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Abstract: The Betwa River basin, a semi-arid catchment that has been classified as a major hotspot 
of groundwater depletion in Central India. The rainfall and streamflow intermittency have affected 
agricultural practices due to the variability of groundwater availability for irrigation. This study 
evaluates the spatial and temporal variations of groundwater level (GWL) in the last 25 years (1993–
2018) in the catchment. We applied a nonparametric Seasonal Trend decomposition based on the 
Loess (STL) method to decompose the GWL time series into the seasonal, trend, and remainder 
components. We observed that the GWL in the northeastern regions of the basin has depleted about 
3–5 mbgl in the last two decades. During the same period, the basin has experienced a reduction in 
the rainfall magnitude (2.07 mm/yr). We observed that the overexploitation of groundwater for ir-
rigation and rainfall variability have greatly impacted the GWL condition in the study area. Further, 
if the groundwater extraction continues at present rates, the Betwa River basin may experience se-
vere depletion in the future. 
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1. Introduction 
Groundwater is a natural freshwater resource that directly or indirectly affects mil-

lions of people living in drought-prone regions. Over-extraction of groundwater for do-
mestic, agricultural, and industrial purposes has resulted in immense stress and a rapid 
decline in the groundwater level (GWL). Groundwater depletion has been severe, partic-
ularly in the arid and semi-arid regions [1]. Consequently, ecological and socioeconomic 
developments in these regions have been severely impacted [2]. Several studies have been 
conducted to assess groundwater depletion in the current and future scenarios [1,3–5]. 
For example, over-exploitation of GWL in the Middle East [6], North-East Pakistan, 
North-West India [7–9], United States of America [10], and North-East China [11] is re-
sponsible for the major hotspot of groundwater depletion in the world. If such a situation 
persists for a prolonged period, it may lead to the irreversible loss of groundwater re-
sources in many of these regions. Additionally, frequent hydrological drought events due 
to warming climates are expected to intensify groundwater depletion in future [12–15]. 

The rapid rate of urbanisation and population growth have put imminent pressure 
on groundwater resources to meet the water demand for industrial and domestic pur-
poses [16]. After the “Green revolution” in the 1960s, India experienced a significant 
change in landuse/landcover and an increase in groundwater consumption for irrigation. 
The forests were cut down for infrastructural developments and agriculture production, 
which has greatly altered the landuse/landcover pattern [17]. The change in landuse/land-
cover is an essential driver of the regional climate and hydrology [18–20]. It directly im-
pacts hydrological processes such as infiltration, groundwater recharge, and runoff [19]. 
In India, about 230 billion m3 of groundwater is extracted annually for irrigation [21,22]. 
Particularly, the northwestern states such as Punjab, Haryana, Rajasthan, and the northern 
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state of Uttar Pradesh have formed as the major hotspot of groundwater depletion [7]. The 
precipitation intensity is strongly linked with groundwater recharge [23]. Rainfall contrib-
utes about 68% of India’s annual groundwater resources [24]. The remaining 32% of the 
groundwater resources supply through the river seepage return flow from irrigation, re-
charge from lakes, ponds, and other water conservation structures [25]. Further, uneven 
rainfall pattern makes the groundwater resources uncertain. 

In central India, groundwater is a primary source of drinking water and supports 
more than 70–80% of the water demand for agriculture [26]. Groundwater resources are 
heavily dependent on the Indian summer monsoon (June–September), as 90% of the an-
nual rainfall receives only during the monsoon season and 10% of the annual rainfall in 
the remaining seasons of the year. Groundwater resources in the northern region of cen-
tral India become more vulnerable due to a deficit in monsoon rainfall [27]. In addition, 
the changes in GWL is controlled by the groundwater recharge due to rainfall and ground-
water extraction [23,28]. In recent years, the declining trend of monsoon rainfall and 
landuse/landcover change have impacted the discharge of the Betwa River [29]. 

Previous studies on the Betwa River basin mainly focused on surface hydrological 
responses (i.e., rainfall, runoff, infiltration, evapotranspiration). They suggested that the 
basin has experienced decline in runoff (21%) and percolation (9%) after 2001 [29–32], and 
groundwater potential zone [28]. Palmate et al. (2017) and Kumar et al. (2021) [33,34] stud-
ied the effect of climate change on vegetation, landcover, and surface hydrological re-
sponses. To the best of our knowledge, no such studies have been conducted that aim to 
understand the spatiotemporal variability of groundwater dynamics and quantify the 
changes in GWL due to rainfall. 

The Spatio-temporal variation in GWL time series can be assessed using several sta-
tistical methods, such as parametric, non-parametric, and linear regression analysis [35]. 
The GWL time series usually has strong seasonal variations, which makes it difficult to 
detect a non-linear pattern in a time series through parametric and linear regression 
[36,37]. The non-parametric trend analysis method, such as Seasonal Trend decomposition 
based on Loess (STL), can easily detect non-linear patterns in a time series [37,38]. The STL 
decomposition method has been successfully used for time series analysis of the hydro-
logical (discharge and GWL) [36] and environmental data (water quality, ecology, atmos-
pheric sciences) [39]. The STL method uses the locally weighted regression (LOESS) tech-
nique [38], which makes it robust and flexible. The STL method decomposes time series 
data into three components (i.e., seasonal, trend, and remainder components) using an 
additive or multiplicative approach based on its nature. In recent studies, the STL decom-
position has been widely used for the GWL trend analysis [37,40–42]. 

