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Estimation of Crops Water Consumptions
Using Remote Sensing with Case Studies
from Egypt

Mohammed A. El-Shirbeny, E. S. Mohamed, and Abdelazim Negm

Abstract Actual evapotranspiration (ETa) represents crop water consumption in
consideration, the water conserved in plant tissue structure representing about 1% or
less. Many researchers understood the importance of ETa, and they did their best to
measure or calculate ETa. Tens of experimental and mathematical models were used
to calculate evapotranspiration in last century. Many weather, plant, and soil param-
eters were inserted in these models. Most of these models were acceptable for local
scale and used for certain climate. Only a very few models were used on a global
scale but need a lot of parameters and well-distributed weather stations. The crop
pattern was the main obstacle to using these models on a large scale. The early
satellite age was the beginning of the development of global-scale models through
using satellite images to calculate ETa and manage crop water consumption. Trian-
gle and crop water stress index (CWSI) methods were used and developed in the
1970s and the 1980s, respectively. In 1990s and beginning of 2000s, the SEBAL and
SEBS models represent a new step in the way of evapotranspiration development
models. In the last decade, METRIC, ETLook, Alexi, and ET watch models were
developed to fill the gaps of SEBAL and SEBS models. Researchers around the
world still try to modify these models to improve the results.
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1 Introduction

In the western USA, since about the 1890s, rationalization of water losses became
more important. Water applied significantly exceeded the consumptive-use values
[1]. After that date, many researchers started to formulate the water losses in the
agriculture field. They tried to represent the physical processes of water losses from
soil and plant leaves which is called ETa. The ETa can be measured correctly using
weighing lysimeters and could be estimated from empirical methods. Unfortunately,
these methods produce point values of ETa. It is used for a specific location and fails
to provide the ETa on a regional scale, although it is costly. The ETa is calculated in
many ways and steps.

ETa is the real amount of crop water consumption during all phonological stages
from cultivation to senescence. It is affected with weather parameters, crop charac-
teristics, and water availability [2]. To calculate ETa, many parameters must be
inserted in the next equation:

ETa = ETc x Ks (1)
ETc = ETo x Kc (2)

where ETc is crop evapotranspiration (mm/day), ETo is reference evapotranspiration
(mm/day), Kc is crop coefficient, and Ks is water stress coefficient.

The major limiting factors controlling ETo are water availability, amount of
energy, and wind speed. These factors depend on many other quantities such as
soil moisture, land surface temperature, air temperature, vegetation cover, vapor
pressure, wind speed, which vary according to the latitude of the region, the season
of the year, time of day, and cloud cover. It requires daily data to provide an
acceptable estimation of crop water requirements [3].

Numerous models which varied in complexity were used to calculate ETo.
Penman-Monteith method is one of the most accurate models to estimate ETo.
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Recently, the modified FAO Penman-Monteith equation presented in the FAO paper
56 has been widely used to estimate both the hourly and daily ETo from climatic
data, either measured in the field or official meteorological records [2].

The advancements in satellite, airborne, and ground-based remotely sensed data
are extremely being used in agriculture. The use this data was evaluated in many
agriculture activities. Many studies investigated the potentiality of remote sensing
data in crop monitoring, yield prediction, weed control and pest management, and
crop water requirements [4—10].

Oki and Kanae [11] predicted soil water availability for irrigation water manage-
ment by the use of remotely sensed data. Remote sensing estimation of ET can help
detect, map, and provide guidance for crop water requirements in irrigated lands
[12]. It is also very beneficial in monitoring water stress in precision agriculture [13].

Remote sensing technique is a powerful, economic, and efficient tool for esti-
mating ETa. The irrigated farms and crop coefficient (Kc) curves may be monitored
and developed through remote sensing techniques [14]. Choudhury [15] proposed a
method to assess solar radiation, air temperature, and vapor pressure deficit using
remotely sensed data. The general approach to estimate physical parameters is using
a combination of remote sensing data, ancillary data, and atmospheric data for ET
estimation [16, 17]. Accurate characterization of global ET distribution with satellite
remote sensing independent of ground observations is a very difficult task. The
estimation of ET rates to both Ts and NDVI values derived from remotely sensed
data using multiple regression analyses [18].

