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Abstract
Strategic planning of optimal water use requires an accurate assessment of actual
evapotranspiration (ET,) to understand the environmental and hydrological processes of the
world’s largest contiguous irrigation networks, including the Indus Basin Irrigation System
(IBIS) in Pakistan. The Surface Energy Balance System (SEBS) has been used successfully
for accurate estimations of ET, in different river basins throughout the world. In this study,
we examined the application of SEBS using publically available remote sensing data to
assess the spatial variations in water consumption and to map water stress from daily to
annual scales in the IBIS. Ground based ET, was calculated by the advection-aridity (AA)
method, from nine meteorological sites and used to evaluate the intra-annual seasonality in
the hydrological year 2009-2010. In comparison with the AA, SEBS computed daily ET, was
slightly underestimated with a bias of -0.15 mm day™ during the kharif (wet; April-
September) season and it was overestimated with a bias of 0.23 mm day™ in the rabi (dry;
October-March) season. Monthly values of the ET, estimated by SEBS were significantly
(P<0.05) controlled by mean air temperature and rainfall, among other climatological
variables (relative humidity, sunshine hours, and wind speed). Due to the seasonal (kharif and
rabi) differences in the water and energy budget in the huge canal command areas (CCAs) of
the IBIS, ET, and rainfall were positively correlated in the kharif season and were negatively
correlated during the rabi season. In addition, analysis of the evaporation process showed that
mixed-cropping and rice-wheat dominated areas had relatively lower and higher water
consumption rates, respectively, in comparison with other cropping systems in the basin.
Basin-areas under water stress were identified by means of spatial variations in the relative
evapotranspiration (RET), which had an average value of 0.59 and 0.42 during the kharif and
the.rabi seasons, respectively. The hydrological parameters used in this study provide useful

information for understanding hydrological processes at different spatial and temporal scales.
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Results of this study further suggest that the SEBS is useful for evaluation of water resources

in semi-arid to arid regions over longer time periods, if the data inputs are carefully handled.

Keywords: Actual evapotranspiration, Relative evapotranspiration, Water scarcity, Surface

Energy Balance System

1." Introduction

Actual evapotranspiration (ET,), including surface evaporation and plant transpiration, is
required to understand both hydrological and ecological processes between the land surface
and the atmosphere (Hwang and Choi, 2013). Reliable spatio-temporal distribution of ET, is
crucial to demonstrate the hydrological status of complex landscapes for water resources
planning and monitoring, efficient irrigation scheduling, and climate change research (Choi et
al., 2009; Matin and Bourque, 2013). Due to complex land-plant-atmosphere interactions and
natural variability in topography, soil moisture, and vegetation type, estimation of ET, is the
most challenging among all of the components of the hydrologic cycle, especially in regions
where water is scarce or fluctuates seasonally (Xu and Singh, 2005; Cao et al., 2014).

Several conventional techniques, including weighing lysimeters, the Energy Balance
Bowen Ratio (EBBR), scintillometry, and Eddy Covariance (EC) systems, which employ
point measurements, have the operational capabilities to provide reasonable values of ET,
over homogenous surfaces at site level (Sarwar and Bill, 2007). However, these
measurements have scientific limitations for providing spatial distributions over a landscape
or region due to dynamic land surface heterogeneity, high advective climatic environments,
and-sparseness of data points (Li et al., 2009; Matin and Bourque, 2013). In order to address

this problem, ET, measurement using spatial techniques has gained popularity by
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continuously retrieving land surface parameters from operationally available satellite
information. The primary benefit of spatial techniques is that ET, from the pixel level to
basin and regional scales can be estimated directly by using energy balance algorithms rather
than by quantifying the other complex hydrological processes which involve detailed
information about soil-plant-atmosphere interaction at high spatial and temporal scale (Jia et
al., 2009; Hwang and Choi, 2013; Byun et al., 2014). The development, advantages, and
limitations, based on how energy balance algorithms combine remotely sensed vegetation
indices and radiometric temperatures with ancillary surface measurements, used to estimate
ET. have been frequently reviewed (Gowda et al., 2008; Li et al., 2009; Liou et al., 2014).
The Surface Energy Balance System (SEBS) developed by Su (2002) is a widely accepted
and validated algorithm used to derive turbulent heat fluxes and evaporative fractions for
hydrological modeling from field to regional scales (Lu et al., 2013; Byun et al., 2014).
SEBS is basically a single-source algorithm which uses either the Monin-Obukov Similarity
(MOS) theory (Monin and Obukov, 1954) for Atmospheric Surface Layer (ASL) scaling or
the Bulk Atmospheric Similarity (BAS) theory (Brutsaert, 1999) for Atmospheric Boundary
Layer (ABL) scaling. As the MOS and BAS theories are height dependent, SEBS is more
reliable to model ET, over complex heterogeneous ecosystems (Jia et al., 2009).

Water cycling in both vapor (ET,) and liquid (rainfall) form is the most pronounced
feature in semi-arid to arid irrigated cropland areas of the Indus Basin Irrigation System
(IBIS) in'Pakistan (Ahmed et al., 2009). The IBIS is among the largest (149,000 km?) and
most water deficient contiguous basins in the world, and it is facing a major challenge of
limited water resources due to unregulated utilization, inefficient water use, transboundary
conflicts, climate change, and rapid urbanization and population growth (Laghari et al.,
2012). Water scarcity in the basin has been further accelerated not only because of deep

groundwater levels due to over exploitation (Cheema et al., 2014), but also due to complex
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surface water distribution. Irrigated agriculture is classified into various cropping zones that
primarily.rely on surface water provided through a canal-based irrigation system. This system
is extremely valuable due to its good quality water. The area covered by each canal for
irrigation supply is known as the canal command area (CCA). However, the distribution of
surface water is not uniform among the different CCAs in the IBIS. In the presence of
complex cropping systems, inequitable water distribution, and a heterogeneous rainfall
pattern, it is difficult to estimate the accurate crop water consumption and its requirement in
the IBIS (Ahmed et al., 2009).

