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Excessive water use in the agricultural sector in the Betwa–Dhasan basin of the Bundelkhand region is
becoming the cause of irrepressible drawdown in the groundwater level. These changing dynamics are
becoming the cause of water scarcity in the basin and increasing difBculty in fulBlling the water demand of
the area. For incorporating the water-saving agricultural practices in the region, it is essential to have a
precise estimation of the crop water productivity (CWP) and evapotranspiration (ET) at the basin scale.
In this analysis, the Kharif and Rabi seasons of 2004–2005, 2009–2010, and 2013–2014 have been included.
The ET and CWP have been calculated for all the seasons. The MODIS satellite imageries have been used
for calculating the ET using the surface energy balance algorithm for land (SEBAL) algorithm. The
highest CWP has been recorded as 2.56 kg/m3 for the Rabi season 2014. With the increase in the demand
for water for irrigation and agricultural purposes, the groundwater gets depleted. The decadal groundwater Cuctuation map of the Rabi season (2005–2014) shows that groundwater gets depleted by more
than 30 m within this period in some of the river basin regions situated in the Jhansi and Tikamgarh
districts.
Keywords. Betwa–Dhasan basin; ET; CWP; SEBAL; MODIS.

1. Introduction
Agriculture appeared about 10,000 years ago in one
of the regions of the Middle East. The history of
agriculture is about restoration and improving soil
fertility (Kalinina et al. 2019). Water is an essential parameter for agriculture, and it has a significant eAect on the eventual yield. For large
agricultural regions, water deBcit is a common
problem. The scarcity of water is due to irregular
rainfall patterns, non-availability of the ground,
and dam water for irrigation. These are significant