Ray and Dadhwal [19] used remote sensing and geographic information system
tools for estimating seasonal ETc. They generated a ETc map from meteorological
observations. They used meteorological data to compute ETo by using FAO Blaney-
Criddle method.

The point data of ETo were interpolated using the inverse square distance
approach available in ARC/INFO. However, they combined the Kc and ETo maps
to generate seasonal ETc map. This technique can cover hundreds of fields.

Dibella et al. [18] tested the predictive power of models based on NDVI and
surface temperature to estimate ET. They found a significant relationship with high
correlation between temperature and NDVI data and ET.

ET = al(LST) + a2(NDVI) + b 3)

where LST is land surface temperature, NDVI is normalized difference vegetation
index, and al, a2, and b are empirically coefficients.

Several studies have analyzed the relationship between ET flux and NDVI and
surface temperature information generated from sensors onboard meteorological
satellites [20]. Kalma et al. [21] reviewed most of evapotranspiration estimation by
using remote sensing technique as follows.
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2 The Water Stress Method

In the previous decade, many researchers studied and evaluated the crop water stress
index (CWSI) for scheduling irrigation purposes [22-25]. The CWSI is detecting
water stress (WS) remotely through the measurements of a crop’s surface tempera-
ture (ST). The relation between ST and WS is based on cooling the plant leaves
through transpiration. Under water shortage conditions, the crop’s temperature will
increase due to the increase in plant transpiration.

The prevalent used CWSI method [26, 27] depends theoretically on the observed
canopy and air temperature differences as:

CWSI = [(Te = Ta) = (Te = Ta)yin) / [(Te = Ta)max — (Te = Ta)min] ~ (4)
where the subscripts min refers to unstressed conditions and conditions of maximum
stress. The CWSI value ranged from O to 1. Zero is no water stress, and 1 represents
fully water stress. The CWSI take into account the evaporation from the soil and

crop. It could be interpreted as a measure of the amount of ET actually occurring
relative to the ETc (Eq. 5).

max

CWSI =1 — ETa/ETc (3)

Moran et al. [16] promoted the water deficit index (WDI) (see Fig. 1). The WDI is
a function of ETa to ETc ratio [28]. Yield water stress response depends on crop type
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and the phonological stage, soil, and climatic conditions. The use of WDI in yield
predictions or irrigation management requires estimation of WDI for that particular
crop under different soil, growth stage, and climatic conditions [29]. Several satellite
data sources were used to calculate WDI such as Landsat, NOAA/AVHRR, and
MODIS. El-Shirbeny et al. [4] used NOAA/AVHRR to calculate WDI in the eastern
part of Nile Delta, Egypt. A MODIS index based on the spatial relationship between
LST and NDVI was evaluated by Garcia et al. [30] to estimate WDI in two sites with
different climatic controls on ETa in Andalusia, Spain. It is found that accounting for
the spatial variation in Tair is one of the most critical factors to achieve accurate
estimation of the temperature vegetation dryness index (TVDI).

The crop started to detect water stress when the WDI is located to the right of the
line connecting points 1 and 4 [31].

Although the calculated data is largely common, but it still needs calibration and
validation with measuring data.

2.1 Case Study for Water Stress Method

El-Shirbeny et al. [32] applied the WDI on Elsalhyia region in the eastern part of Nile
Delta. The results of ETa varied from O to 3.7 mm/day. ETa was affected by the
changing in CWSI and ETc according to Eq. (5). As shown in Fig. 2, the variation of
ETa was observed according to land cover type, crop stage, weather conditions, and
water stress conditions.

