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Abstract: Groundwater depletion occurs when the extraction exceeds its recharge and further im-
pacts water resource management around the world, especially in developing countries. In India,
most groundwater level observations are only available on a seasonal scale, i.e., January (late post-
monsoon), May (pre-monsoon), August (monsoon), and November (early post-monsoon). The
Gravity Recovery and Climate Experiment (GRACE) data are available to estimate the monthly
variation in groundwater storage (GWS) by subtracting precipitation runoff, canopy water, soil
moisture, and solid water (snow and ice) from the GLDAS model. Considering GRACE-based GWS
data, the data fusion is further used to estimate monthly spatial maps of groundwater levels using
time-varying spatial regression. Seasonal groundwater monitoring data are used in the training stage
to identify spatial relations between groundwater level and GWS changes. Estimation of unknown
groundwater levels through data fusion is accomplished by utilizing spatial coefficients that remain
consistent with the nearest observed months. Monthly groundwater level maps show that the lowest
groundwater level is 50 to 55 m below the earth’s surface in the state of Rajasthan. The accuracy
of the estimated groundwater level is validated against observations, yielding an average RMSE
of 2.37 m. The use of the GWS information enables identification of monthly spatial patterns of
groundwater levels. The results will be employed to identify hotspots of groundwater depletion in
India, facilitating efforts to mitigate the adverse effects of excessive groundwater extraction.

Keywords: spatial regression; GRACE TWS; groundwater; data fusion

1. Introduction

Groundwater plays a critical role as a valuable water resource for various industrial,
agricultural, and domestic activities across the globe, such as in arid regions lacking
freshwater (North Africa and the Middle East) or the most-populated countries, such as
China and India. Overexploitation of groundwater leads to a scarcity of water resources
at the regional level and poses a significant threat to social and economic development
and the overall ecosystem [1]. Over the last few decades, severe groundwater extractions,
mostly for irrigation purposes, have dramatically dropped hydraulic head levels in different
regions of the world; within those areas, some areas dropped down by up to a few hundred
meters [2,3]. Groundwater depletion rates are very high in several regions. As a result,
the recovery process is not feasible in the foreseeable future. Excessive extraction of
groundwater leads to the decline of this precious resource, requiring more energy to pump
water as the groundwater level continuously drops [4]. The extreme groundwater depletion
will compress the subsurface, which will lead toward land subsidence, like in some extreme
cases such as the San Joaquim Valley of California; indeed, the land subsidence could
reach 16 cm/yr during the second half of the last century [5]. Land subsidence has a
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high probability of increasing the risk of flood in the affected areas, such as Bangkok,
Thailand, [6] and Jakarta, Indonesia [7].

GRACE and its follow-up mission GRACE-FO have been providing monthly obser-
vations of changes in the earth’s gravity field, starting from April 2002 [8,9]. GRACE is a
tool used to assess temporal variations in the earth’s gravity field at a monthly temporal
scale. Such variations are associated with several processes that need to be accounted for to
estimate monthly changes in terrestrial water storage (TWS). Spatial and temporal changes
in a gravitational field can be attributed to the variations in the mass of the fluidic layers of
the earth [10]. The TWS is the sum of all storage components of water at and under the
earth’s surface. These TWS datasets have been used by multiple studies globally, either at a
regional scale (continental scale) or local scale (basin scale) (e.g., [11–15]).

Monitoring long-term cyclical changes in groundwater storage is critical to the sus-
tainable development of ecosystems because groundwater is an important part of the
hydrological cycle on earth [1,16]. However, accurate quantifications of groundwater level
and its spatial and temporal variability are challenging due to the lack of monitoring
data [16]. Limited groundwater level in the long-term and dense measurements serve as
quantitative indicators of local groundwater change, so that a high spatiotemporal reso-
lution groundwater level cannot be acquired easily [4]. Groundwater level data can be
reconstructed using machine learning methods based on simulation models and GRACE
data [17]. Groundwater data are temporally sparse in developing countries. For example,
groundwater levels are observed during January, May, August, and November in India.
The spatiotemporal GRACE TWS data reflect consistent patterns with that of hydrocli-
matic variables. Previous studies [18] used data from the Global Land Data Assimilation
System (GLDAS) land surface models and decompose the GRACE TWS data into surface
water, soil moisture, snow and canopy water, and groundwater storage (GWS). These
datasets provided us with critical information for monitoring changes in GWS and are
highly related to groundwater level [19]. Moreover, multiple GRACE mascon products
were integrated with GLDAS outputs to estimate and analyze spatio-temporal variations in
GWS anomalies [20–22]. Scanlon et al. (2018) considered GRACE data and various global
hydrological models including GLDAS to assess the impacts of climate and humans on
water resources [23]. The previous study proposed a fusion method incorporating spatially
and temporally varying relations of data [24]. This study will consider the data fusion
based on in situ groundwater observation and GRACE-based GWS.