limitations for biomass generation at different
growth stages and yields (Flexas et al. 2004; Mallick et al. 2007). Evaporation (E) and transpiration
(T) (together termed as evapotranspiration (ET))
comprise a considerable amount of water usage in
the river basin. The ratio of actual ET (AET) to
that of potential ET (PET) indicates a water
deBcit (1  AET/PET) (Mallick et al. 2007; Kiptala et al. 2013). The information about the ET is
helpful for a better understanding of evaporative
depletion and for establishing a link between land
use, water use, and water allocation in a river basin
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(Bastiaanssen et al. 2005). The evaluation of AET
for a region can be performed by calculating energy
balance and water balance (Mallick et al. 2007).
These calculations can be performed over large
agricultural patches with satellite thermal and
optical data using an energy balance physical
model and vegetation index (VI) based empirical
model (Yunhao et al. 2005).
There are several algorithms for estimating ET
using remote sensing technology, and among them,
the surface energy balance algorithm for land
(SEBAL) is most widely used, and researchers have
applied this algorithm over the different regions of
the Earth (Zhang et al. 2010; Rahimi et al. 2015).
SEBAL algorithm uses the spatial variability of
reCectance, land surface temperature, and VI
observations (Romaguera et al. 2010). Some of the
scientists had evaluated this algorithm and found
that RMSE (Root Mean Square Error) lies in the
range between 0.1 and 0.2 for evaporation. These
scientists had compared energy Cuxes from the
surface using an uncalibrated SEBAL algorithm
with the measured values (including the error from
the measuring instruments) in a few regions. In
85% of cases, the differences between the surface
Cux calculated from SEBAL and Beld Cux were
within the range of instrumental inaccuracies
(Bastiaanssen et al. 1998a, b). Some of the
researchers had obtained AET by utilizing MODIS
images and applying the SEBAL model over the
eastern Amazon forest. They concluded that the
SEBAL method underestimates in the dry season
and overestimates in the wet season (Ferreira
Junior et al. 2013). Nouri (2010) had calculated the
spatial extent of daily ET with the help of the
SEBAL method and MODIS imageries in the
Mashhad catchment area. The work showed that
MODIS images and SEBAL algorithm estimate
daily AET in the region with acceptable accuracy.
Along with ET, it is also important to have
knowledge about crop water productivity (CWP).
This term is used for deBning the relationship
between water consumption for producing crops
and agricultural output. CWP has been deBned as
the measurement of the eDciency of water use. The
unit for this parameter is kg/m3 or kg/(ha-mm) (Li
et al. 2008; Venancio et al. 2020). Climatic
parameters also aAect the ET. The precipitation
has a moderate correlation with ET, and air temperature has been weakly correlated with ET
(Nagler et al. 2007). Precise estimation of CWP
and ET is very vital for implementing water-saving
agricultural techniques (Li et al. 2008). Agriculture
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has been a significant industry for several countries
across the world, and it contributes most to the
country’s GDP.
India is the second most populated country in
the world (Hazra 2018), and a gigantic setup of
agriculture is needed to feed this vast population.
Moreover, the agriculture sector is the backbone of
India. It accounts for almost 30% of the country’s
GDP (gross domestic product). The primary
cropping seasons in India are the Kharif season
(July–October) and Rabi season (December–March) (Mondal et al. 2014; Dige 2020). With
an increase in population, the pressure on water
resources increases, and less water remains available for agricultural purposes. Food security for the
upcoming generation has been at stake (Zwart and
Bastiaanssen 2004). The agricultural sector uses
groundwater to a great extent for irrigation purposes. Indian agricultural sector consumes around
60% of the groundwater, and in that process, it
becomes the greatest consumer of groundwater in
the world with an estimated annual withdrawal
exceeding over 230 km3 (Chinnasamy and Agoramoorthy 2015a, b). Several of the large and
important river basins of India like the
Ganga–Brahmaputra basin and Indus river basin
are extremely fertile for agriculture have recorded
water loss at the rate of *34 and *10 km3/year,
respectively (Tiwari et al. 2009). Several
researchers have found out that in the region of
Rajasthan, Punjab, and Haryana, groundwater
gets depleted at the rate of 4.0 ± 1.0 cm/year
equivalent height of the water, or 17.7 ± 4.5 km3/
year. The resourceful farmers in this region are
more inclined towards intensive farming with the
help of groundwater irrigation. This practice has
caused the serious depletion of groundwater in this
region. Loss of 109 km3 of groundwater has been
reported for this region during the time period
between August 2002 and October 2008 (Rodell
et al. 2009). This triggered a major outcome in the
form of government policies regarding the conservation of groundwater resources (Singh et al.
2017). The state of Tamil Nadu has also seen a
tremendous increase in the usage of groundwater
for agricultural purposes (Chinnasamy and
Agoramoorthy 2015a, b).
The same kind of scenario can be seen for the
Bundelkhand region also, and along with this the
problem of food scarcity has been very prominent in
this region. The overuse of groundwater can lead to a
drought-like scenario, and the Betwa river basin of
Bundelkhand has been severely aAected by frequent
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droughts. The Aquifer system in the Betwa basin is
inadequate and non-dependable largely due to hard
rock hydrogeological conditions. Most parts of the
basin have meager groundwater yield (Jeet et al.
2019). Improper management of water resources
makes the condition more worsen (Padhee et al.
2017). Estimations of groundwater use and demand
for agricultural productivity are important to identify future food security measures and sustainable
farming methods. The groundwater use for agriculture should be at sustainable rates to ensure longterm food and water security. The sustainability of
water resources will be maintained if the groundwater table does not get exhausted. The meteorological
parameters have also shown their eAect on agricultural practices. The synchronous proBles of rainfall,
soil moisture, air temperature, and wind speed get
disturbed due to anthropogenic activities, such as
changing irrigation practices, and it is an interesting
phenomenon in the agricultural landscape. Satellite
remote sensing plays an important role in the quantitative estimation of soil moisture, precipitation, air
temperature, and wind speed (Yong et al. 2015;
Singh et al. 2017; Mahto and Mishra 2019; Tetzner
et al. 2019; Tarek et al. 2020).
In this work, the depleting groundwater scenario
has been analysed with respect to the CWP of the
Betwa–Dhasan river basin area with a quantitative
approach which is the Brst of its kind as per the
authors’ knowledge. The amount of groundwater
usage can be inferred by observing the groundwater
Cuctuation maps. In addition to that, meteorological
parameters have also been examined to assess the
eAect of the seasonal variation on the crop water
demand and groundwater scenario. This study will
be helpful for the proper harvesting of the groundwater in this region.

2. Materials and methods

sub-humid, while the lower area has a climatic
pattern like hot and moist semi-arid. The mean
annual precipitation and evaporation in this region
are 1,138 and 787 mm, respectively. The average
yearly temperature of the basin is 23.5°C. The
most dependable water source for irrigation and
other purposes in this region is groundwater
(Avtar et al. 2011; Jeet et al. 2019; Mali et al.
2019). The map of the study area location has been
depicted in Bgure 1.
2.2 Datasets used
2.2.1 LANDSAT data
The initial cropping area in the basin has been
delineated with the help of the LANDSAT-5 and
LANDSAT-8 satellite images. The six satellite
images have been used for the time period of
2004–2005, 2009–2010, and 2013–2104. For the
time period of 2013–2014, LANDSAT-8 images
have been used. Out of the six images, three images
were from the Kharif season, and the other three
were from the Rabi season.
2.2.2 MODIS data
The products of MODIS used in this analysis are
MOD09GA.006 (daily surface reCectance data)
and MOD11A1.006 (daily LST (land surface temperature) data). These datasets have been used for
the calculation of AET by using the SEBAL algorithm. The data are daily datasets. Images have
been acquired daily for each season under consideration. The datasets of daily LST and surface
reCectance for the AET calculation have been
processed within the Google Earth Engine (GEE)
domain. The datasets have been taken for Kharif
and Rabi seasons is for the time period of
2004–2005, 2009–2010, and 2013–2104.