We use GWL measurements and statistical methods to quantify the seasonal varia-
bility of GWL in the Betwa River basin during the pre-and post-monsoon seasons from 
1993 to 2018. We apply STL decomposition to evaluate the GWL trend to understand the 
long-term groundwater situation in the basin. Further, we explore the GWL fluctuations 
due to the change in landuse/landcover and rainfall. 

2. Study Area 
The Betwa River basin is located in Central India (Figure 1). It covers a total area of 

about 44,000 km2. It has nine districts (i.e., Ashoknagar, Bhopal, Chhatarpur, Lalitpur, 
Raisen, Sagar, Shivpuri, Sehore, and Vidisha) of Madhya Pradesh and five districts (i.e., 
Tikamgarh, Jhansi, Mahoba, and Hamirpur) of Uttar Pradesh. The Betwa River originates 
from the Raisen district of Madhya Pradesh and joins the Yamuna River near Hamirpur 
in Uttar Pradesh. The elevation in the catchment ranges from 76–715 m from the mean sea 
level (MSL). The basin’s southern region is relatively highly elevated (715–500 m) com-
pared to the northeastern part. The elevation gradient starts to decline as the Betwa River 
starts to flow from South-West to North-East direction. For ease of understanding, the 
Betwa basin is also divided into three basins the upper (Sehore, Bhopal, Raisen, and 
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Vidisha districts), lower (Tikamgarh, Chhatarpur, Jhansi, Hamirpur, Mahoba, and Jalaun 
districts), and middle basin (Ashoknagar, Sangar, Shivpuri, and Lalitpur districts) (Figure 
1). 

The average annual rainfall in the basin varies from 700 to 1200 mm. The average 
minimum (winter) and maximum (summer) temperatures are about 7 and 43 °C, respec-
tively. Based on the Köppen–Geiger climate classification, the Betwa River basin can be 
categorised into two zones [43]. The lower and central part of the basin falls in the sub-
tropical semi-arid climatic zone with hot temperate summers and dry winters (sub-hu-
mid). The upper part of the basin falls in the semi-arid tropical savanna climatic zone with 
dry tropical winters and wet or moist summers of semi-arid conditions [43]. 

 
Figure 1. Lithology map of the Betwa River basin is superimposed on a topographic map. Polygons 
in solid black is to show the district administrative boundary. Points in black represent the location 
of wells where the GWL data is monitored. The solid line in blue represents the drainage network. 

The Betwa River basin has several shallow groundwater aquifer systems (i.e., phre-
atic, confined, semi-confined, and unconfined aquifers). Table 1 reports the details of the 
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wells in different aquifers. The GWL in the Betwa River basin ranges from 0 to 30 m below 
the ground level (mbgl). The subsurface geology of the basin is composed of both consol-
idated (basalt, granite, sandstone, and shale) and unconsolidated (alluvium) material (Fig-
ure 1). 

Table 1. District-wise detailed groundwater condition and lithology of the study area (CGWB). 

Districts No. 
Wells 

Lithology 
Minimum GWL Maximum GWL 

GWL [mbgl] Period GWL [mbgl] Period 

Ashoknagar 16 Basalt, sandstone, Shale 1.03 1997 monsoon 14.21 
2015 Pre-mon-

soon 

Bhopal 23 
Basalt, sandstone, and Allu-

vium 0.71 2006 monsoon 16.71 
2011 Pre-mon-

soon 

Chhatarpur 27 
Coarse-grained, Porphyritic 

Granite 0.61 1996 monsoon 13.36 
2018 Pre-mon-

soon 
Guna - Basalt - - - - 

Raisen 18 Sandstone, Alluvium 0.79 2013 monsoon 12.81 
1997 Pre-mon-

soon 

Sagar 46 Basalt, Sandstone 0.61 1993 monsoon 16.89 
1997 Pre-mon-

soon 

Sehore 9 Basalt 1.09 2009 post-mon-
soon 13.44 2001 Pre-mon-

soon 

Shivpuri 10 Coarse-grained, Porphyritic 
Granite, Sandstone 2.78 2008 monsoon 12.52 1995 Pre-mon-

soon 

Tikamgarh 57 Coarse-grained, Porphyritic 
Granite 1.29 1997 monsoon 14.87 2001 Pre-mon-

soon 

Vidisha 43 Basalt with newly formed Al-
luvium 0.39 2005 monsoon 19.94 1997 Pre-mon-

soon 

Hamirpur 5 Alluvium 0.91 2002 monsoon 17.85 1997 Pre-mon-
soon 

Jalaun - Alluvium - - - - 

Jhansi 10 Coarse-grained, Porphyritic 
Granite, Alluvium 

0.31 2002 monsoon 13.12 1997 Pre-mon-
soon 

Lalitpur 12 Coarse-grained, Porphyritic 
Granite 

0.57 2002 monsoon 10.89 1997 Pre-mon-
soon 

Mahoba 1 Coarse-grained, Porphyritic 
Granite, Alluvium 

1.1 1999 monsoon 12.3 2018 Pre-mon-
soon 

The southern region of the basin is covered with Deccan basalt. The shallower 
groundwater systems in the Deccan basalt consist of the weathered vesicular amygdaloi-
dal and compact basalt. The sub-vertical sheet joints and regional fractures in both basalts 
allow surface water to recharge into the ground. The Bundelkhand region (Lalitpur, 
Shivpuri, Tikamgarh, Chhatarpur, and Jhansi districts) of the middle and lower basin is 
covered with crystalline formation (Bundelkhand gneiss complex). It comprises old met-
amorphic, granite, banded iron formations, gneisses, calc-silicate, and quartz reefs. These 
formations are compacted with negligible primary porosity but have good secondary po-
rosity. The northern region of the basin is covered with the younger alluvium silt, and 
sand deposits have good porosity and permeability. According to GEC-2015 report, the 
specific yields of the aquifers found in the Deccan Basalts (2%), Banded gneiss complex 
(1.5%), younger alluvium (6%), older alluvium (16%), sandstone (3%), and shale aquifers 
(1.5%). 
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3. Materials and Methods 
3.1. Data Sets 

