolution (m)

Operational Land Imager Band 1, Coastal aerosol 0.43–0.45 30
Band 2, Blue 0.45–0.51 30
Band 3, Green 0.53–0.59 30
Band 4, Red 0.64–0.67 30
Band 5, Near Infrared 0.85–0.88 30
Band 6, Short-wave Infrared 1 1.57–1.65 30
Band 6, Short-wave Infrared 2 2.11–2.29 30
Band 8, Panchromatic 0.50–0.68 15
Band 9, Cirrus 1.36–1.38 30

Thermal Infrared Sensor Band 10, Thermal Infrared 1 10.60–11.19 100
Band 10, Thermal Infrared 2 11.50–12.51 100

Figure 2: Climate data measured at Alwaha Farm meteorological station during 2014/2015: (a) temperature, (b) solar radiation, (c) relative humidity,
(d) wind speed, and (e) rainfall.
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2.3 Methodology applied in this study

The methodology applied in this study includes data input,
data processing, and the main outputs (Figure 4). ERDAS
IMAGINE 9.2 software and the ArcGIS 10.2 software were
used for data analysis and visualisation.

2.3.1 SEBAL model for ET calculation

The SEBAL model calculated the ETa from Landsat-8 satel-
lite images [23]. The model key input data consist of satel-
lite surface albedo measurements, leaf area index (LAI),
NDVI, and surface temperature (Ts). In addition to the
satellite data, the SEBAL model requires minimum inputs
of routine weather data (Part 2.2.3).

The SEBAL algorithm computes the latent heat flux as
the residue of the energy balance equation [24–26]:

= − −λ R G HET ,n (1)

where Rn is the net radiation over the surface (W/m2), G is
the soil heat flux (W/m2), H is the sensible heat flux (W/m2),
λET is the latent heat flux (W/m2), and λ is the latent heat of
vaporisation (J/kg).

The net radiation (Rn) was calculated using surface
reflectance, and surface temperature (Ts) derived from
satellite imagery as indicated by Allen et al. [27].

The soil heat flux (G) is the heat flux rate stored or
released into the soil and vegetation due to conduction. The
ratio G/Rn was computed as developed by Bastiaanssen
et al. [28].

The sensible heat flux (H) is the heat loss rate to the air
by convection and conduction due to a temperature differ-
ence. H was determined using the aerodynamic-based heat
transfer equation as described by Mohajane et al. [29].

The instantaneous value of ET in equivalent evapora-
tion depth was computed as:

=
λ

λ
ET 3,600

ET
,inst

(2)

where ETinst is the instantaneous ET (mm/h), 3,600 is the
conversion from seconds to hours, λET is the latent heat
flux (W/m) consumed by ET, ρw is the density of water
(1,000 kg/m3), and λ is the latent heat of vaporisation (J/
kg) and was computed as follows [30]:

[ ( ) ]= − − ×λ T2.501 0.00236 273.15 10 .s
6 (3)

The reference ET fraction (ET0F) or crop coefficient
(kc) was calculated based on ETinst for each pixel, and
ET0 was obtained from local ground weather stations [30].

=FET ET /ET .0 inst 0 (4)

The daily values of ET (ET24) (mm/day) for each pixel
were calculated as follows:
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Figure 3: Comparison between the Climate Data at Alwaha farm meteorological station and the GLDAS data.
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= ×FET ET ET 24,a 0 0 (5)

where ET0F is the reference ET fraction, ET024 is the cumu-
lative alfalfa reference for the day (mm/day), and ETa is
the actual evapotranspiration for the entire 24-h period
(mm/day).

The actual monthly and seasonal ET was calculated
using daily ET data as follows [30]:

∑= ×
=

FET ET ET 24,

i m

n

a,period 0 0 (6)

∑=ET ET .a,seasonal a,period (7)

Allen et al. [31] showed that one cloud-free satellite
image per month is sufficient to develop ET0F curves for
seasonal ETa estimations.

2.3.2 CWP estimation

The CWP for each pivot was calculated using the yield data
of winter wheat according to equation (8) [12]:

=
×

Y
CWP

10 ET
,

a,seasonal

(8)

where CWP is the crop water productivity (kg/m3), Y the
wheat yield (kg/ha), and ETa,seasonal (mm) is the total ETa
throughout the growing season of the winter wheat.