2.1 Study area
The study area for this analysis has been the
Betwa–Dhasan basin area. The spatial extent of
this basin lies between latitude 24.90°–26.04°N and
longitude 78.08°–79.58°E. The basin has an area of
15,610 km2. It covers the region of Bundelkhand
uplands. Tikamgarh, Sagar, Ashoknagar, Shivpuri,
and Chhatarpur districts of Madhya Pradesh and
Hamirpur, Jalaun, Jhansi, Mahoba, and Lalitpur
districts of Uttar Pradesh lies in this basin.
The upper region of the basin is a hot and dry

2.2.3 Meteorological data
The climatic datasets used in this analysis are gridded datasets. Gridded datasets are better than point
data because they produce better representation
compared to point data (Ensor and Robeson 2008).
IMD (Indian Meteorological Station) station and
gauging station data do not provide a proper representation of the surrounding area (Stellman et al.
2001). Meteorological datasets are daily datasets.
Soil moisture data has been acquired from the Global
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Figure 1. Location map of the study area in relation to states and districts.

Land Data Assimilation System (GLDAS). This
system integrates ground-based observation products and satellite-based products. It uses advanced
land surface modelling and data assimilation techniques for generating optimal Belds of Cuxes (Rodell
et al. 2004). Datasets available in GLDAS are from
1 January 2000. GPM datasets have been used for the
precipitation measurements. Precipitation datasets
have been calibrated by using gauge analysis of the
Global Precipitation Climatology Centre (GPCC)
(Sungmin et al. 2017). The ERA 5 datasets have been
used for both wind speed and air temperature measurement (Tetzner et al. 2019; Tarek et al. 2020). For
the calculation of the air temperature, ‘mean˙2m˙air˙
temperature’ band has been used, which measures
mean air temperature daily at 2 m height. For the
wind measurement, the bands which have been used
are ‘u˙component˙of˙wind˙10m’ and ‘v˙component˙of˙wind˙10m’. These bands measure the wind
speed in horizontal and vertical directions, respectively, at 10 m above the ground. Afterwards, the
resultant wind velocity has been computed for this
analysis.
The meteorological datasets have been taken for
the Kharif and Rabi seasons for the time period of

2004–2005, 2009–2010, and 2013–2104. Table 1
shows the list of meteorological data implemented
in this analysis.
2.2.4 Groundwater (GW) and yield data
Groundwater level data for the given period
(2004–2014) has been collected from the Central
Ground Water Board (http://cgwb.gov.in/). The
yield data has been collected for the given time
period (2004–2014) from the Open Government
Data (OGD) platform maintained by the Ministry
of Electronics and Information Technology,
Government of India (https://data.gov.in/).
2.3 Methodology adopted for this analysis
The Cowchart of the methodology has been
described in Bgure 2. The ET has been calculated
using the MODIS data by applying the SEBAL
algorithm. The LANDSAT images have been used
for the calculation of the NDVI values for the time
period under consideration. The ET values, along
with the yield data, have been applied for computing the CWP values.
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Table 1. List of the meteorological data used in this study.
Meteorological parameters

Datasets used

Precipitation
Air temperature
Wind speed
Soil moisture

GPM
ERA5
ERA5
GLDAS

Spatial resolution (km2)
10
25
25
25

9
9
9
9

10
25
25
25

Figure 2. Flowchart of methodology.