In arid and semiarid climatic region, ET ranges over a large interval depending on
water regimes. Moreover, the variation in one weather parameter immediately
affects all the other which are mutually related. This fact makes it difficult to
correctly evaluate the ETa [33]. Er-Raki et al. [34] have analyzed the efficiency of
three methods based on the FAO-56 Kc approach to estimate ETa for winter wheat
under different irrigation treatments in the semiarid conditions of Morocco. ETa
(mm/day) is the product of an uptake coefficient (@, mm/day) and available water
(@ — 6WP) when ETa is less than ETc (mm/day): If ETa < ETc, ETa = «a
(@ — OWP), and if ETa > ETc, ETa = ETc. ETc occurs when the availability of
soil water does not limit transpiration [35], and it could be estimated using the FPM
model [2].

3 Surface Energy Balance (SEB) Model

In the period from 1950s to 1960s, there was a belief that evapotranspiration from
well-watered land surfaces was mainly controlled through weather data only. How-
ever, the variation of vegetation and soil parameters was an obstacle. By the 1980s,
the scientists started to care about land surface parameters [21].
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Fig. 2 Shows ETa distribution in the study area

SEB models were divided into two main groups. The first is one-source models,
and the second is two-source models. The one-source models do not differentiate
between evaporation from the soil and transpiration from the vegetation. Conversely,
the two-source models distinguish between fluxes from the soil and the vegetation.
The two-source models have been developed for use with incomplete canopies [36]
(Fig. 3).

The SEB equation described as:

Rn=3E+H+G (6)

where G is soil heat flux, AE is latent heat flux, Rn is net radiant energy, and H is
sensible heat flux. All units are expressed in W m 2.
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Fig. 3 Explains the physical theoretical concept of energy balance. Source: Kiehl and Trenberth
[37]

E is the rate of water evaporation (kg m 2 sfl), and A is the latent heat of water
vaporization (J kg~ '). All parameters of Eq. (6) are depending on the LST. The Rn
term is taken as positive if it is a gain to the surface, whereas the other fluxes are
taken as positive if they are away from the surface. Eq. (6) can be prepared as:

Rn—G=AE+H (7)

The part of (Rn — G) is named the available energy. It is required for each SEB
scheme. The radiation budget represented by Rn is written as:

Rn=K|-K1+L|-L1 (8)

where K| is downwelling shortwave radiation which depends on atmospheric
transmissivity, time of day, day of year, and geographic position, KT is reflected
shortwave radiation which relies on surface albedo (a) and K|, L| are downwelling
longwave radiation (which relies on the atmospheric emissivity which in turn is
affected by amounts of atmospheric water vapor, carbon dioxide, and oxygen and by
air temperature), and LT is upwelling longwave radiation (which relies on LST and
emissivity). G, which normally ranged from 5 to 20% of Rn during daylight hours,
relies on the soil’s thermal conductivity and the vertical temperature gradient. LST
impacts on all four terms of the energy balance of Eq. (1) and in particular on L7 in
the radiation balance of Eq. (8) [21].

SEB models are determined through a solution of the surface energy budget.
According to Su [38], three broad SEB approaches were used for determining a real
ET. The first one estimates the sensible heat flux (H) and then gets the latent heat flux
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(AE) as the remaining of the energy balance equation. This so-called residual method
is represented by:

AME=Rn—G-H (9)

All terms of this equation is described above. The second approach uses a water
stress index to estimate the relative evaporation (Er), i.e., the ratio of real to potential
evaporation (Ea/Ep).

As some of the SEB models are more complicated, need a large number of surface
information, and depend on (Trad = LST) which specific sensors are provided, some
attempts have been developed to estimate evapotranspiration. These attempts aimed
to extract and estimate number of vegetation indices which are related to and
describe the crop status and characteristics such as chlorophyll content, leaf area
index, crop height, and vegetation to soil ratio. Using these indices helps to enter into
the estimation of Kc that can be used beside ETo to estimate crop ET.

3.1 SEBAL Model

The Surface Energy Balance Algorithms for Land (SEBAL) methodology [39, 40] is
applied with surface temperature, surface reflectivity, and NDVI data. The plan
describes a one-source cover transfer plan which determines rs, H, AE, and near-
surface soil moisture. The plan makes precise use of the detected spatial variability in
surface temperature and surface reflectance over a single cloud-free view. SEBAL
has been produced at the territorial scale, and it needs some collective ground-level
measurements from within the view. K| and L| are calculated using a fixed
atmospheric transmissivity, a suitable atmospheric emissivity value, and an exper-
imental function of Ta, sequentially. G is determined as a portion of Rn depending
on Trad, NDVI, and « [41].