We obtained the well inventory data of the Betwa River basin from Madhya Pradesh 
Water Resource Board (MPWRD) and the Central Ground Water Board (CGWB) for the 
periods between 1983–2018 and 1996–2018, respectively. The GWL measurements were 
collected as depth to the water table below ground level in meters (mbgl). The dataset 
contains 583 dug wells GWL data distributed throughout the basin. Among these, only 
276 dug wells contain a long-term record of the seasonal GWL for the pre-monsoon 
(March–May), post-monsoon (October–November), monsoon (June–September), and 
winter (December–February). We have used the GWL of these 276 wells for further anal-
ysis (Figure 1). 

We obtained the daily rainfall data in a gridded format at 0.25˚ (27.5 𝑘𝑚 × 27.5 𝑘𝑚) 
resolution for a period between 1980–2018 from the Indian Meteorological Department 
(https://www.imdpune.gov.in/ (accessed on 15 October 2021)). To assess the topographic 
variation in the study area, we have used 1 × 1 arc-sec (30 m ×  30 m) resolution Digital 
Elevation Model (DEM) of the Shuttle Radar Topography Mission (SRTM). We obtained 
the geological map of the basin from the Geological Survey of India (GSI) (https://bhu-
kosh.gsi.gov.in/Bhukosh/Public (accessed on 11 August 2019)) at a 1:50,000 scale. Table 2 
reports the detailed descriptions of the dataset. 

Table 2. List of the datasets (i.e., GWL, rainfall, lithological, and topographical satellite) used for the 
assessment of groundwater variability in this study. The table shows detailed description of the 
source, time period, data type, spatial, and temporal resolutions of the dataset. 

Datasets Source Time Period Data Type 
Resolution 

Spatial Temporal 

In-situ data 

MPWRD 1983–2018 GWL - Seasonal (Pre, post, mon-
soon, and winter) 

CGWB 1996–2018 GWL - Seasonal (Pre, post, mon-
soon, and winter) 

IMD 1980–2018 Rainfall 0.25° Daily 
Satellite data SRTM - DEM 30 m Single 

Geology GSI - Lithology 1:50,000 Single 
Population Census India 1990–2011 Population - Decadal 

Irrigation area 
source 

MPKrishi.mp.gov.in (ac-
cessed on 20 June 2022) 1960–2010 Irrigation 

source - Decadal 

Landuse/ 
landcover 

Roy et al., 2015; Palmate 
et al., 2022, 2017 

1995, 2005, 1998, 
2008 

- 30, 100 m Decadal 

3.2. Data Processing 
The GWL datasets need to be pre-processed before we use them for further analysis. 

Our data archive has some wells with missing values, and some wells are recorded more 
frequently than others. 

We have selected the well with minimum seasonal missing values (less than four, 
about 11%). We applied four different algorithms (i.e., AKIMA Spline, Spline, Linear In-
terpolation, and Kalman Filter) to fill the missing values in the time series. We evaluate 
the performances of these algorithms by estimating the missing GWL at a known period 
and computing their Root Mean Square Error (RMSE). We observed that the Kalman filter 
has the least RMSE values. We have used the Kalman filter to fill the gaps in the GWL 
time series data. 
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3.3. GWL Data Analysis 
We have used an individual year’s GWL data (i.e., 1998, 2008, 2018) for pre- and post-

monsoon seasons and performed the spatial analysis of GWL. The histograms of GWL for 
both periods are normally distributed (skewness ≈ 0 and kurtosis ≈ 3). These observations 
suggests that we can apply kriging interpolation to obtain the spatial distribution of GWL 
in the basin [44]. Geostatistical methods such as Ordinary Kriging (OK), Simple Kriging 
(SK), and Universal Kriging (UK) are widely used for spatial interpolation of the GWL, if 
the data is normally distributed [45,46]. To select an optimal kriging interpolation, we 
evaluate the OK, SK, and UK. Firstly, using the UK, we compared the widely used Circu-
lar, Spherical, Exponential, and Gaussian semivariogram models to predict the unknown 
GWL value at each location [47]. We noticed the Spherical semivariogram model performs 
better than the other three models. We have used the best fit Spherical semivariogram 
model for OK, SK, and UK interpolation techniques to prepare the spatial distributed 
GWL maps. We observed the Spherical semivariogram with OK gives the optimal inter-
polation results than SK and UK. Similar observations have been reported by Sinha et al. 
(2018), Kaur and Rishi (2018), and Machiwal et al. (2012) [24,48,49]. Therefore, we have 
used the OK interpolation technique and the Spherical semivariogram model to prepare 
the spatial distribution of GWL in the Betwa basin. 