2.3.1 Crop area extraction using LANDSAT
datasets
The initial delineation between crop and non-crop
areas of the basin for different seasons has been
done by calculating normalized difference vegetation index (NDVI) values of the LANDSAT satellite images. For the Kharif season, the NDVI range
varies between 0.39 and 0.66, and for the Rabi
season, the NDVI range varies from –0.14 to 0.37
(Mondal et al. 2014). The NDVI has been calculated for all six images. These seasons have a
duration of four months, i.e., 120 days, approximately. The satellite images were chosen so that
approximately one-fourth of the season days for
that particular season still remain. This has been
done because the Kc (crop coefBcient value) for
most of the crops show maximum value within this
period (Pokorny 2019). So the proper delineation
between crop and non-crop areas can be done. The
masks of the non-cropped area have been made

with the help of these satellite images for different
seasons using the binarization technique.
2.3.2 SEBAL algorithm for ET calculation
For estimating ET, the SEBAL algorithm has been
applied. This algorithm requires reCectance and
LST datasets along with the vegetation indices
values. The approach based on remote sensing
principles has been used for determining the
instantaneous evaporative fraction (K) with the
help of LST and surface reCectance. Since the
satellite image can procure information about the
overpass time only, so ETinst (instantaneous ET)
Cux can be computed. This model is based on the
energy balance equation, and the equation is
kET ¼ Rn GH ;

ð1Þ

where kET is the latent heat Cux (W/m2), Rn is
the net radiation Cux (W/m2), H is the sensible
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heat Cux (W/m2) and G is the soil surface heat Cux
(W/m2).
Net radiant energy the land surface actually
receives from or loses to the atmosphere is known
as net radiation. It can be computed as follows:

and dry edge have been deduced. It has been assumed
that H will be zero for wet pixels, and kE will be zero
for dry pixels (Danodia et al. 2019). The evaporative
fraction (K) will be calculated as:
K¼

Rn ¼ ð1  aÞ  RS# þ RL#  RL"  ð1  e0 Þ  RL# ;
ð2Þ
where Rs; is the incoming shortwave radiation
(W/m2), RL; is the incoming longwave radiation
(W/m2), RL: is the outgoing longwave radiation (W/m2), e0 is the surface thermal emissivity
(dimensionless), and a is the surface albedo
(dimensionless). For each sloping pixel, the
potential values of RS; have been determined using
theoretical clear sky curves (Allen 1996; Sett et al.
2018). RL: and RL; are the functions of surface
temperature determined from MOD11A1. The
value of e0 has been calculated using the
MOD11A1 product. The average emissivity value
of Band 31 and Band 32 have been evaluated for this
purpose. Calculation of the a has been done by
integrating band reCectance within the short-wave
spectrum with the help of a weighting function
(Starks et al. 1991; Zhang et al. 2011):
a¼

n
X

qi wi ;

ð3Þ

where wi represents the coefBcient of weighting and
the values for wi are 0.215, 0.215, 0.242, 0.129,
0.101, 0.062, and 0.036 (Tasumi et al. 2008). The
value of n is 7 (number of surface reCectance
bands), qi is the surface reCectance values of seven
MODIS bands having 500 m resolution obtained
from MOD09GA product.
Soil heat Cux ‘G’ can be estimated as (Bastiaanssen 2000):
G ¼ ðTs  273:16Þð0:0038 þ 0:0074aÞ
 ð1  0:98N 4 ÞRn ;

ð4Þ

where Ts is the surface temperature measured in
Kelvin, and N is the NDVI value computed from
the MODIS MOD09GA product.
Then the calculation of ‘H’ needs to be performed.
This calculation is the most challenging part of the
SEBAL algorithm. Conduction and convection processes incorporate the change in the rate of heat loss.
For calculating H, a scatter plot is created between
LST and surface albedo. LST values are computed in
accordance with the lowest range to the highest range
of the albedo values. From the scatterplot, wet edge

ð5Þ

where K is the evaporative fraction, Th is the surface temperature of the dry pixel with minimum
latent heat Cux (kE = 0), TkE is the surface temperature of the wet pixel with minimum sensible
heat (H = 0).
The evaporative fraction (K) can also be
rewritten as:
K¼

kE
kE
¼
:
kE þ H Rn  G

ð6Þ

After calculation of K, the sensible heat Cux can
be evaluated as:
H ¼ ð1KÞðRn GÞ:

ð7Þ

The daily ET24 (mm) can be estimated by using
the following equation (Bastiaanssen 2000; Li et al.
2008):
ET24 ¼

i¼1

Th  Ts
;
Th  TkE

KðRn24  G24 Þ
;
k

ð8Þ

where Rn24 is daily net radiation (W/m2), G24 is
daily soil heat Cux (W/m2), and k is the latent heat
of vapourization (J/kg).
Hargreaves method is used for computing ET0
(reference ET) when only air temperature data is
available (Xiaoying et al. 2006). The ET0 is calculated as follows:
Ra pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Tx  Tn ðT þ 17:8Þ; ð9Þ
ET0 ¼ 0:0023
k
where Tx is the maximum daily air temperature
(K), Tn is the minimum daily air temperature (K),
T is the average daily air temperature (K), and Ra
is the extra-terrestrial radiation (MJ/m2). The air
temperature data have been taken from ERA5
datasets.
The daily ET0 is calculated by the Hargreaves
method, and the daily AET (ET24) is calculated by
the SEBAL method. The crop coefBcient Kc is
calculated as following (Allen et al. 1998):
Kc ¼