Groundwater level measurements in India are generally recorded four times a year.
Thus, the process of estimating monthly groundwater levels is employed from the integra-
tion of seasonal groundwater monitoring wells and monthly GRACE data. We make the
assumption that the spatial relationship between groundwater levels and GWS changes re-
mains constant between the observed month and the nearest ones. Data fusion is employed
to link the GRACE-based GWS and groundwater level using time-varying spatial regres-
sion. Eventually, the monthly spatial groundwater level is estimated from GRACE-based
GWS changes while the nearest month coefficients are identified.

2. Materials and Methods
2.1. Study Area

The study area for this research covers the area of India and Bangladesh. For the last
two decades, the area has been severely affected by groundwater depletion. India, severely
affected by groundwater depletion, covers an area of 2.28% (297 million ha) of the global
land area and has a population of 1.24 billion, which is 17.80% of the global population.
The total groundwater withdrawal in India (245 billion m3 in 2011 [25]) puts India on
the top of the list for groundwater consumption globally [26]. India contains 22 major
river basins [27]. In the northwest part of India, the Rajasthan, Uttaranchal, and Haryana
states are facing high groundwater depletion due to high agricultural consumption of
groundwater for irrigation purposes. The location map and spatial distribution of training
and testing data in groundwater are shown in Figure 1.
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Figure 1. Study area; locations of training and testing samples, and time series checkpoints for
groundwater level mapping.

The northern part of India, which consists of the Himalayas, has abundant ground-
water resources due to the permeable nature of rocks and the presence of glaciers and
snowmelt. The Peninsular India has hard rock formations which limit the availability of
groundwater. The Deccan Traps, a large volcanic province in central India, has ground-
water resources associated with basaltic rocks. The Ganga-Brahmaputra region has more
than 40% of the country’s total groundwater resources. Groundwater in India is often
over-exploited due to anthropogenic activities such as industrialization and agricultural
practices. Ninety percent of groundwater in India is used for irrigated agriculture.

2.2. Materials
2.2.1. GRACE TWS Dataset

The GRACE data product was aimed at studying the changes in gravity on a global
level. The GRACE data have different output products, i.e., a spherical harmonic and
mascon solution. The literature shows that mascon solutions have a higher correlation with
the groundwater monitoring wells than the spherical harmonic dataset [28]. In this study,
we have used the Centre for Space Research (CSR)-based monthly mascon solutions for
TWS. The variability of the mass in each grid cell is expressed as the equivalent water height
(EWH, in cm), which is a way of representing changes in the gravity field in hydrological
units. TWS is the sum of all water on the land surface and in the subsurface, including
surface water, soil moisture, snow and ice, and groundwater. The spatial resolution
of the mascon solution is 3 arc degrees on the earth’s surface. Multiple methods are
applied to resample the CSR data to refine their spatial resolution. The global data are
further processed and applied to our study area of India and Bangladesh. The 0.5-degree
resolution data with the applied filter of coastline resolution improvement are used. For
this current study, we have used monthly data from 2019. Please find more details here:
https://www2.csr.utexas.edu/grace/RL06_mascons.html (accessed on 5 April 2023).

https://www2.csr.utexas.edu/grace/RL06_mascons.html
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2.2.2. GLDAS Data

The GLDAS drives the land surface models and data assimilation by integrating
data from satellite and ground-based observations to estimate the land surface states and
fluxes [11]. Four kinds of land surface models (LSMs) are namely the Mosaic, Noah, Variable
Infiltration Capacity, and Community land models. For this study, the Noah LSM-derived
data were used, having spatial resolutions of 0.25 by 0.25 degrees and containing soil
moisture (SM), snow water equivalent (SWE), surface water (SW), and canopy water storage
(CWS). The GLDAS global data are available at: https://giovanni.gsfc.nasa.gov/giovanni/
(accessed on 5 April 2023). The global products were further processed and extracted from
the study area. The SW, CWS, SWE, and SM values were in (kg/m2) units which were later
converted to centimeters, as the GRACE-based TWS unit is also in centimeters. GLDAS-2.1
data products were used for analysis.