3.4. GWL Trend Analysis 
We have performed trend analysis on the GWL data using a nonparametric STL 

method. The GWL time series usually has strong seasonal variations and is considered an 
additive in nature [36,40]. Hence, we used the STL method based on the additive approach 
to decompose the time series according to Equation (1). 𝑌௧ =  𝑇௧ + 𝑆௧ + 𝑅௧ (1) 𝑌௧  is the GWL, 𝑇௧  is the trend, 𝑆௧  is seasonal, and 𝑅௧  is the residual components at 
time t. 

This method extracts the seasonal, trend, and remainder components from a time 
series. It also helps to detect a long-term non-linear trend that cannot be accessed through 
the linear trend detection methods [37,38]. To decompose the GWL time series, we used 
moving ‘s’ and ‘t’ smoothing window parameters. The size of a moving window deter-
mines the extent to which decomposed components vary yearly [37]. The decomposed 
component values become relatively similar (straight line) as the window size increases. 
Alternatively, when the window length decreases, the value of the decomposed compo-
nent will be similar to the local observed GWL (𝑌௧). We applied and compared the various 
smoothing windows at several wells and finally selected the optimal parameters (i.e., the 
trend smoothing window is 45, and the seasonal parameter window is 7) based on the 
trial-and-error method. The small window of seasonal parameters provides a considera-
ble variation in the seasons of each year. The GWL trend of each well has been estimated 
using the stl() function using xts software package in R. The trend component of each well 
is further reduced into a single value by averaging the annual change in GWL trend; it 
can be expressed as ∑ (T୧୬ିସ୧ୀଵ − T(୧ାସ))/n, where n =  104 (4 × 26) is the total number of ob-
servations between 1993 and 2018. A detailed flow chart of the methodology is shown in 
Figure 2. 
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Figure 2. Flow chart illustrates the detailed methodology of this study. The pre-processing of GWL 
data and estimation of GWL fluctuation are shown in the center box. The STL decomposition of 
GWL data is shown on the left box. The correlation between monsoon rainfall and GWL fluctuation 
is shown in the right box. 

3.5. Correlation between Rainfall and GWL Fluctuation 
We have used the Pearson correlation coefficient (R) to estimate the interrelationship 

between rainfall and GWL fluctuation. The expression of R is shown in Equation (2). 𝑅 = ∑(𝑋 − 𝑋)(𝑌 − 𝑌)ට∑(𝑋 − 𝑋)ଶ ∑(𝑌 − 𝑌)ଶ (2)

The variables 𝑋 and 𝑌 indicates monsoon rainfall and GWL fluctuations. Where the 𝑋ത and 𝑌ത are the mean monsoon rainfall and mean GWL fluctuation from 1997 to 2018, 
respectively. 

4. Results 
4.1. Validation of Semivariogram Model 

We have predicted the spatial variability of GWL using the OK with Spherical semi-
variogram model. We prepared the spatial GWL maps for 1998, 2008, and 2018 and calcu-
lated the GWL change (∆h) to quantify their spatial and temporal variability. The Semi-
variogram of the GWL map is associated with three parameters (i.e., nugget, sill, and 
range). The nugget-to-sill ratio describes spatial dependence or autocorrelation. In our 
case, the nugget-to-sill ratio is 0.04; this indicates high autocorrelation. Figure 3 shows the 
best fit Spherical semivariogram model using the OK interpolation technique for the pre-
monsoon GWL data of 2008. 
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Figure 3. The Spherical semivariogram model of the OK interpolation is fitted on the pre-monsoon 
GWL data of 2008. 

4.2. Seasonal Variability of GWL 
We prepared the spatial GWL maps for 1998, 2008, and 2018 to know the spatial dis-

tribution of the GWL during the pre-and post-monsoon periods (Figure 4a–f). We ob-
served relatively deeper GWL (6–15 m) during the pre-monsoon in the study area (Figure 
4a–c). The pre-monsoon GWL in the basin shows a decline in GWL after the 1998, except 
in the Lalitpur, Shivpuri, and Ashoknagar regions of the middle basin (Figure 4a–c). The 
GWL in the lower basin has depleted significantly from 7–8 to 13–15 mbgl) during the 
1998–2008 per-monsoon period (Figure 4a–c). Overall, the GWL has depleted further in 
the 2008 and 2018 pre-monsoon periods, except in the Lalitpur district, where the GWL 
has remained at the same level (Figure 4e,f). 

The post-monsoon GWL, throughout the catchment, is at a shallow depth (3–5) dur-
ing 1998. It has depleted up to 5–7 mbgl in the upper (south), middle (central) and about 
7–10 mbgl in the lower (northern) region of the basin until 2018 (Figure 4e,f). 

We have estimated the GWL fluctuation from post-monsoon to pre-monsoon for 
1998, 2008 and 2018, respectively (Figure 4g–i). The negative values indicate an increase 
in GWL fluctuation due to the rainfall period and vice-versa. The spatial map of GWL 
fluctuation shows that the middle and lower basin is continuously declining. Whereas the 
upper basin show increase in annual GWL fluctuation. 
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Figure 4. The spatial distribution of the GWL images on the top represents the pre-monsoon period 
of 1998, 2008, and 2018 (a–c). Images in the middle represent GWL during the post-monsoon period 
1998, 2008, and 2018 (d–f). The bottom three images show the annual groundwater change (fluctu-
ation) from post-monsoon to pre-monsoon for 1998, 2008, and 2018 (g–i). 