ET24
:
ET0

ð10Þ

For the cloudy days, MODIS images have not
been acquired for the study; instead, for those days,
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daily AET has been calculated by the interpolation
technique (Li et al. 2008). The formula for the
interpolation is as follows:


Kc2  Kc1
t ;
ð11Þ
ETi24 ¼ ET0 Kc1 þ
T
where ETi24 is the interpolated daily AET for the
day i in mm, Kc1 and Kc2 are crop coefBcients
before and after the day of interest (day i),
respectively, T is the period of cloudy days (measured in days), t is the time span (measured in
days) from the day i to the day just one day before
the cloudy day when Kc1 is calculated from MODIS
data. The SEBAL algorithm has been validated
with the MODIS product MOD16A2.006. This
product is an 8-day composite and having a 500-m
pixel resolution (Mu et al. 2011). This MODIS
product underestimates the daily ET because
stomata closure at night promotes biases to plants’
night-time transpiration (Idso and Brazel 1984).
Cumulative ET for each season has been calculated
with the SEBAL algorithm, and for each season,
there is a single image. Over that image, 30 sampling points have been taken. For the MODIS
product MOD16A2.006, the cumulative ET has
been computed for each of the seasons under consideration. The same procedure has been applied
for all seasons. Therefore, combining all the seasons, 180 sample points have been plotted, and for
those sample points, an accuracy assessment has
been performed.
Before calculating the AET from MODIS data, the
MODIS products have been resampled to 30 m. Then
the masking of the non-crop area has been performed
in ArcGIS 10.3 for all MODIS images. The masks for
different seasons have been made from LANDSAT
images. Then for the remaining cropped area daily,
AET has been calculated from the SEBAL algorithm. MODIS images have been resampled to 30 m
because initial delineation of cropping and noncropping extent has been done for each season with
LANDSAT images, and those images have a spatial
resolution of 30 m.
2.3.3 CWP estimation
The CWP has been calculated for each season
under consideration by using the following formula
(Li et al. 2008):
CWP ¼

Y
;
ETall

ð12Þ

where CWP is the crop water productivity computed for each season (kg/m3), Y is the yield of the
total crop area (kg/ha), and ETall is the total ET
over the entire growing season (mm) (1 mm = 103
m3/ha). The ETall parameter has been computed
using the SEBAL model. The crop area of all
individual districts of the basin, along with the
crop production for the season, can be obtained
from the OGD data source. For the different seasons, the yield becomes different, so the ETall
value, which has been obtained using the SEBAL
algorithm. Then after using equation (12), the
CWP for the different seasons under consideration
have been calculated.
2.3.4 Making of the groundwater Cuctuation
map
Groundwater table maps have been made for
Kharif and Rabi seasons for the time period of
2004–2005, 2009–2010, and 2013–2104. Two interpolation techniques, namely inverse distance
weighted (IDW) and Kriging (universal Kriging),
have been implemented for preparing maps of the
Kharif and Rabi seasons. The RMSE has been
calculated for both the techniques w.r.t. 30%
observed well data points (points location collected
from CGWB data) using Geostatistical Analyst
tool in Arc Map. The weights for IDW vary
between 0.47 and 0.49, and for Kriging, weights
vary between 0.51 and 0.53 during the Kharif
season. Similarly, during the Rabi season, weights
for IDW lies in the range of 0.45–0.48, and weights
for Kriging vary within 0.52–0.55. Finally, weighted integrated groundwater level Cuctuation maps
have been created for Kharif and Rabi seasons for
the years under consideration.
3. Results
3.1 Crop area estimation using NDVI images
of LANDSAT satellite data
The crop area calculated from NDVI images is
overestimating as compared to government data
acquired from OGD. The crop area for Kharif and
Rabi increases as compared to the previous season.
For example, Kharif 2009 has more crop area as
compared to Kharif 2004 and so on. The percent
crop area increment for Kharif season in NDVI
images has been 16.05% from 2004 to 2009. Similarly, between the Kharif season of 2009 and 2013,
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Figure 3. Spatio-temporal distribution of the cropped area using NDVI of 90 ± 7 days after sowing. (a–c) represent Kharif
season and (d–f) represent Rabi season of 2004–2005, 2009–2010, and 2013–2014, respectively.
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Table 2. Temporal variation of crop area percentage within the basin.