In order to address and meet this challenge in such a large basin, comprehensive plans are
needed that utilize spatial modeling based on an accurate assessment of ET, with user
friendly-approaches. The few efforts made to quantify ET, in the IBIS using combined
ground measurements and remote sensing information after various preprocessing
complexities, have described contrasting levels of accuracy in the final ET, product
(Bastiaanssen et al., 2002; Sarwar and Bill, 2007; Bastiaanssen et al., 2012). Evaluation of
hydrological processes relies on in-situ hydrological data that is not only hard to access in
different parts of the world (e.g., Central Asia), but data quality is often questionable (Awan
etal., 2011).

In the current study, we therefore utilized the SEBS algorithm to map the spatio-temporal
variations of ET, (April 2009-March 2010) by combining freely and readily available
Moderate Resolution Imaging Spectroradiometer (MODIS) remote sensing imagery and
meteorological information from the Global Land Data Assimilation System (GLDAS).
Ground based ET, values calculated using the Advection-Aridity method from nine
meteorological stations were used to evaluate and assess the physical plausibility of the SEBS
results. The effects of different climatological variables on the variations in monthly ET,

values were also analyzed. Seasonal and annual patterns of water consumption (ET,) and
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crop water requirements (potential evapotranspiration, i.e., ET,) were assessed with special
emphasis. on the cropping zone and the canal command areas (CCAS) in the complex
landscape of the IBIS. By combining the above steps with a sensitivity analysis, this study
demonstrates a pathway to the processes responsible for variations in the components of
water cycling under specific hydro-meteorological conditions.

2. Study area

This study was conducted in the IBIS in Pakistan, which lies between latitude 24.14° to
34.46° North and longitude 67.41° to 74.68" East (Figure 1). The IBIS encompasses
approximately 149,000 km? in three major provinces, Punjab, Sindh and Khyber
Pakhtunkhwa (KPK) with five rivers flowing across the region that deliver water to the 44
canal command areas (CCAs). It is the most productive river basin globally currently
supporting approximately 22% of the country’s gross domestic product (down from
approximately 27% in 1989; Yu et al., 2013). The basin area is further categorized into seven
different cropping zones (Figure 1) based on land use cropping patterns and climatic
conditions shown in Table 1 (Ullah et al., 2001). The two most unique cropping seasons in
the region are the kharif (wet; summer) season, which occurs from April to September with
rice, cotton, and maize as the major crops, and the rabi (dry; winter) season, which occurs
from October to March with wheat and fodder as the dominant crops. Surface topography in
the basin gradually decreases from 250 m above mean sea level in the upper north of the
basin to less than five m above mean sea level, except for the northwest-cropping zone where
the average elevation is higher than 300 m above mean sea level. The prevailing climate is
semi-arid to arid with extreme variations in temperature and rainfall depending upon
topography (Ahmed et al., 2009).

Rainfall and reference evapotranspiration (ET,), important components of hydrological

processes, can vary significantly during different years. Therefore, rainfall and ET, values
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during the study period (April 2009-Mar 2010) were compared to average values for the last
30 years-(1980-2010; Figure 2). Monthly reference evapotranspiration (ET,) was estimated
from 1980 to 2010 using the Penman-Monteith method (Allen et al., 1998). Data required to
estimate ET, includes relative humidity, wind speed, solar radiation, and minimum and
maximum temperatures. This data and rainfall data was obtained from the Pakistan
Meteorological Department (PMD). Ranges of maximum and minimum temperatures were
approximately 22-44°C and 5-28°C, respectively, throughout the year (Figure 2). Annual
average rainfall in the region was 336 mm (1980-2010), of which 240 mm and 96 mm was
observed during the Kharif and the rabi seasons, respectively. Almost 50% and 30% less
rainfall occurred during the reported study period in the kharif and the rabi seasons,
respectively. Monthly ET, values during the study period ranged from 65-277 mm, which
were slightly higher than the historical values that ranged from 51-270 mm.

3./ Material and Methods

3.1 MODerate-resolution Imaging Spectroradiometer (MODIS) data

Satellite data, including the land surface temperature (LST), land surface albedo, and
vegetation indices, are key surface variables in the SEBS formulation for dividing available
energy between soil and vegetation. MODIS level 3 readily available standard products
(Table 2).with 1 km? spatial resolution for 94 cloud-free days between April 2009 and March
2010 were selected from the NASA online web portal
(http://ladsweb.nascom.nasa.gov/data/). Broadband surface emissivity is an essential
parameter for deriving total surface net radiation. Currently, there are not many alternatives
available to obtain surface emissivity data except for deriving this information from the daily
narrow band emissivity provided by the MODIS level 1 data available from bands 29, 31, and
32 (Suetal., 2007; McCabe et al., 2011). It should be noted that the MODIS level 3 data was

already atmospherically corrected and ready to use, while the MODIS level 1 data was

This article is protected by copyright. All rights reserved.



preprocessed and corrected atmospherically before final use (Figure 3). The MODIS
combined Aqua + Terra Albedo product (MCD43B3), contains two different sets of data,
including black-sky and white-sky albedo. However, there is no true land surface albedo
product. Therefore, in order to provide a reasonable approximation, the averaged value of
black- and white-sky albedo was utilized (Su et al., 2007). Leaf area index (LAI) and
normalized difference vegetation index (NDVI) are key factors that drive the eco-
physiological processes to determine the water and heat exchanges between land and the
atmosphere. Jia et al. (2009) stated that these land surface properties (NDVI, LAI, and
albedo) do not change considerably during short time periods. The MODIS LST data was
collected instantaneously at the satellite overpass time with a daily time step.