4.3. GWL Fluctuation 
Figure 5 shows the GWL change in the last two decades, from 1998–2008 and 2008–

2018, in the pre-and post-monsoon periods. During the pre-monsoon period of 1998–2008, 
a significant depletion (up to 3.7 m) is observed in the basin. Except for the Lalitpur, 
Shivpuri, and Ashoknagar districts, where the GWL has increased (1–2 m) during the 
same period (Figure 5a). From 2008 to 2018 pre-monsoon period, various region of the 
basin shows an increase (3–4 m) in the GWL. The GWL has depleted up to 3 mbgl in Vid-
isha, Hamirpur, Mahoba, Jalaun, and Tikamgarh districts (Figure 5b). In the post-mon-
soon period (1998–2008), the GWL has considerably changed throughout the basin (Figure 
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5c). For example, GWL in Lalitpur district shows about 1–2 mbgl rise. The northern (5–6 
m) and southern (3–5 m) regions of the basins experienced a decline in post-monsoon 
GWL (Figure 5c). The spatial map of the GWL change during the post-monsoon from 
2008–2018 shows the northern region of the basin has depleted by about 3–5 mbgl (Figure 
5d). 

Overall, the GWL in the Betwa basin exhibits a declining trend in the last two dec-
ades, except for some districts in the central and western regions of the basin. The GWL 
depletion is more (3–5 m) in the lower basin as compared to the upper basin. 

 
Figure 5. Spatial distribution of GWL change during the pre-monsoon period for 1998–2008 and 
2008–2018 (a,b). The GWL change post-monsoon (bottom) periods (for 1998-2008 and 2008-2018). 
The positive values (blue) indicate an increase, and the negative ones (red) show a decrease in GWL. 
The green dots show the wells used for interpolation of the GWL map for the respective periods. 
The solid black dots show wells used for the STL decomposition of GWL. 

4.4. Observed Trend in GWL 
We selected a well from the Bhopal district of the upper basin (BPL-080) and the 

Sagar district of the middle basin (SGR019) to assess the GWL trend using STL 
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decomposition. These wells are situated in the Deccan basalt and have phreatic hydrolog-
ical conditions (location of wells are shown in Figure 5c). 

We estimated the STL parameters (‘s’- and ‘t’-window) based on the trial-and-error 
method. Then the decomposition parameters ‘s’-window and ‘t’-window are optimised 
as 7 and 45, respectively. Figure 6 shows the STL decomposition of the GWL time series 
data into seasonal, trend and remainder components. In Figure 6a, we have observed an 
increase in the variability of the seasonal and remainder components with time. In com-
parison, the trend component indicates decline in GWL (Figure 6a). The GWL is declining 
at a rate of 11 cm/yr from 1993 to 2002. During 2003–2005 and 2010–2013, the GWL trend 
remained constant. Further, the GWL declined at a rapid rate of 23 cm/yr for the remain-
ing years in the time series (Figure 6a). 

Figure 6b, we observe the trend component is moving towards the shallower depth 
at a rate of 7 cm/year from 1993 to 2013, but in recent years (2014–2018), the trend compo-
nent shows a slight decrease in GWL (1 cm/yr). In contrast, to the trend component, both 
seasonal and remainder components have declined in time (Figure 6b). 

 
Figure 6. STL decomposition of GWL (1993–2018) and their associated seasonal, trend, and remain-
der components are shown top to bottom, respectively. (a) Shows the STL decomposition of well 
number BPL-080. (b) Shows the STL decomposition of well number SGR019. Both of these wells are 
located in the Deccan basalt aquifer with phreatic hydrological conditions. 

4.5. The Relationship between GWL Fluctuation and Rainfall 
The Pearson correlation coefficient (R) is estimated between the GWL fluctuation of 

wells and their grid-wise monsoon rainfall. Box plot of the R-values in the Deccan basalt, 
shale, granite banded gneiss complex, sandstone, younger and older alluvium aquifers 
shown in Figure 7. The R-values of each aquifer at median and between 25–75 percentiles 
show a distinct variation in the Betwa River basin. Shale with sandstone and granite aq-
uifers shows a relatively high median R-value of 0.44 (n = 5) and 0.36 (n = 97), respectively. 
The median R-value of Basalt, younger, and older alluvium aquifers are observed as 0.22 
(n = 121), 0.24 (n = 23), and 0.27 (n = 13), respectively, which show similar (low range) 
values and not significantly different from each other. The aquifers composed of sand-
stone have the lowest median R-value of 0.1 (n = 17). Their statistics are quite similar to 
the aquifers found in the basalt, granite, older, and younger alluvium, and considerably 
different aquifers in shale formations. 
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Figure 7. The box plot of correlation coefficient (R) between groundwater fluctuation and monsoon 
rainfall (JJAS) of aquifers systems in the Betwa River basin. The extended dashed lines represent the 
minimum and maximum R-value ranges. The horizontal line in the box (solid black) represents the 
median value. 

5. Discussion 
The time series of the GWL of the Betwa basin shows a strong influence on seasonal-

ity. This seasonal variation is primarily controlled by the groundwater recharge due to 
rainfall [23] and groundwater extraction [28]. To assess this, we have compared the results 
of stl.fit() and standard stl() models. We obtained the lower remainder component using 
stl.fit() for the s-window (7) and t-window (45) parameters. Figure 8 compares these two 
models with the original GWL time series. The stl.fit() model fits better with the RMSE of 
0.72 mbgl than the standard stl(), which has an RMSE of 0.73 mbgl. 

 
Figure 8. Time series of GWL from 1993 to 2018. The line in blue represents the observed GWL from 
the in situ data, and the lines in red and black are the fitted GWL using standard stl() auto and stl.fit() 
models, respectively. 