Seasons
Kharif 2004
Rabi 2005
Kharif 2009
Rabi 2010
Kharif 2013
Rabi 2014

Crop area (%)
derived from
government data

Crop area (%)
derived from
NDVI images

LANDSAT image acquisition dates

26.18
45.67
42.23
56.28
48.82
62.74

26.49
46.06
42.52
56.83
49.27
63.20

4th October 2004 (LANDSAT 5)
25th February 2005 (LANDSAT 5)
2nd October 2009 (LANDSAT 5)
23rd February 2010 (LANDSAT 5)
27th September 2013 (LANDSAT 8)
6th March 2014 (LANDSAT 8)

shown as a receiver operating curve (ROC) diagram in Bgure 4. The accuracy of the SEBAL
algorithm has been found as 91.3% for this
analysis.
3.3 Outcome of the AET calculation and CWP
estimation

the crop area increased by 6.59%. Even for Rabi
same pattern has been observed, like Rabi 2010 has
more crop area as compared to Rabi 2005 and so
on. The percent crop area increment for Rabi season in NDVI images has been 10.77% from 2005 to
2010. Similarly, between the Rabi season of 2010
and 2014, the crop area increased by 6.37%. For a
single season, Rabi has more productivity as compared to Kharif. The NDVI generated images from
LANDSAT satellites have been shown in Bgure 3.
Table 2 shows the percent crop area calculated
from government data and NDVI images of different seasons.

The ET has been calculated from MODIS data
using the SEBAL algorithm. The cumulative ET
values have been shown for all the concerned seasons in Bgure 5. Table 3 represents the statistical
parameter of ET, yield, and CWP for each season
under consideration. Figure 6 shows the variation
of meteorological parameters for the Kharif and
Rabi seasons of 2004–2005, 2009–2010, and
2013–2014.
The Kharif season average ET has shown an
upward trend in comparison to the previous season. The same pattern can also be seen for the Rabi
season as well. ET values for the Rabi seasons are
smaller as compared to the Kharif seasons. The
Rabi season yield in the study area is more in
comparison to the yield for the Kharif seasons. The
average CWP values for the Kharif season display
an increasing trend, and the same is applied to the
Rabi season as well. The CWP values of Rabi
seasons are greater as compared to CWP values of
the Kharif season.
The precipitation values for the Kharif season
are higher than the Rabi season, and the same
trend can be seen for the SM (soil moisture)
parameter. The average air temperature Cuctuation is more in the Kharif season as compared to
the Rabi season.

3.2 Outcome of the SEBAL model validation

3.4 Groundwater level variation in the region

The SEBAL model has been validated with
MOD16A2.006, and the validation result has been

The groundwater Cuctuation maps have been made
to show the change in the groundwater level of the

Figure 4. ROC curve for the validation of the SEBAL
algorithm.
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Figure 5. Cumulative spatio-temporal distribution of calculated ET of the cropped area within the river basin. (a–c) represent
Kharif season and (d–f) represent Rabi season of 2004–2005, 2009–2010, and 2013–2014, respectively.
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Table 3. The calculated statistics for the crop area within the basin.
Season
Kharif 2004
Rabi 2005
Kharif 2009
Rabi 2010
Kharif 2013
Rabi 2014

Min yield
(kg/ha)

Max yield
(kg/ha)

Avg. yield
(kg/ha)

ET min
(mm)

ET max
(mm)

Avg. ET
(mm)

CWP min
(kg/m3)

CWP max
(kg/m3)

Avg. CWP
(kg/m3)

1385.64
1748.87
1566.82
1886.86
1762.12
1945.54

4737.62
5043.27
5444.45
6442.53
5814.56
7195.19

3061.63
3396.07
3505.63
4164.69
3788.34
4570.36

230.1
147.3
259.5
173.4
257.7
181.9

321.8
204.5
349.8
256.3
367.6
277.7

275.95
175.9
304.65
214.85
312.65
229.8

0.57
1.04
0.58
1.05
0.65
1.06

1.46
2.45
1.53
2.49
1.56
2.56

1.07
1.88
1.1
1.9
1.11
1.93

basin area under consideration. The depletion of
groundwater is usually more in the Rabi season as
compared to the Kharif season. Figure 7 displays
the groundwater Cuctuation maps. From
Bgure 7(c), it can be seen that decadal Cuctuation
in groundwater level in the Kharif season has some
recharge zones, but overall in the region, the
depletion is more eminent. Figure 7(f) shows the
decadal groundwater variation in the area for the
Rabi season. Some of the patches in the region
display a notable amount of depletion in the
groundwater. In a few places, groundwater gets
depleted by more than 30 m. During the Rabi
season for the time period of 2005–2014, some of
the regions in the Tikamgarh and Jhansi districts
suffered from massive groundwater depletion.
Table 4 exhibits the groundwater Cuctuation
statistics in the region for the Kharif and Rabi
seasons.