2.4 SEBAL model validation and statistical
analysis

The calculated ETa from Landsat-8 images and the SEBAL
model was validated using the FAO P-M method [32]. This
method was used to calculate the reference crop evapora-
tion (ET0) from the actual climate data in the study area
as follows:

( ) ( )

( )
=

∆ − + −
∆ + +

+R G γ U

γ U
ET

0.408 2 es ea

1 0.34 2
,

T

0

n

900

273 (9)

where ET0 is the reference evapotranspiration (mm/day), Δ
is the slope vapour pressure curve (kPa/°C), γ is the psy-
chrometric constant (kPa/°C), T is the mean daily air tem-
perature at 2 m height (°C), U2 is the wind speed at 2 m
height (m/s), es is the saturation vapour pressure (kPa),
ea is the actual vapour pressure (kPa), and (es – ea) repre-
sents the saturation vapour pressure deficit (kPa).

The crop coefficient (kc) for the winter wheat was
determined based on the study by Allen et al. [32]. The
ET0 obtained from the FAO P-M method and the kc were
used to calculate the ETa depending on actual weather data
as follows:

= ×ET ET kc.a 0 (10)

The ETa resulting from the FAO P-M method was used
to validate the ETa obtained from the SEBAL model.

Figure 4: A flowchart explains the methodology process.
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Statistical indices include the mean relative error (MRE),
the root mean square error (RMSE), and the normalised root
mean square error (NRMSE) were used to measure the dif-
ferences between the predicted and observed daily ETa by
the SEBAL, the FAO P-M method, and the applied irrigation
on the farm. These indices are shown in the following equa-
tions [33]:

∑=
−

×
=

ρ O

O
MRE 100%,

i

n

i i

i1

(11)

( )
=

∑ −= O P

n
RMSE ,

i

n

i i1
2

(12)

= ×
O

NRMSE
RMSE

̅
100%, (13)

where n is the number of samples; ρi and Oi are the pre-
dicted value and observed value, respectively; O̅ is the
mean value of the observed value.

Moreover, the coefficient of variation (CV) was used to
measure the precision of the ETa predicted by the SEBAL
model. The CV was computed as follows [33]:

=
ρ

CV
SD

¯
, (14)

where ρ̄ and SD are the mean value and the standard
deviation of the predicted value, respectively.

3 Results and discussions

3.1 Water consumption for wheat

The spatial distribution of the daily ETa estimated using
the SEBAL model is shown in Figure 5. The daily ETa varied
from 0 to 6 mm/day; pivots with exposed soil were those
that did not present ETa. The average daily ETa in the
wheat cycle for the twenty pivots ranged between 3.25
and 4.76 mm/day (Figure 6). In the early of the growing
season, the daily water consumption of wheat can be less
than 2 mm/day. However, the rates of water use increase
for the winter wheat, reaching a level of 5–8 mm/day as the
canopy enlarges during tillering and stem elongation [34].

The monthly ETa maps of wheat show variability of
0–200mm/month (Figure 7). Vegetated pivots were those
with the highest values and pivots with exposed soil that
had the lowest values. The variation of monthly ETa within

Figure 5: Spatial distribution of the daily ETa.
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the pivots can be attributed mainly to the different cultiva-
tion dates of the winter wheat and the daily field opera-
tions applied along with the various pivots.

The accumulated seasonal ETa (ETa,seasonal) during the
phenological cycle of the wheat crop was in the range of
400–600mm (Figure 7). The winter wheat cultivated in the
Gezira Scheme located within the region of the study site
showed an average seasonal ETa of 670mm [35]. Never-
theless, the irrigation method in the Gezira Scheme is the
surface furrow irrigation system. In the North China Plain,
the average and maximum water consumption of winter

wheat estimated by the SEBAL model were 424 and 475mm,
respectively [12].

3.2 CWP for wheat

The spatial distribution of the CWP is presented in Figure 8.
The daily WP of winter wheat increased from the emer-
gence phase, reached its maximum level in the anthesis
phase, and then decreased during the maturity phase.
The highest values of daily WP across the twenty pivots
were observed during December (Figure 9). However,
during the peak establishment and flowering stages in Jan-
uary and February, the daily WP ranged between 1.0 and
1.4 kg/m3.