SEBAL estimates the instant value of the sensible heat flux in three principal
levels. It firstly recognizes that Taero is not equal to Trad. It concludes that the
relationship between Trad and the gradient of surface temperature (AT) is
represented as Taero. Two extremes are distinguished from the scene: a wet extreme
where AE > H and AT = 0 and a dry extreme where AE = 0 and H = Rn — G.
Secondly, a scatter plot is achieved for all pixels in the whole scene of broadband o
values against Trad. Pixels with high ET rates (AE > H) are assumed to have low
temperature and low reflectance values, while regions with limited or no ET (AE ~ 0
and H =~ Rn — G) possess high surface temperatures and commonly high reflectance
values. Finally, H can be determined for each pixel with AE as the remaining term in
Eq. (4) by using the local surface roughness (zom) based on the NDVI and the
assumption of a fixed zom/zoh ratio. The SEBAL plan has been accepted interna-
tionally with space-borne and airborne data over approximately horizontal land-
scapes with and without irrigation [39, 40].
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3.2 SEBS Model

The one-dimensional Surface Energy Balance System (SEBS) of Su [38] assesses
heat fluxes through space-borne data and available weather data. SEBS needs three
groups of input data. The first set consists of a, &, Trad, LAI, partial vegetation
coverage, and the plant height. If vegetation information is not accessible, the NDVI
is used as a substitution. The second group involves measurements of Ta, u, real
vapor pressure (ea) at a standard height, as well as complete air pressure. The third
group of data involves observed (or determined) K| and L|. SEBS is made up of
various separate modules to determine Rn and G and divide the (Rn — G) into H and
AE. H is answered using the similarity theory. SEBS has been assessed over farming,
grassland, and forested sites and over different spatial scales. It has been used with
tower-based data and with Landsat, ASTER, and MODIS space-borne data.

3.3 METRIC Model

The Mapping ET at high Resolution and Internalized Calibration (METRIC) method
[42] was obtained from SEBAL. METRIC uses the crop’s ETo to describe fully
transpiring plants. Extreme (cool/wet and warm/dry) pixels are classified in the given
agricultural perspective with the cool/wet extreme relative to a reference crop with
its transpiration rate calculated from the Penman-Monteith incorporation equation.
Evaporation from the warm/dry pixel is determined with a soil water budget utilizing
local weather data. Field studies with irrigated alfalfa in Idaho gave approval to
within 5% between METRIC estimations and lysimeter measurements. METRIC
also uses the ETo to extrapolate from instantaneous ET fluxes to daily rates.

3.4 ETWatch Model

Wu et al. [43] produced ETWatch model which depended firstly on SEBAL model
to calculate ETa. Wu et al. [44] developed the model to be a stand-alone model away
from SEBAL. ETWatch is still a local Chinese model, but it started to go through the
border outside China. The ETWatch model was applied for the first time outside
China last year on Egypt.

3.5 ETLook

Numerous algorithms based on actual evapotranspiration (ET act) mapping using
visible, near-infrared, and thermal data exist. The ET mapping of river basins and
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continents at a moderate resolution (1 km) is vital to detect the spatial heterogeneity
of ET and its response to weather events (rainfall or drought). Surface energy
balance techniques like RSEB [21], SEBI [45], SEBAL [39, 40], SEBS [38], and
METRIC [42] estimate ET act as a latent heat flux (residual term in surface energy
balance). The major challenge (or disadvantage) of these techniques is the need for
thermal infrared data to assess surface temperature. Thermal infrared data cannot
provide reliable estimates of surface temperature under cloudy or hazy conditions,
rendering the algorithms less useful in temperate climates. The visible and near-
infrared data are used to provide information on vegetation conditions and surface
albedo for absorbed solar energy. These parameters are less critical to cloudy
conditions, as their variation is not as significant and irregular as the surface
temperature.