4. Discussion
Several researchers have suggested the importance
of remote sensing observations for analysing irrigation and agricultural activities during the late
1970s and early 1980s (Idso et al. 1977; Jackson
et al. 1983). The development of advance remote
sensing observations has made ET’s estimation
over the river basin scale a possible task. There are
several remote sensing-based models for the calculation of ET, such as SEBAL, Penman–Monteith, Romanenko, Rohwer, etc. Among all the
models, SEBAL model has been used mostly to
calculate ET because the computation of this
model is relatively easy, and this model requires
fewer land surface variables. The evaporative
fraction (K) parameter used in this model almost
remains constant throughout the day, so it is feasible to use the value of instantaneous ET as daily
ET (Li et al. 2008). For eDcient water management in agriculture, precise information about the

spatio-temporal variation of AET is crucial (Venancio et al. 2020). The information about ET,
along with yield, is required for the analysis of the
CWP. The greater the value of CWP, the more
water will be required for irrigation.
The CWP analysis in this region shows that the
average CWP in the Kharif season is less than its
respective Rabi season. From table 3, it can be
seen that the average CWP for the Kharif season
of 2004, 2009, and 2013 is 1.07, 1.1, and 1.11 kg/
m3, respectively. The average CWP for the Rabi
season of 2005, 2010, and 2014 is 1.88, 1.90 and
1.93 kg/m3, respectively. The yield is increasing
due to the increase in population, so CWP also
shows an upward trend. The ET measurements
show that the Kharif season has a higher range
and high average values than the Rabi season.
The average ET for the Kharif season of 2004,
2009, and 2013 is 275.95, 304.65, and 312.65 mm,
respectively. The average ET for the Rabi season
of 2005, 2010, and 2014 is 175.9, 214.85, and 229.8
mm, respectively. The value of ET has shown an
increasing trend in the Kharif season because of
more soil moisture, and more soil moisture is
present during that time due to heavier rainfall as
compared to the Rabi season. This trend can be
seen in Bgure 6. The CWP is having an inverse
relationship with ET, and during the Rabi season,
rainfall in this region becomes very scanty, so the
ET value also shows a declining trend, and the
CWP registers an increasing trend. But in the
Kharif season, rainfall is more compared to Rabi
season, so ET shows an increasing trend and
CWP shows a comparatively decreasing trend.
The CWP parameter shows a direct relationship
with yield value, and during the Rabi season
(winter season) the yield increases, as compared
to Kharif season (monsoon season). This is also a
factor for increasing the value of CWP in Rabi as
compared to Kharif. Figure 5 depicts the ET
variation of the region for different seasons under
consideration.
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Figure 6. Temporal distribution of the meteorological data as a function of days after sowing of the two cropping seasons.
(a–c) represent Kharif season and (d–f) represent Rabi season of 2004–2005, 2009–2010, and 2013–2014, respectively.
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Figure 7. Spatio-temporal scenario of the groundwater Cuctuation indicating recharge and depletion zones. (a and b) represent
the Bve-year groundwater level Cuctuation of the Kharif season for 2004–2009 and 2009–2013, respectively. (c) illustrate the
decadal groundwater level variation for the Kharif (2004–2013). (d and e) represent the Bve-year groundwater level Cuctuation of
the Rabi season for 2005–2010 and 2010–2014, respectively. (f) illustrate the decadal groundwater level in the Rabi (2005–2014)
seasons.

In this region, the value of CWP becomes more
in the Rabi season than the Kharif season, so water
requirement will also be more in Rabi season as

compared to the Kharif season. During the
monsoon (Kharif season), the groundwater recharge scenario is better compared to the time of
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Table 4. Seasonal variation of groundwater Cuctuation statistics.
Season/year
Kharif/2004–2009
Rabi/2005–2010
Kharif/2009–2013
Rabi/2010–2014
Kharif/2004–2013
Rabi/2005–2014

Min (m)

Max (m)

Average (m)

Standard deviation (m)