3.2 Global Land Data Assimilation System data

The Global Land Data Assimilation System (GLDAS) is a comprehensive integration of
ground and satellite observations in order to generate near real time fields of land surface
states (Rodell et al., 2004). GLDAS originally belonged to the land information system
(LIS)-modeling framework operated by various community land surface models in the
hydrological sciences branch of NASA’s Goddard Space Flight Center. Currently, GLDAS
data is widely used and validated for land surface modeling, specifically when data is scarce
or in-ungauged basins due to its easy accessibility (Su et al., 2007; McCabe et al., 2011).
GLDAS data simulated from the Noah 2.7.1 land surface model (Marshall et al., 2013)
contains a series of land surface parameters at a spatial resolution of 0.25° with 3-hour time
step information (GLDAS_NOAHO025SUBP_3H). In order to force the SEBS algorithm,
meteorological variables (Table 2), including specific humidity (kgkg™), wind speed (ms™),
air pressure (Pa), air temperature ('C), and downward long-wave and incident short-wave
radiation. (Wm™), were extracted from the Goddard Earth Sciences Data and Information

Services Center (GES DISC) website (http://disc.sci.gsfc.nasa.gov/hydrology). All
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meteorological variables were linearly interpolated between 0600 and 0900 Coordinated
Universal Time (UTC) in order to match the temporal resolution with MODIS overpass time.
Datasets with different spatial scales were resampled in space by using the nearest neighbor
interpolation method with MODIS Reprojection Tool
(https://lpdaac.usgs.gov/tools/modis_reprojection_tool) to obtain the final ET, products of 1
km? resolution (Byun et al., 2014).

3.3 Surface Energy Balance System (SEBS) for estimating actual evapotranspiration

The Surface Energy Balance System (SEBS) originally developed by Su (2002), is a
single- source formulation fundamentally based on the energy balance equation in limiting
cases (dry and wet). It is a well-established image processing algorithm used to compute
atmospheric turbulent heat fluxes, evaporative fraction, and ET, from remote sensing
observations (van der Kwast et al., 2009; Muthuwatta et al., 2010; Rwasoka et al., 2011; Lu
et al.; 2013; Byun et al., 2014). In this study, SEBS was forced using atmospherically
corrected MODIS image products and routine weather parameters obtained from GLDAS
(Table 2).during a complete cropping year (April 2009-March 2010). Figure 3 presents the
processing of this dataset to estimate pixel by pixel instantaneous ET, from the residual

surface energy budget equation, which is expressed as follows:

AE=R,-G-H )

where AE is the turbulent latent heat flux (W-m) connected to the moisture transfer into
the atmosphere, Ry is net radiation (W-m?), G is soil heat flux (W-m®), and H is turbulent
sensible heat flux (W-m™). The difference between short-wave and long-wave radiation

fluxes at the land surface gives an Ry value as follows:
Ry :(1_0‘)'de +Ry —R, (2)

where « is the surface albedo, R, is downward short-wave radiation (W-m?), and R,
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is downward long-wave radiation (W-m?). These parameters values were derived from

MODIS and GLDAS datasets (Table 2), while R, upward long-wave radiation (W-m™) was

estimated in the form of R, =¢-0-T.

s !

where & is surface emissivity, O is Stefan-

Boltzmann constant (W-m™2.K™), and T, is land surface temperature (K). Soil heat flux (G)

for SEBS was empirically determined as a fraction of G/Ry using fractional canopy coverage,
which was linearly interpolated between bare soil and full vegetation canopy conditions (Su,
2002). Similarity theory was used to estimate sensible heat flux (H) in order to derive latent
heat flux (AE) in Eqg. (1) as a residual term. Depending on the height at which the
measurements were taken, SEBS uses either the MOS theory (Monin and Obukov, 1954) for
ASL. scaling or the BAS theory (Brutsaert, 1999) for ABL scaling. In this study, all
measurements were conducted within the ASL. The MOS theory was considered for

allocation of H from available energy through an iteration procedure (Su, 2002) as follows:

_u, z-d, | (z-d, 2y

T g R G o
., H z-d, B z—-d, 2y,

Hs Ha_ku*pcp {In[ ZOh } l//h( L j‘“//h( LJ:| (4)

where U is wind speed (m/s), u, is friction velocity (m/s), k =0.4 is von Karman’s

constant, d, is zero-plan displacement height (m), z is reference height above the surface
(m), L is Monin-Obukhov length (m), z,, is the roughness height for momentum transfer
(m), z,, is scalar height for the height transfer (m), and ¥, and Y, are the stability
correction functions for momentum and sensible heat transfer, respectively. In addition, ©
is air density (kg/m®), C, is specific heat for moist air (J/kg.K), and ¢, and 6, are

potential temperature (K) of the surface and air at the reference height, respectively. A further
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detailed interpretation of the equations and a discussion of the similarity theory can be found
in Su (2002) and Byun et al. (2014). In SEBS, the estimated H was constrained between dry
limit (H

ay) @nd wet limit (H,,) values. Under dry-limit conditions, latent heat (1E,)

became zero due to limited soil moisture availability where H reached its maximum value

and could be directly derived as follows:

()
Conversely, under wet-limit conditions, AE reached its maximum value due to no

limitation of available water and evapotranspiration took place at a potential rate limited only

by-available energy, while H took its minimum value. At this stage, H . was determined

wet
by using combination equation similar to the Penman-Monteith equation (Monteith, 1965)

and after Su (2002), it is expressed as follows:

pC € —€
(RN—GO)—T*’XT
Hue = ZW (6)
1+—
Y

where €, and €, are saturation and actual vapor pressures, respectively, » is
psychometric constant, A is the slope of the saturated water vapour pressure curve at the

current temperature, and I, is the external resistance at wet limit. After deriving the three

sensible heat flux (H) values, actual H was scaled in a range set between Hye and Hqry under
limiting cases. Finally, scaled H was incorporated into Eq. (1) in order to compute
instantaneous values of AE, relative evaporation (A,), and then the evaporative fraction
(EF), which expresses the ratio of actual evaporation to total available energy as follows:

AE A, -AE,.
R,-G R, -G

A= (7)
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EF (A) is known to be conservative in a diurnal cycle and can be assumed to be
representative of daily energy partitioning during cloud-free conditions (Ahmad et al., 2009;
Jia et al., 2009). Therefore, instantaneous A at the satellite overpass time was used to
compute instantaneous ET, and then scaled up to daily values, ET,4 (mm/day), by estimating
averaged 24-h net radiation (Rnp4; Jia et al., 2009). For further extrapolation of A to
monthly, seasonal, and annual timescales, the Bastiaanssen et al. (2002) approach was used.
The basic concept in this formulation, Eq. (8), was that A remains almost constant between
successive: cloud-free images. Satellite observations at frequent intervals, usually less than 20
days, were sufficient to estimate accumulated ET, and acceptable results were reported in
previous studies (Farah et al., 2004; Ahmed et al., 2009; Muthuwatta et al., 2010; Awan et
al., 2011). In this study, the interval was varied between 2-10 days (for approximately 90% of
the data) for cloud-free MODIS image acquisitions (a total of 94) between April 2009 and
March 2010, except for 2 instances when the intervals were 21 and 24 days during the

monsoon season due to constant cloud-cover. For ETin;

_ dtx86,400x10°
Ap,,

ET.

int

ARy (8)

where ETi, (mm/interval) is ET, for the time interval dt measured in days and Rna4 is the
average Rno4 value over the same time interval, which is usually Ry2st < Rnos4, due to the

addition of cloudy days, A is latent heat of vaporization (2.47 x 10° J.kg™), and o, 1S

density.of water (kg-m™).
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3.4 Advection-Aridity evapotranspiration method for validating the SEBS algorithm

In the absence of direct measurement of evaporative fraction or ET, in the field, the
advection-aridity (AA) method originally proposed by Brutsaert and Stricker (1979) was used
in this study to evaluate the SEBS estimated ET,. Several researchers have used the AA
method in different formats to enumerate ET, in various climatic settings and found
reasonable agreement when compared with eddy covariance measurements or water balance
approaches (Xu and Singh, 2005; Liu et al., 2006; Matin and Bourque, 2013). Shifa (2011)
used the AA method in wet and dry climatic conditions of Spain, and reported that ET,
estimated by the AA method at hourly and daily time steps had good agreement with eddy
covariance measured ET,. Liu et al. (2006) used three different complementary relationship
approaches to map regional ET, in China and concluded that AA is the most accurate
method, showing the least mean relative error of less than 5% in comparison with that from
the water balance method. Previous studies also used the AA method to evaluate ET,
estimated by the energy balance algorithm in the absence of field measurements (Rwasoka et
al; 2011; Usman et al., 2014). The AA method by Brutsaert and Stricker (1979) used the
Priestley-Taylor (P-T) equation (Priestley-Taylor, 1972) for wet surface evapotranspiration
(ETw) [expressed by Eq. (9)], the Penman (1956) equation for potential evapotranspiration

(ETp) [Eg. (10)], and an empirical wind function f(u,) for determination of relative

evaporation [E;; Eg. (11)] as follows:

ET, —a,—2 (R, —G) 9)
A+y
ET =2 (R, -G)+—2xE (10)
P A+y s N A+y F
Er = f(uz)x(es _ea) (11)
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where (Ry-G) is net available energy at the surface, o, =1.26 is the P-T coefficient, A is
the slope of saturated water vapor pressure curve at the current air temperature (kPa’C™?), »

is psychometric constant (kPa'C™), f (u,) is estimated in the form of f (u,) =0.26(1+0.54u,)

, U,1s mean wind speed (ms™) at 2 m above the ground surface, and e, and e, are actual and

saturation .vapor pressures, respectively. Brutsaert and Stricker (1979) combined Egs. (9)
through (11) based on the complementary relationship between ET, and ET, introduced by
Bouchet (1963) as follows:

ET, - 22, ~)—>— (R, —G) - —=
A+y A+y

x0.26(1+ 0.54u,) x (e, —€,)

(12)

Meteorological data obtained from the PMD was used to force the AA method in order to
calculate in-situ ET, over nine different weather stations (Figure 1) during the same period
(April 2009-March 2010). The value of Ry in Eq. (12) was computed by Eq. (2) using point
measurements from weather stations and assuming a surface albedo value of 0.23 (Allen et
al., 1998). In addition, we computed the seasonal gridded ET,, using the P-T method, which
became equal to ET, when available surface moisture was unlimited. For the P-T method in
Eq. (9), the inverse distance weighted (IDW) technique was used to interpolate climatic data
from weather stations, while the spatial distributions of remote sensing albedo (Table 2) were
utilized to derive the Ry values.

4 Results and Discussion
4.1 Performance comparison of the SEBS algorithm and the AA method

For the accuracy assessment, SEBS estimated daily ET, pixel values that geographically
corresponded to the nine weather stations (Figure 1) in the IBIS were extracted and compared
with-ET, derived using the AA method. A reasonable correlation between daily ET, (for

cloud-free days) of SEBS and AA, vielding coefficients of determination (R?) of 0.70 and
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0.61, with bias errors of -0.15 (-2.85%) mm day™ and 0.23 (11.40%) mm day, and a root
mean-square error (RMSE) of 0.76 mm day™ and 0.39 mm day™ during the kharif (wet) and
the rabi (dry) seasons, respectively (Figure 4). Bias error was determined by subtracting ET,
of AA from SEBS estimations, so that negative and positive biases corresponded to under-
and.over-estimation of SEBS in comparison to the AA method, respectively. Generally, the
comparison revealed that SEBS estimations tracked the AA calculations fairly well, but ET,
from both of the approaches deviated slightly more from the 1:1 correspondence line for