In STL decomposition, the wells with a declining trend show an increase in seasonal 
and remainder component variability with time. These wells might have been influenced 
by anthropogenic activities (i.e., overexploitation of groundwater) and climate change. 
The STL trend analysis suggests that majority of wells in the Deccan basalt of the central 
and alluvium of the lower region of the Betwa basin have undergone a significant decline 
in the GWL from 5–25 cm/yr and more than 25 cm/yr, respectively (Figure 9). On the 
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contrary to this, Shivpuri and Lalitpur districts do not show a significant depletion in the 
GWL. We observed that the wells near the streams show an increasing trend of up to 25 
cm/yr of GWL (Figure 9). We also observed an increasing trend (5–25 cm/yr) for most of 
the wells in the upper basin’s younger alluvium and Deccan basalt aquifers. It coincides 
with the intermediate forest cover (33%) [50] and relatively high rainfall (1200 mm/yr) in 
the region (Figure 9). The intermediate forest cover and relatively high rainfall in the re-
gion might have increased groundwater recharge [51] through an increase in the infiltra-
tion of rainfall water into the ground [52], controlling the surface runoff [53], and eventu-
ally, the GWL [52]. 

 
Figure 9. Spatial distribution of the GWL trend component obtained from the STL decomposed. The 
lithology map is used in the background to understand the variability of the GWL trend in different 
lithology and geology types. Isohyetal lines in black illustrate the spatial distribution of mean an-
nual rainfall in the study area. 

Figure 9 shows that the GWL of all the wells in the northern region of the alluvium 
plain shows a declining GWL trend (<2.5 cm/yr). The alluvium aquifer system in this re-
gion has a relatively high porosity, permeability, and specific yield capacity of (16%) 
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[54,55]. It is probably associated with relatively lower annual rainfall (<800 mm) and could 
be due to the overexploitation of groundwater for agricultural activities in the region [56–
59]. We observed an increasing trend up to 25 cm/yr GWL in the younger alluvium aquifer 
located in the southern region of the basin. This region experiences annual precipitation 
(1200 mm) and has intermediate forest cover. Most of the wells found in the Bundelkhand 
granitic gneiss complex regions and Deccan basalt show a declining trend. 

The aquifers of the central region of the Deccan basalt (Vidisha, Sagar, and Ashok-
nagar districts) and the Bundelkhand crystalline granitic gneiss complex (Tikamgarh, 
Jhansi, and Mahoba districts) have relatively less porosity, permeability, and specific 
yield. Most of the wells in these districts also have undergone a significant decline in GWL 
(5–25 cm/yr) in the past 25 years (1993–2018). In contrast, the GWL of the wells located in 
the Lalitpur and Shivpuri districts of the Bundelkhand crystalline aquifer show an increas-
ing trend (Figure 9). This might be due to the presence of sub-surface dykes (secondary 
porosity) and major surface water bodies (Rajghat, Jamani, Rohini, Matatila Dam, and Go-
bind Sagar) in the regions that have eventually increased the annual recharge of GWL 
[60]. We observed most wells with an increasing GWL trend up to 25 cm/yr near the river 
channels (Figure 9). We suspect that recharge through streams and canals, and dams into 
the ground might have resulted in an increase in GWL near the channels. 

The wells in the northern alluvium (Mahobba, Jhansi, and Hamirpur districts) aqui-
fers show a declining trend in GWL with a rate of more than 25 cm/yr. The declining GWL 
trend in the alluvium aquifer might have resulted due to relatively less cumulative rainfall 
in the lower basin (<800 mm/yr). 

5.1. Comparison between GWL Fluctuation and Rainfall 
The Betwa basin receives about 90% of its rainfall during the monsoon period (JJAS 

months). The declining trend of rainfall [61,62] has resulted in a decline in the groundwa-
ter table [63,64]. To understand this, we performed the correlation analysis between GWL 
fluctuation and monsoon rainfall (Figure 10). The positive R-value indicates an increase 
in groundwater fluctuation with rainfall increment. There is a moderate positive (0.3–0.6 
median R-value) linear relationship between the GWL fluctuation and monsoon rainfall 
in the wells located in Ashoknagar, Bhopal, Chhatarpur, Jhansi, Raisen, Hamirpur, and 
Tikamgarh districts. A weak (0–0.3 median R-value) linear relationship can be observed 
between the monsoon rainfall and the GWL fluctuation in the wells located in Lalitpur, 
Sagar, Sehore, Shivpuri, and Vidisha districts. 

Wells with an R-value ≈ 0.8 in the Ashoknagar, Hamirpur, and Tikamgarh districts 
of the basin, indirectly indicate that extraction of GWL in the region has increased despite 
high recharge in GWL. We observed negative linear correlations of about 10% to 15% of 
the total wells located in the Bhopal, Raisen, Sehore, and Vidisha districts (Appendix AT-
able A1). The negative effect indicates the wells might have experienced GWL depletion 
due to climate change and human perturbations. 

Overall, the correlation analysis suggests that the monsoon rainfall moderately con-
trols the GWL fluctuation in most of the wells. The moderate linear relationships between 
GWL and monsoon rainfall indicate that the recent variability in the monsoon rainfall 
could have affected the GWL. 
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Figure 10. District-wise correlation coefficient (R) between groundwater fluctuation and the mon-
soon rainfall. The extended dashed lines represent the minimum and maximum R-value ranges. The 
horizontal line in the box (solid black) represents the median value. 