Verhoef [46] showed that missing data of NDVI and surface albedo could be
estimated using observations from other data. ETLook is specially developed to map
ET act for large areas on a daily to weekly basis for more extended time periods with
a resolution of 1 km. Typical outputs consist of yearly ET act with an interval of
1 week associated with biomass growth and with an interval of 2 weeks for large
watersheds. Sufficient detail within the watersheds can be used to monitor local
differences in water management.

ETLook is a newly developed algorithm to compute ET act of large areas using
soil moisture estimates from the passive microwave sensor AMSRE. A drawback of
the passive microwave sensor data is the low resolution of the data. The global soil
map was used to downscale the soil moisture from the AMSRE sensor.

ETLook uses moderate resolution VNIR images from the MODIS sensor for
defining surface albedo and vegetation cover. Regular weather measurements (wind
speed, air temperature, and relative humidity) at a number of stations inside the study
area are used to conclude the current meteorological conditions. Because the main
driving power of the process is soil moisture derived from passive microwave
sensors, the algorithm is appropriate under all weather conditions. Therefore the
algorithm can be used operationally, making it useful for real-time hydrological
modeling and operational land surface models.

3.6 A Case Study for SEB Method

A case study on Nile Delta, using METEOSAT measurements, was studied by
Bastiaanssen et al. [39, 40].

The water balance models usually compute ET from vegetation and bare soil
based on the unstressed transpiration and bare soil potential evaporation. Empirical
reduction factors related to actual soil moisture content and salinity are then applied
to correct for less optimal soil water and salinity conditions. When this category of
models is locally calibrated against soil water, groundwater table variation, and
return flow, they give reasonable estimates of regional evaporation [39, 40].
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Pelgrum [47] studied the water consumption of the irrigated Nile Delta. An
attempt was made to determine the surface energy balance for each daytime hour
using METEOSAT. The 24-h SEBAL evaporation rates obtained for the Nile Delta
were compared by Bastiaanssen et al. [17] with the 24-h evaporation figures
obtained from the calibrated hydrological model SIWARE [48]. At the time of
image acquisition in August 1986, maize, cotton, orchards, and vegetables were
grown on the irrigated Nile Delta. The SIWARE network in the Eastern Nile Delta
governorates is 82 irrigation units. The total gross irrigated area covered by the
82 irrigation units is 695,000 ha. The results for six irrigation commands are
demonstrated in Fig. 4. The relative error of the command areas DE24/E24
(STWARE-SEBAL)/SIWARE appeared to be small (see Fig. 4), with a mean for
the six cases of DE24/E24 = —0.08 and SD = 0.06 [39, 40].

A further downscaling allows extension of the comparative study to the level of
each of the 82 irrigation units. The average difference between SEBAL and
SIWARE for the individual irrigation units was DE24/E24 = —0.08 (SD = 0.26).
With the exception of units 15, 19, and 27, the results were encouraging (see Fig. 5).
For all 82 irrigation units together, daily values of SEBAL were found to be 5.1%
higher than the SIWARE predictions. A 5.1% deviation is within the allowable range
of the SIWARE model accuracy (10% on an annual basis). Hence, the error in
evaporation from remote sensing increases as one goes from extensive composite
regions (5.1% deviation) via command areas (8% deviation +6%) to isolated
irrigation units (8% =+ 26%) [39, 40].

4 ET MODIS Products

The MODI16 global ET/LE/ETc/potential LE datasets are consistent 1-km® ET
databases. It covers the 109.03 x 10° km? global vegetated land areas, every
8-day, monthly, and annual periods from 2000 to 2014.
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Fig. 5 Determination of the (E2a.sware - E24-se8AL)

relative deviation DE/E for 3 *100 (%)
each of the 82 irrigation 24-SIWARE
units of SIWARE on 50
August 5, 1986. The average
value turned out to be 0
DE/E = —0.08 £+ 0.26
[39, 40]
50

-100 —

-150

200 U ] | | l l l [ l

o

10 20 30 40 50 60 70 80
Element

The MOD16 ET datasets are estimated using Mu et al.’s developed ET algorithm
[49] superior to the previous Mu et al.’s article [50]. The ET algorithm is calculated
according to the Penman-Monteith equation [51]. Surface resistance is a sufficient
resistance to transpiration from the plant canopy and evaporation from the land
surface.