–15.56
–14.18
–15.36
–24.27
–16.59
–30.7

12.84
9.37
11.49
7.58
12.36
15.49

–1.38
–2.37
–1.46
–3.27
–2.45
–4.24

2.35
2.79
1.64
1.92
2.25
2.81

post-monsoon (Rabi season). From Bgure 7, it can
be seen that for the Kharif period of 2004–2009 and
2009–2013, the maximum recharge of 12.84 and
11.89 m had happened. But for the Rabi period of
2005–2010 and 2010–2014, the maximum recharge
of groundwater only happens up to 9.37 and 7.58
m, respectively. The recharge of the groundwater
shows a lower value, and depletion shows a higher
value in Rabi season as compared to Kharif season.
From the groundwater Cuctuation maps of the
basin (Bgure 7), it can be observed that depletion
in groundwater increases throughout the study
time period, irrespective of the Kharif or the Rabi
season. This kind of situation happens because the
population is getting bigger, so it is imperative to
increase the yield to feed this ever-increasing population of this region. For increasing the yield, the
water requirement in the region also shoots up. The
groundwater is the most prominent source for
irrigation in this region. Due to this increase in the
yield, groundwater overexploitation happens in
this region, which eventually leads to its rapid
depletion.

5. Conclusion
From this study, it can be seen that overall
depletion of groundwater had occurred in this basin
region. For the period of the Kharif season from
2004–2009, the average groundwater depletion for
this region is 1.38 m, and the average rate of
depletion is 0.23 m/yr. Similarly, for the Kharif
season of 2009–2013, the average groundwater
depletion of the basin is 1.46 m with an average
rate of 0.29 m/yr. For the later Kharif seasons
starting from 2009, the average groundwater
depletion rate has been increased. For the Rabi
season starting from 2005–2010, the average rate of
groundwater depletion in this region is 0.39 m/yr,
and similarly, for the Rabi season lying from
2010–2014, the average groundwater depletion rate
increases to 0.65 m/yr. For the time period of

2009–2014, the groundwater depletion rate is
enhanced for both the Kharif and Rabi seasons. If
the average rate of decadal groundwater depletion
scenario can be seen for Kharif season (2004–2013),
it is 0.24 m/yr, and for the Rabi season (2005–
2014) it is 0.42 m/yr.
The ET values for this region has also been
computed for three Kharif season (2004, 2009 and
2013) and also for three Rabi season (2005, 2010
and 2014). The average ET for Kharif season is
more than that for Rabi season. For the Kharif
seasons of 2004, 2009, and 2013, the average ET
has been 275.95, 304.65, and 312.65 mm, respectively. Similarly, for the Rabi seasons of 2005,
2010, and 2014 the average ET has been 175.9,
214.85, and 229.8 mm, respectively. The ET shows
an increasing trend for all the years under consideration. Even the average yield for this basin region
also shows a rising trend.
The average CWP for this area also shows an
uprising trend for both the seasons and the years
under consideration. The average CWP is less for
Kharif season as compared to Rabi season. The
average CWP for the Kharif season of 2004, 2009,
and 2013 is 1.07, 1.1 and 1.11 kg/m3, respectively.
The average CWP for the Rabi season of 2005,
2010, and 2014 is 1.88, 1.90 and 1.93 kg/m3,
respectively. The CWP values show that more
water is required for irrigation purposes as the year
goes by because the average yield is increasing at a
tremendous pace. Since the groundwater is the
only source of irrigation in this region, the depletion of the groundwater is obvious, and that can be
seen from the average groundwater depletion values of this region. The groundwater depletion scenario is more prominent during the Rabi season
than the Kharif season because during winter, the
yield increases and precipitation decreases. This
analysis shows that CWP increases with the passage of time, so the groundwater gets depleted in
this region. The CWP increases in the Rabi season
as compared to the Kharif season, and crop yield
also follows the same pattern.
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This excessive use of groundwater leads to its
depletion, which in turn can also be a factor in the
occurrence of drought. Drought is the major
problem in the Betwa–Dhasan basin of the Bundelkhand region, which is decreasing the overall
growth of the area. Proper management of water
resources is the key factor for the eAective development of any area/watershed or city. Water
demand is continuously increasing in the agricultural sector in this region. The mismanagement
and scarcity of the water resources are aAecting the
life of inhabitants, economy, and Cora and fauna of
the area, directly or indirectly. This study will be
helpful for the concerning authorities to develop
the proper strategies for eDcient water harvesting
practices. The development of water harvesting
structures at the village level will help the habitats
deal with the drought problem in the region. This
analysis will also support developing the groundwater aquifer models for this region, and these
models will help to deal with several aspects of
watershed management, such as budgeting. The
aquifer study, in turn, will help understand the
quantity and quality aspects of groundwater and
river water. The demand for the CWP will have to
be mitigated by other alternative sources so that
the groundwater does not get depleted at an
alarming rate. The responsible authorities should
Bgure out some methods for the replenishment of
the groundwater in this region.
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