5.2. Influence of Monsoonal Rainfall 
We assess the GWL change in response to monsoon rainfall in the aquifers composed 

of different geological formations (basalt, granite, sandstone, shale with sandstone, 
younger alluvium, and older alluvium). The regression plots of annual average GWL fluc-
tuation and monsoon rainfall in individual aquifers show a positive linear relationship 
(correlation coefficient between 0.41 to 0.77) (Figure 11a–f). 

Figure 11b shows a strong correlation coefficient (R = 0.77) in granite (banded gneiss 
complex) aquifers. Although the crystalline granite aquifer generally possesses low per-
meability and primary porosity, the GWL fluctuation has a high correlation coefficient (R 
= 0.77) with the monsoon rainfall. Granite in the middle and lower Betwa basin has good 
secondary porosity due to high lineament density, joints, fracturing, and weathering. The 
overburdened Bundelkhand granite is weathered from 5 to 30 mbgl and the fractures in 
granitic formation in this region allowed to form a deeper aquifer (up to 200 m depth) 
[65,66]. In the presence of secondary porosity in the crystalline hard rock of granite aquifer 
might have allowed quick change in GWL in response to rainfall. Brace et al. [67] found a 
similar observation that crystalline granite with joints and fractures has greater permea-
bility than the matrix. Likewise, the fractures in the Bundelkhand granite may have al-
lowed greater GWL fluctuation, hence the high correlation with rainfall. 

The older alluvium aquifer in the lower basin shows the second-highest linkage (R-
value of 0.73) between GWL fluctuation and monsoon rainfall (Figure 11c). The older al-
luvium aquifer in the Gangetic plain consists of a shallow unconfined system with a thick-
ness greater than 150 m. The Gangetic alluvium aquifer has high porosity and permeabil-
ity, which is highly suitable for groundwater recharge [68]. The older alluvium aquifer’s 
transmissivity and hydraulic conductivity range are 855–4107 m2/day, 48–93 m/day, and 
10–800 𝜇𝑆/𝑐𝑚, respectively [69]. 

The younger alluvium aquifers in the upper basin show a moderate correlation coef-
ficient (R-value of 0.55) with monsoon rainfall and GWL fluctuation (Figure 11a). The 
younger alluvium contains unconfined to the semi-confined aquifer, and its thickness 
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ranges up to 40 m. The transmissivity and electric conductivity in younger alluvium aq-
uifer vary from 100–3309 m2/day and 645 𝜇𝑆/𝑐𝑚 [70]. The younger alluvium aquifer has a 
relatively low yield of 1095 m3/day than the older alluvium aquifer’s yield (6500 m3/day). 

Overall, the hydrological properties of older alluvium show relatively high transmis-
sivity, electric conductance, yield, and thickness values than younger alluvium. This sug-
gests that the older alluvium aquifer responds better to rainfall; hence, the high correlation 
coefficient. 

The Wells located in the Deccan basalt have a moderate correlation (R = 0.66) (Figure 
11d). The deeper (80–300 m) aquifers in the Deccan basalt are multi-layered (intertrappean 
beds) with vesicular amygdaloidal joints, weathering, and fracturing system. The trans-
missivity and hydraulic conductivity in the Deccan basalt aquifer are 25–100 m2/day and 
0.05–15 m/day [68]. In addition, secondary porosities allow the basalt aquifer to recharge 
easily. 

In contrast, the aquifer in clay formation is characterised by low porosity and perme-
ability (Figure 11e,f). Wells in the shale formation show minimum fluctuation (3–4 mbgl 
range) in GWL with similar frequency, duration, and magnitude of rainfall during the 
monsoon. The hydrological parameters of the shale aquifers show that the transmissivity 
and hydraulic conductivity varies within the range of 100–600 m2/day and 0–10 m/day, 
respectively. The shale aquifer exhibits the lowest GWL fluctuation response to rainfall 
due to low transmissivity and hydraulic conductivity. 

Overall, the GWL fluctuation in the older alluvium, granite aquifers of high (primary 
or secondary) porosity and permeability are highly correlated to the rainfall. These aqui-
fers are more suitable for groundwater recharge and may be used as a groundwater res-
ervoir to meet the future groundwater demand. 

 
Figure 11. Comparison of average GWL fluctuation and monsoon rainfall from 1996 to 2018 (n = 23) 
in the (a) Younger Alluvium, (b) Granite (banded gneiss complex), (c) Older Alluvium, (d) Deccan 
Basalt, (e) Shale/Shale with sandstone, (f) Sandstone aquifers, respectively. 
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5.3. Anthropogenic Impacts on Groundwater 
The GWL change is estimated in the Betwa River basin between 1998 to 2018 for the 

post-monsoon period (Figure 12). The GWL decline is relatively severe in the lower basin, 
whereas the maximum decline in GWL is about 3 to 5.2 mbgl. In the middle Betwa River 
basin, GWL has declined from 2 to 3 mbgl. The GWL in the upper part of the basin has 
remained almost unchanged in the past two decades. Several studies have reported con-
siderable change in the landuse/landcover in the basin [71–74]. The landuse/land cover 
change data are used from the recent studies on the Betwa River basin [33,33,72] to assess 
its associated impacts on the GWL. Forest cover and barren land have decreased in the 
study area. This has resulted in an increase in the agricultural land (1827 km2), waterbody 
(711 km2), and built-up area (84 km2) in the past two decades. Consequently, the hydro-
logical processes (i.e., infiltration, runoff generation, and evapotranspiration) in the Betwa 
basin have been greatly altered [75]. 