Physical ET involves evaporation from wet and moist soil, from rainwater
prevented by the canopy before it touches the soil and the transpiration through
stomata on crop leaves and stems. Evaporation of water appropriated by the canopy
is a highly significant water flux for ecosystems with a high LAI. Canopy conduc-
tance for plant transpiration is estimated by applying LAI to scale stomatal conduc-
tance up to canopy level.

For several plant varieties during growing periods, stomatal conductance is
regulated by VPD [50] and daily minimum air temperature (7). Tmin 1S used to
control latent and dynamic growing seasons for evergreen biomes. High tempera-
tures are often followed by high VPDs, directing to the incomplete or full closing of
stomata.

4.1 A Case Study for ET MODIS Calibration Under Egyptian
Conditions

A case study on Nile Delta was investigated by El-Shirbeny et al. [52]. The flowchart
of the used methodology is shown in Fig. 6. The MODIS16 ET data were validated
under Egyptian conditions. The changing in weather condition and/or changing in
vegetation cover means changing in ETa. The mean of ETa according to MODIS
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product was changed, and the results were 45.6, 50.2, and 45.4 (mm/month) at years
2002, 2007, and 2013, respectively. On the other hand, the mean of ETa according to
estimated method changed, and the results were 56.6, 62.7, and 57.4 (mm/month) at
years 2002, 2007, and 2013, respectively (Fig. 7). The northern part of the study area
consumes water more than the southern part because of rice cultivation in summer in
this part which consumes a lot of water; on the other hand, rice cultivation is not
allowed in the southern part. In the last decade, the government started developing
field irrigation systems in the northern part of Nile Delta shared with the German
government.

From Figs. 8 and 9, there are two seasons; the first one starts from the beginning
of June and finishes at the end of September and the second from the beginning of
November to the end of April. On the other hand, May and October almost are
in-between seasons. The maximum ETa according to MODIS product in 2002 and
2007 were 70.7 and 84.2 (mm/month) in August, respectively, but the minimum
were 25.8 and 27 (mm/month) in October and June, respectively. In 2013, the
minimum of ETa was 23 (mm/month) in May, and the maximum was 76.1
(mm/month) in July.

On the other hand, the maximum ETa according to WDI in 2002 and 2007 were
90.5 and 98.8 (mm/month) in August, respectively, but the minimum were 34.1 and
41.3 (mm/month) in May and November, respectively. In 2013, the minimum of
ETa was 35.4 (mm/month) in May, and the maximum was 94.8 (mm/month) in July.
Linear relation between ETa based on MODIS product and ETa based on estimated
method was established with R2 as high as 0.86 (Fig. 10).
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Fig. 7 Annual average ETa maps according to MODIS product and estimated method at years
2002, 2007, and 2013 [52]
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Fig. 9 Monthly estimated ETa (mm/month) at years of 2002, 2007, and 2013 [52]

5 Conclusion

Crop water consumption has to be estimated with a high level of accuracy to save
water and to maximize water unit uses. The limitation of water resources and scarcity
of water in arid and semiarid regions put many countries in critical situation. Dealing
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Fig. 10 The relation between MODIS ETa product and estimated ETa [52]

with water shortage must be planned, and good models were needed to estimate
water consumption. Space-borne technologies are a good and powerful tool but
need calibration and validation. Maybe in the future, it may be a stand-alone
technology, but first, we must deal with it using new methods. It must have its
own methodologies.

6 Recommendations

Remote sensing techniques are powerful on the large scale if it is used after
calibration and validation. Developing the old En s of calculation, the irrigation
water consumption is necessary for estimation accuracy. Numerous ET calculation
models are so complicated and it needs to be the simplest.
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