extreme high and low values. This result was due to the fact that SEBS ET, was derived by

solving the energy budget equation (AE=R,-G-H) and therefore, the high spatial

variability (25 km?) of the GLDAS meteorological input data could cause distortions in the
estimated energy fluxes. In addition to the meteorological factors, the difference in the spatial
scale of ET, estimates for SEBS and AA could cause some errors in the comparisons.
Bastiaanssen et al. (2012) reported similar problems with spatial scale when comparing the
Surface Energy Balance Algorithm for Land (SEBAL) results with lysimeter values. The AA
method performed worse during extreme wet and dry environmental conditions. Liu et al.
(2006) mentioned that methods based on complementary relationships usually
underestimated ET, in humid conditions, while overestimating in arid conditions. A similar
inconsistency was reported for the complementary relationship approaches such as the AA
method, which used the minimum data in order to derive ET, in comparison with energy
balance approaches (Rwasoka et al., 2011; Usman et al., 2014). Usman et al. (2014) used the
SEBAL model with MODIS data to estimate ET, for a small watershed in the IBIS and found
percentage biases of -24.89% and -13.32% in comparison with the AA method during the
summer (April-September) and winter (October-March) seasons, respectively. Nevertheless,
SEBS-performance in this study was also comparable with previous studies in which remote

sensing land surface parameters were combined with GLDAS meteorological information (Su
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et al., 2007; McCabe et al., 2011; Byun et al., 2014).

4.2 Effect of climate variables on monthly actual evapotranspiration

SEBS estimated daily evaporative fraction could be integrated at appropriate intervals
using EQq. (8). Mean monthly ET, estimated by Eq. (8) is presented in Figure 5 along with
variations in the basic meteorological variables across the IBIS. Table 3 shows the results of
the linear correlation between the meteorological variables and ET, with a significance level
of 0.05 (p-value). Variation in ET, ranged between 33 mm (December) and 152 mm (July)
and was in accordance with the trends of mean monthly air temperature and rainfall volumes
(Figure 5a). The highest ET, during July was due to the prominent monsoon season in which
nearly 65% of the total annual rainfall occurred with high mean air temperatures values.
However, 'in spite of some of the rainfall amounts, the lowest values in the month of
December were primarily due to reduced available energy (Ullah et al., 2001). Significant
results (p < 0.05: Table 3) for temperature and rainfall reflected the hydro-meteorological
characteristics of the region and showed that ET, variation was largely dependent on
variation -of both of these variables. Both factors could directly affect the water demand and
supply, in order to convert a water scarce area (rainfall < ET,) into a water production area
(rainfall > ET;). A high positive correlation (R?=0.86: Table 3) between the air temperature
and ET4 depicted the existence of high surface energy potential in the region which

maximally supported the highest vapor transport process.

Wind speed (Figure 5b) was another factor contributing to high ET, during the summer
(April-September) with a declining contribution during winter (October-March). Overall, no
significant correlation (R?*=0.17: Table 3) was found between wind speed and ET, for the
study period. The wind speed involved in the aerodynamic resistance calculations and any
changes in its values were central to changes in evaporative demand. Fluctuations in wind

speed were directly connected to roughness through vegetation (Bichet et al., 2012) and

This article is protected by copyright. All rights reserved.



diversity of vegetation structure in the IBIS, due to a variety of land uses and land cover types

(Cheema-et al., 2010) which could cause larger variability in ET.

Relative sunshine duration and relative humidity did not fully correspond to ET,
variations (Figure 5c). Relative sunshine duration was associated with daily available energy
and its variation could be described by cloud-free and cloudy conditions (Liu et al., 2010).
The effects of relative sunshine duration were not significant showing the least correlation
(R?=0.01: Table 3) with changes in ET, among all of the tested variables. This was primarily
due to its relatively minor variation range during the study period. Relative humidity, linked
with vapor pressure deficit was close to the 0.05 significance level and was negatively
correlated (R*=0.32: Table 3) with ET.. A large fluctuation in relative humidity values during
the summer period was slightly more influencing to the estimated ET, (Figure 5c). Both
factors, relative sunshine duration and relative humidity, which are believed to have a strong
influence (Ren et al., 2012; Cao et al., 2013), showed inferior impact to monthly ET,
computed using the SEBS (Table 3). This result clearly demonstrated that the impact of
relative sunshine duration and relative humidity was altered by mean air temperature, which
was the most dominant factor that controlled ET, in the IBIS.

4.3 Seasonal and annual evapotranspiration and deriving variables

Satellite based spatio-temporal calculations can provide useful information in order to
determine variability in water equity, i.e., net water production (Rainfall > ET,) or water
consumption (Rainfall < ET,). The monthly maps of SEBS ET, and rainfall (interpolated)
were summed and a summary of mean seasonal and annual values were obtained through a
spatial overlay analysis in Geographic Information System (GIS). Mean ET, and rainfall
across the various canal command areas (CCASs) ranged between 536-874 mm and 60-414
mm during the kharif season, 222-380 mm and 13-202 mm during the rabi season, and 854-

1208 mm and 99-596 mm on an annual basis, respectively (Figure 6). When ET, > rainfall,
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irrigation water is supplied by surface water or pumped ground water (Cheema et al., 2014).
From a ‘hydrological prospective, diversity in the rainfall pattern along with inconsistent
water supplies (Ahmad et al., 2009), and unstable ground water quality + availability
(Cheema et al., 2014) caused larger fluctuations in ET, across the CCAs. Areas located near
primary rivers or at the head of canals usually received high water supplies, which gradually
decreased towards the tail-enders (Ahmad et al., 2009). Therefore, CCAs located in Punjab
showed comparatively smooth results for ET, during both seasons (kharif and rabi) in spite
of larger variations in rainfall, due to their greater proximity to surface water and good
quality ground water (Cheema et al., 2014). High variability in ET, across the CCAs in the
Sindh and KPK provinces, specifically during the kharif season, reflected their dependence
on rainfall rather than surface or ground water access. The relatively dry conditions
prevailing during the 2009 kharif season (Yu et al., 2013) were due to 50% less rainfall than
the long-term average value, which consequently produced high temporal variability in ET,.
Spatial variability in ET, is shown (Figure 6) by means of standard deviation (error bars).
Low error bars around mean value across each of the CCAs depicts that water use was
remained more consistent during the rabi season than in comparison with the kharif season

which showed relatively higher standard deviation values.