The seasonal WP ranged from 1.2 to 1.5 kg/m3 (Figure
8). This WP was in the FAO [34] range of 1.2–1.2 kg/m3.
Moreover, the PW of winter wheat resulting from Alwaha
Farm was compared with that produced at the Global
Scale, the Nile Delta in Egypt, and the Gezira scheme in
Sudan (Figure 10). The WP in Alwaha Farm was lower than
the Global Scale by 43%. The differences in crop calendar,
climate, agricultural inputs, and technologies increased the
WP significantly on Global Scale compared to Alwaha

0

Nov

Dec

Jan

Feb

Mar

1 2 3

ETa (mm/da
3 4

y)
5

Figure 6: The mean daily ETa during the winter wheat growing season.

Figure 7: Spatial distribution of the monthly and seasonal ETa.
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Farm. The change in WP between the Nile Delta and
Alwaha Farm is less than 1% since the two systems apply
the same level of agricultural inputs, such as fertilizers and
pesticides [36]. The WP in Alwaha Farm is higher by 65%
compared to the Gezira Scheme. The low irrigation effi-
ciency in the Gezira Scheme was mainly attributed to the
mismanagement of irrigation water at the field scale [37].
Furthermore, the level of investment in modern irrigation

systems and agricultural inputs is considerable in Alwaha
Farm compared to the wheat fields in the Gezira Scheme.

Raising WP at the field level can be achieved by selecting
appropriate cultivars, planting methods, minimum tillage,
timely irrigation, nutrient management, and improved drai-
nage [38,39]. Moreover, introducing water-saving irrigation
techniques such as precision technology and the introduction
of on-demand delivery of irrigation supplies might help in

Figure 8: Spatial distribution of the daily and seasonal WP.
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increasing the water use efficiency. However, agronomic prac-
tices were the best for achieving higher WP than water man-
agement and soil and land management interventions [43].

3.3 Validation of SEBAL model outcome

The FAO P-M was used widely as a standard method to
validate the SEBAL model outputs [44,45]. Compared with

FAO-PM values, the simulation errors of the SEBAL model
were within acceptable limits. The MRE ranged from 2.1
to 11.0% during December 2014–March 2015 (Figure 11a).
A significantly high level of agreement was observed
between the two methods throughout the growing
season of the winter wheat, with an RMSE of 0.35 mm
day-1 and NRMSE of 10.4% (Figure 11b). Also, the CV
values showed high accuracy in estimating the ETa for
the winter wheat compared to the FAO P-M method
(Figure 11c). Nevertheless, the actual mean applied irriga-
tion in the farm was slightly lower than that calculated
and predicted by the FAO P-M and SEBAL model, respec-
tively (Figure 11d).

The average values of the MRE and the CV were high
during March mainly due to the variations between the
pivots in the grain growth stage, as some of them were
almost in the harvesting stage and the others required sev-
eral days to reach the maturity stage. Also, the kc of winter
wheat can vary during the growing season, depending on
their growth stage [46].

Based on these validated parameters, SEBAL could
accurately predict winter wheat’s field water status and
crop growth process. In addition, it incorporates minimum
inputs of routine weather data for the ET0 calculation
compared to the FAO P-M method, which applied more
detailed climate data for this purpose.
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Figure 10: The WP in Alwaha Farm in comparison to the Global Scale
[40], Nile Delta [41], and Gezira Scheme [42].
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The daily agricultural practices at the farm scale, like
fertilizers application, drainage, and moisture management,
might result in a slight difference between the actual water
applied in the field estimated by FAO P-M and SEBAL model.

4 Conclusion

This study demonstrates the power of RS data and biophy-
sical modelling for quantifying the ETa and WP process for
the winter wheat in Sudan’s semi-arid central clay plain. The
estimated seasonal ETa of the winter wheat was 400–600mm.
However, the CWP ranged from 1.2 to 1.5 kg/m3 during the
winter wheat cycle.

The current calculated ETa data agreed well with the
FAO P-M standard method. Furthermore, the estimated WP
was most likely in good agreement compared to the Nile
Delta in Egypt. Nevertheless, it varied significantly com-
pared to the Global Scale and Gezira Scheme (Sudan) data.

The RS input data such as surface albedo, LAI, NDVI,
surface temperature (Ts), and DEM make it a highly reliable
technique for obtaining the ETa and other crop indicators.

The applied methodology allowed an understanding of
the spatial variability of ETa and CWP. Therefore, the
Landsat-8 data and SEBAL model have a high potential to
estimate the ETa and CWP of the winter wheat’s different
stages of growth and development. This also helps to
understand the need for crop water, improve water use
efficiency at the field scale, and estimate the water balance
over large agricultural areas. Also, the study shows that
agricultural investment by the private sector can play an
essential role in sustaining production, food security, and
community development.
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