 
Figure 12. The spatial distribution of GWL change during the post-monsoon period from 1998 to 
2018. The polygons are the district administrative boundary. 

In addition, an increase in population (38%) in the northern districts (Hamirpur, 
Jhansi, Jalaun, and Mahoba) in the last two decades (1991–2011) has led to an expansion 
of built-up and agricultural area by 0.2% and 4%, respectively, at the expense of forests 
(1.3%) and scrubland (25%) which might have impacted the GWL [31,74] (Figure 13a). The 
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area with a GWL decline between 1–5.2 mbgl falls under the drought-prone region of 
Bundelkhand (Figures 9, 12, and 13a). 

 
Figure 13. (a) Census population data from 1901 to 2011 of the Betwa region districts. (b) Irrigation 
area in percentage from the canal, tanks, groundwater, and surface water sources (Source: 
MPKrishi.mp.gov.in (accessed on 20 June 2022)). 

About 51% of the population growth in the Betwa basin from 1991 to 2011 has led to 
an increase in demand for food (Figure 13a). To achieve the food production demand, 4% 
of the agricultural land has increased in the study area. We suspect this might have re-
sulted in GWL depletion. Several studies have shown, it has led to over-dependency on 
groundwater for irrigation purposes in Madhya Pradesh and quantified the irrigation area 
of different sources (i.e., canal, surface water, tube well, and tanks) [76]. Due to limited 
surface water resources, in the Betwa River basin, the irrigated area from the wells has 
significantly increased from 61% to 78%, whereas the contribution from the remaining 
sources has reduced to a minimal (Figure 13b). 

For the past two decades, annual GWL fluctuation in the lower basin is continuously 
decreasing due to the exploitation of groundwater for irrigation purposes and the declin-
ing trend of rainfall in the region. It seems that the combined effect of over-exploitation of 
groundwater decline in rainfall has put the lower basin under immense pressure. Conse-
quently, the GWL significantly decreased (>25 cm/yr) in the lower basin. Thus, it may lead 
to a quick formation of the hotspot which eventually affects the sustainable development 
in the region. 

6. Conclusions 
This study evaluated the spatial and temporal variation of the GWL and its associa-

tion with monsoon rainfall in different aquifers of the Betwa river catchment. The spatial 
variability in the GWL data shows that the Betwa basin has experienced significant deple-
tion. In particular, the lower and middle basins show a severe depletion in GWL magni-
tude and variability. The STL decomposition of the GWL data shows that the GWL trend 
component depleted significantly during the 1996–2018 period in the lower basin. The 
wells with a declining trend show an increase in seasonal and remainder component var-
iability with time. However, these wells might have been influenced by groundwater 
over-exploitation and declining rainfall magnitude. Further, it is observed that the geol-
ogy and soil properties strongly influence the GWL behavior regionally. For example, the 
GWL fluctuation in granite aquifer shows a high correlation with the monsoonal rainfall 
despite low porosity, permeability, transmissivity, and hydraulic conductivity, possibly 
due to secondary porosity (i.e., high lineament density and fractures). Whereas the older 
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alluvium also shows a high correlation due to high transmissivity and hydraulic conduc-
tivity. On the other hand, the younger alluvium, basalt, sandstone, and shale aquifers ex-
hibit a moderate correlation in response to the geohydrological condition of these aqui-
fers. In addition to the declining rainfall trend, the population growth and over-exploita-
tion of groundwater have resulted in the depletion of GWL due to consumptive use for 
irrigation and domestic purposes. This study can be extended further and may be used to 
model GWL variability under the projected climate and anthropogenic changes (i.e., over-
exploitation, population growth) in Central Indian River basins. The finding of this study 
can be helpful for strategic planning, development, and management of groundwater re-
sources in the semi-arid catchment. 
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Appendix A 

Table A1. The correlation coefficient (R) of GWL fluctuation in response to the monsoon rainfall. 

Region No. of 
Wells 

Average Rainfall 
[mm] 

Strong Correla-
tion 

Moderate Correlation Wells 
[%] 

Weak Correlation Wells 
[%] 

Positive (R > 
0.7) 

Positive 
(0.3 < R < 0.7) 

Negative 
(−0.7 < R < −0.3) 

Positive 
(3 > R > 0) 

Negative 
(0 > R > −0.3) 

Bhopal 23 1078 4 43 0 51 10 
Chattarpur 27 1046 0 78 0 22 0 

Raisen 18 1200 0 50 0 44 12 
Ashoknagar 16 947 6 63 0 31 0 

Sehore 9 1104 0 33 0 67 11 
Sagar 46 1094 0 17 2 83 26 

Shivpuri 10 860 0 10 0 70 20 
Tikamgarh 57 904 2 67 0 32 4 

Vidisha 43 1123 0 26 0 74 14 
Hamirpur 5 753 20 60 0 20 0 

Jhansi 10 778 0 50 1 50 0 
Lalitpur 12 903 0 42 0 58 25 
Mahoba 1 822 0 100 0 0 0 
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Table A2. Hydrogeological parameters of the aquifer systems in the study area (source: CGWB re-
port). 

Aquifer Transmissivity 
[m2/day] Hydraulic Conductivity [m/day] Thickness [m] 

Older alluvium 250–4000 10–800 >150 
Sandstone and Shale 10–600 0.1–10 50–180 

Basalt 25–100 0.05–15 45–300 
Granite 10–500 0.1–10 120–200 

Younger alluvium 100–3309 10–645 Up to 40 
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