Larger variability during the kharif season was attributed to higher availability of surface
energy with variations in surface soil moisture across the basin. A scatter plot comparison
between seasonal mean ET, and rainfall values showed a negative correlation during the rabi
season and a positive correlation during the kharif season (Figure 7). For the rabi season, ET,
generally decreased with an increase in rainfall because of energy limitations which were
caused by a decrease in air temperature. However, ET, gradually increased with an increase
in rainfall during the kharif season because of high air temperature which positively

influenced energy and water budgets (Cao et al., 2013).
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Seasonal and annual distributions of ET, were not only impacted by water and energy
distribution, but also by crop water demand and cultivation patterns that were dominated by
different cropping systems in the IBIS (Ullah et al., 2001). Results of seven different
cropping zones showed large differences in ET, (SEBS), ET, (P-T), and rainfall, with annual
ranges of 853-1168 mm, 1788-1967 mm and 123-481 mm, respectively (Table 4). Low ET,
values in the mixed-cropping zone (14,000 km?) were primarily caused by cultivation of food
and fruit crops that are less water intensive, and by high seepage due to presence of sandy
soils (Ullah et al., 2001). Similarly, annual ET, values were higher in the rice-wheat cropping
system, which covers approximately 43,000 km? in the IBIS of Pakistan. The primary reason
for these higher values is related to farming water management practices for rice. Rice crops
are ponded in standing water by farmers during the entire growing season in order to
maximize rice crop yield (Usman et al., 2014). This results in larger ET, values annually.
The difference between ET, and rainfall (ET,-P) varied between 479-844 mm (Table 4) and
implies that locally occurring rainfall minimally supported the high water demands of

irrigated agriculture in the IBIS.

It has been reported in different studies that availability of surface and groundwater

supplies is expected to be reduced in coming years (Qurashi et al., 2010; Cheema et al.,

2014). Relative evapotranspiration (RET) measured as ET, / ET, can be an important

strategic indicator to identify areas that are suffering from water resources scarcity. Figure 8
shows the seasonal spatial distribution of RET, illustrating a strong seasonality due to
contrasting cropping patterns and climatic conditions. Values of RET varied between 0.08-
0.77 and 0.12-0.61 and had average values between 0.59 and 0.42 during the kharif and the
rabi seasons, respectively. For the Punjab rice-wheat cropping zone, Ahmed et al. (2009)
reported a 0.6 RET value under similar climatic characteristics. Most of the areas located in

Punjab and KPK showed relatively greater and uniform RET values during both seasons due
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to higher agricultural land coverage and greater proximity to surface water. A RET of less
than 0.2 was prominent in tail-ender areas or where cropping intensities were low with sandy
soil types, such as the Punjab mixed cropping zone (Ullah et al., 2001). As RET is related to
a water deficiency against potential crop water demands, a value of 0.8, which ensured
sufficient soil moisture for evapotranspiration processes under less water stress and
maximized crop production, is generally assumed ideal (Awan et al., 2011). Wheat is one of
the major crops in the rabi season sown on more than 55% of the total IBIS (Khan et al.,
2008). A mean RET in study areas was 48% less than the target values (0.8). This shows
water scarcity in the region which illustrates water management flaws in irrigation schemes.
However, proper utilization of rainfall in the kharif season can further increase soil moisture

availability (i.e., RET) during rice growing periods.

4.4 Sensitivity analysis of the SEBS algorithm

A sensitivity analysis was conducted in order to investigate the role of important
parameters on SEBS performance, to constrain errors and increase robustness. In general,
uncertainties in input parameterization are largely associated with inherent errors in satellite
data and with the processing of image data (Gibson et al., 2011; Byun et al., 2014). Several
authors have reported various types of SEBS sensitivities to input data (Badola, 2009; van der
Kwast et al., 2009; Gibson et al., 2011; Wang et al., 2013). Recently, Abdelrady (2013)
reported that sensible heat flux (H) is more sensitive to atmospheric variables than vegetation
indices. Badola (2009) concluded that vegetation indices, including LAl and NDVI values,
had no significant effects on daily ET, in the SEBS algorithm. In this study, sensitivity
analysis of fundamental climate variables, including land surface temperature (Ts) and land
surface albedo derived from MODIS, as well as air temperature (T,) and wind speed derived
from GLDAS, was conducted to examine the impact of variation in these climatological

variables on the estimated ET, by SEBS. T and T, changed between -10-10 K with a step of
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1 K from their base values, while wind speed and albedo values were changed from -20-20%
with a step of 2%. Changes in each variable were made individually while keeping the other
parameters at their base values. Although selection of day of year (DOY) for sensitivity
analysis is irrelevant due to fixed variations in climatological variables, crop growth stages
were considered for the selection of DOY-133 for analysis. Responses in SEBS outputs to
variation in these parameters are presented in Figure 9.

Relative change in Ts and T, from -4-10 K caused approximate differences of 13—-58%
and 16—-49% in estimated daily ET, from its base value, respectively (Figure 9a). Since the
SEBS algorithm works on the principle of extreme limiting conditions (i.e. dry and wet
limits), for this particular case, the wet limit was attained only when both Ts and T, were
decreased to approximately -4 K from their base values. After reaching the wet limit, ET,
remained constant with a further decrease in T, and showing a gradual decrease from 13 to
8% with a decrease in Ts from -4 to -10 K. The ET, decrease was associated with H
calculation at the wet limit condition [Eq. (6)], where net radiation (Ry) depended on Ts.
Overall, the changes in T and T, from -4 to 10 K within the extreme limits caused a linear
variation in the instantaneous H from -41 to 152% and -50 to 158% [Eq. (4)], respectively
(Figure 9b). A further decrease in T beyond the wet limit (-4—-10 K) increased H from -41
to -20%, while it remained constant when T, was changed. Independent from extreme limits,
instantaneous Ry decreased linearly by approximately 10 to -12% by changing Ts from -10
to 10 K from its base values, while T, had no effect on estimated Ry (Figure 9b). Generally,
between the extreme limits, our results showed similar trends with those of previous studies
(van der Kwast et al., 2009; Gibson et al., 2011). However, beyond extreme conditions (wet
limit), this study extended the findings of Gibson et al. (2011) and Wang et al. (2013) to
highlight the need for changes in algorithm formulation. The extreme limits are the boundary

conditions where energy balance parameters should become constant and, in this study, the
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errors obtained beyond the wet limit were physically not feasible, specifically in optimal and
dry moisture conditions. The results between the extreme limits imply that both the T and T,
are almost equally sensitive to energy balance components causing relatively larger errors in
daily ET,. These temperatures are involved in all stages of the SEBS algorithm for estimating
total surface energy budget (Gibson et al., 2011) and, therefore, any erroneous data inputs
may lead to ambiguous results of the final ET, product. This also implies that their realistic
consequence may occur in semi-arid to arid areas, such as the IBIS, where the mean air
temperature significantly affects ET,

Wind speed is one of the crucial climate variables in the SEBS algorithm. It is used for
the determination of various terms including roughness height for momentum and heat
transfer,~which are related to aerodynamic resistance in H calculation. Figure 9c depicts
changes of -20 to 20% in wind speed which led to linear errors in H from -11.4 to 11.4%.
This consequently produced an error of 3.4—-3.4% in daily ET,. van der Kwast et al. (2009)
also reported an approximately -8 to 8% difference in estimated H with a -25 to 25%
variation in wind speed from field measurements. These minor errors were in an acceptable
range when compared with those obtained from T and T,. However, the change in wind
speed was central to the change in the eddy diffusivity, which, in turn, altered the evaporative
demand (Cao et al., 2013). Fluctuation in wind speed was convoluted and generally
associated with surface roughness controlled by vegetation characteristics (Bichet et al.,
2012). As SEBS solves a set of complex equations between height of the canopy and
displacement to estimate roughness parameters, the relationship between wind speed at
reference height and various land cover types in heterogeneous underlying surface
environments needs to be explored.

Broadband surface albedo is normally utilized to determine the primary source of energy,

i.e., instantaneous Ry and daily net radiation, Ry24. Estimated Ry is used to derive G and AE ,
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and to estimate H at extreme limits (dry and wet) as described earlier, while Ryz4 IS an
essential factor for scaling up the instantaneous evaporative fraction ( A ) to daily ET,. Figure
9d reveals that Ry, Rnz2s4, and ET, linearly decreased from 4.5--4.5%, 5—-5%, and 6—-6% by
changing the base albedo value from -20 to 20%, respectively. Slightly higher inaccuracy in
ET. was produced from the combined effects of Ry and Rnz4. These errors were not higher
than those reported in the literature (Badola 2009). However, it should be noted that an
uncertainty in the albedo may cause errors in H through Ry at extreme limits, which could
ultimately lead to erroneous results of the daily energy budget throughout the process in the
SEBS algorithm. Surface albedo is generally affected by solar zenith angle, soil moisture
status, and vegetation cover (Oguntunde, 2004), which indicates that any mis-
parameterization of albedo may produce variation in ET,, specifically in extreme dry or wet
land conditions.

5. Conclusions

The results of the present study showed that the publically available remote sensing,
MODIS, and GLDAS data are useful for tracking aerial changes in water consumption (ET,)
and water stress (RET) when in-situ surface or near surface measurements are incomplete or
not reliable. The single-source energy balance algorithm (SEBS) is capable of estimating
daily ET, fairly well as produced by the complementary relationship approach (AA), which
uses minimum ground measurements. However, SEBS estimations were slightly lower than
the AA calculation (-0.15 mm day™) during the kharif (wet; April- September) season and
were higher (0.23 mm day™) in the rabi (dry; October-March) season. SEBS daily ET,
estimations were further integrated in space and time in order to capture spatio-temporal
variations in ET, over large heterogeneous areas such as the IBIS. Among the basic
climatological factors, mean air temperature followed by rainfall significantly (P<0.05)

affected variations in monthly ET,, while relative humidity showed a downward tendency,
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which indicated that ET, in the IBIS is controlled by the mutual effects of water and energy
budgets. Due to seasonal differences in water and energy balance, rainfall positively impacted
ET, in the kharif season and it showed a negative correlation with ET, during the rabi season
in the huge canal command areas (CCAs) of the IBIS. Generally, the difference between ET,
and.rainfall (ET, - P) revealed that locally generated rainfall is insufficient to support
irrigated agriculture as the entire IBIS fits with a net water consumptive (ET > P) region.
Spatially, the consumptive water use (i.e., ET,) varies depending upon water distribution,
diversity in cropping systems and crop water demands. Seasonal spatial distribution of RET
identified areas under high water stress. A mean RET of approximately 48% less than the
ideal value (0.8) during the rabi season indicated serious threats to the future sustainability of
essential-food crops for a rising population. In order to address and mitigate water scarcity
issues at the basin scale under a changing climate, an understanding of socio-economic
factors at a field scale is important to take into consideration. Aside from these daunting
challenges for economic development and livelihood, the hydrological facts quantified by
SEBS are vital for the understanding of both water cycling and regional water resources
management. However, accurate data inputs and careful processing are essential to take full
advantage of SEBS, as basic climatic variables involved in its algorithm composition are
sensitive to various energy budget parameters.
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Figure 5: Effect of the climatic variables on SEBS estimated monthly ETa.
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Figure 6: Mean seasonal and annual ETa (mm) and rainfall (mm) during the kharif (April-

September) season and the rabi (October-March) season across each of the CCAs in the
IBIS. (For the identification of the CCAs, the readers are referred to Figure 1.)
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Figure 7: Correlation between mean seasonal rainfall and ETaacross the CCAs in the IBIS.

This article is protected by copyright. All rights reserved.



68°E T0°E 72°E T4°E 68°E T°E T2°E 4E

Z. | (a) Kharif (Apr-Sep 2009) ‘9,. VL2 | oravioc 2009 ar 2000 2 ol

& | Mean=0.59 ' ,_*E & | Mean=0.42 : %
L 5

& Z |

> a 3

E £ »

= A 3

28°N
28°N

NLSZ

26°N
26°N

68°E T0°E 72°E T4E

I
0.4 0.6 0.8 i

Figure 8: Spatial distribution of relative evapotranspiration (RET) as a ratio of ET./ET,, in the
IBIS. (For interpolation of the regions in this figure, readers are referred to Figure 1).
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Figure 9: A sensitivity analysis on DOY-133 of SEBS estimated (a) ETato change in Ts and
Ta(b) Instant Ry and H to change in Ts and T, (c) ETa, and H to wind speed and (d) ETa,
instantaneous Ry and daily R4 to change in albedo.
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Table 1. Cropping zones characteristics

Are Mean Temperatur
Ecolo .
a _ Altitude es Rainfall Major Crop
S.No . Crop Zones gical
(K (m) Min  Max  (mm) Types
, Zone ) .
m?) (©) (O
Punjab Mixed . Wheat,
1 . 102 semi- 6o 6 43 222 Cottonand
Cropping 90  Arid S
ugarcane
) Punjab Rice 146 Semi- 173 A a4 423 Rice and
Wheat 73 Arid Wheat
Punjab Cotton
g 451 : Cotton and
Wheat 85 Arid 323 6 46 152 wheat
Punjab
4 Sugarcane 204 Semi- Sugarcane
Ws . 83 Arid 200 6 45 321 and wheat
ea
. Sindh Cotton 258 Semi- 105 10 48 123 Cotton and
Wheat 76 Arid wheat
; Sindh Rice 287 Semi- 28 14 4 146 Rice and
Wheat 93  Arid Wheat
Northwest Wheat. Mai
. eat, Maize
7 Mixed 329 S“il(’:glo 31 3 39 481 and
Cropping P vegetables
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Table 2. Sources of data acquisition for SEBS algorithm

Data Type Source Variables Spatial Resolution Temporal Resolution
LST/Emissivity (MOD11A1) 1km Instantaneous
Satellite Albedo (MCD43B3) 1km 8-day
Land MODIS LAl (MCD15A2) 1km 8-day
Surface
Data NDVI (MOD13A2) 1km 16-day
GTOPO30 DEM 1km
Wind Speed (m/s)
Air Pressure (Pa)
GLDAS = NOAH Air Temperature (K) 25km 3- Hourly

Specific Humidity (Kg/Kg)

Short-wave Radiation (W/m?)

Long-wave Radiation (W/m?)

Table 3. Statistics (Y = ax + b) between SEBS estimated mean monthly ET, (mm) and
metearological variables in the IBIS

Statistics Meteorological variables
Rainfall Mean air Relatl've Relative Wind speed
(mm) Temperature sun'shlne humidity (%) (mfs)
(°C) duration (%)
a 1.69 521 0.65 -1.99 51.80
b 60.81 -44.24 45.32 202.11 -40.90
R? 0.33 0.86 0.01 0.32 0.17
p-value 0.049" 0.001 0.768"™° 0.054 M 0.160M°

p-value with Pearson linear correlation
NS indicates non-significant difference at the 0.05 probability level.
* Indicates significance at the 0.05 probability level.
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https://lpdaac.usgs.gov/products/modis_products_table/mod11a1�
https://lpdaac.usgs.gov/products/modis_products_table/mcd43b3�
https://lpdaac.usgs.gov/products/modis_products_table/mcd15a2�
https://lpdaac.usgs.gov/products/modis_products_table/mod13a2�

Table 4. Mean seasonal and annual rainfall (R), ET, (P-T) and ET. (SEBS) during the
Kharif (April-September) season and the rabi (October-March) season for different
cropping.zones in the IBIS. All units are in mm.

Crop Kharif Rabi Annual

Ela | R | ET, | ET, |ET2| R | ETM | ET, ?TRa

Zones | R ETa |ETp ‘R R

Punjab
Mixed 170 | 631 | 1131 | 461 | 52 | 222 | 797 | 170 | 222 | 853 | 1928 | 631
Cropping

Punjab
Rice 346 | 849 | 1096 | 503 | 77 | 319 | 740 | 242 | 423 | 1168 | 1836 | 745
Wheat

Punjab
Cotton 126 | 793 | 1106 | 667 | 26 | 329 | 808 | 303 | 152 | 1122 | 1914 | 970
Wheat

Punjab
Sugarcane | 257 | 843 | 1109 | 586 | 64 | 322 | 760 | 258 | 321 | 1165 | 1869 | 844
Wheat

Sindh
Cotton 116 | 675 | 1017 | 559 7 | 335 | 913 | 328 | 123 | 1010 | 1930 | 887
Wheat

Sindh
Rice 103 | 667 | 1045 | 564 | 43 | 338 | 922 | 295 | 146 | 1005 | 1967 | 859
Wheat

Northwest
Mixed 295 | 701 | 1043 | 406 | 186 | 259 | 745 | 73 | 481 | 960 | 1788 | 479
Cropping
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