2.2.3. Monitoring Well Data

The Central Ground Water Board (CGWB) freely provides the seasonal data from
groundwater monitoring wells, e.g., the depth to groundwater level. The groundwater
level data were monitored in January (late post-monsoon), May (pre-monsoon), August
(monsoon), and November (early post-monsoon) every year. Based on the data, the seasonal
analysis has been performed for groundwater level change.

In the study area, more than 6300 well data are checked for consistency and missing
values. Many wells with missing values or incomplete data occur in the study period in
India. Eventually, 1430 well observations are used after data cleaning. For the modelling,
the training and further testing data are prepared independently for data fusion (70% and
30% data for training and testing).

2.3. Methods

The data fusion flowchart is shown in Figure 2. For data preprocessing, the one-
month-missing TWS data were linearly interpolated. The in situ observations with missing
data on one or more seasons were excluded from the analysis. The methodology contains
three sections. First, the monthly GWS changes are identified using the GRACE TWS and
GLDAS datasets. For the second section, the spatial regression models between the GWS
changes and groundwater levels are generated at four observed months. Eventually, for
the estimation, the monthly groundwater levels are estimated based on the GWS data.

2.3.1. Monthly Groundwater Storage Change (∆GWS)

The variation in TWS anomalies can be explained by water storage parameter changes.
The expected changes to the TWS represent the mass variability in a key portion of hydrolog-
ical components. The GLDAS data can help us to separate those hydrological components
from the total TWS and understand the spatial and temporal variability of the groundwater
storage [9,13,29]. The GLDAS input parameters (SM, SWE, SW, and CWS) are converted to
an equivalent water height anomaly by removing the value of every individual parameter
with temporal means between 2004–2009. Here, Equation (1) shows the total sum of all the
storage changes in comparison to TWS changes.

∆TWS = ∆SM + ∆SWE + ∆SW + ∆CWS + ∆GWS (1)

where ∆SM is soil moisture change, ∆SWE is snow water equivalent change, ∆SW is
surface water change, ∆CWS is canopy water storage change, and ∆GWS is groundwater
storage change. The GWS change from TWS-based GRACE signals can be identified
using Equation (2).

∆GWS = ∆TWS − (∆SM + ∆SWE + ∆SW + ∆CWS) (2)

https://giovanni.gsfc.nasa.gov/giovanni/
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Figure 2. Methodological workflow for a research study. (1) monthly GWS changes are identified
using GRACE and GLDAS datasets; (2) spatial regression models between the monthly GWS changes
and groundwater levels are generated; (3) monthly groundwater levels are estimated based on
GRACE data from nearest-month coefficients.

∆GWS can be determined using GRACE-based TWS minus the GLDAS parameters,
i.e., ∆SM, ∆SWE, ∆SW, and ∆CWS [14,18,29,30]. Eventually, the GRACE-based ∆GWS is
generated with a spatial resolution of 0.5 × 0.5 degrees. The GLDAS considers different
hydrological components of LSMs. Various LSMs have been used by different researchers,
but the Noah model from the GLDAS-based data is highly preferred by researchers [28];
therefore, the Noah model-based input parameters are used for GWS extraction in this
study. The GLDAS input parameters units are converted from kg/m2 to centimeters to
make them consistent with the GRACE-based TWS data. For conversion to cm, the original
GLDAS layers are multiplied by 0.1 to obtain the output product of every layer.

2.3.2. Data Fusion Using Time-Varying Spatial Regression

For estimation of the groundwater level from GRACE-based GWS, spatial regression
has been used for data fusion. The time-varying spatial relation between GWS change and
groundwater level at time t is shown in Equation (3).

hi,t = β0,t(ui, vi) + β1,t (ui, vi)∆GWSi,t + εi,t, (3)

Here, hi,t is the estimation of the depth to groundwater level based on the groundwater
storage change at location i at time t, ∆GWSi,t. β0,t(ui , vi) is the intercept at every well
location with latitude and longitude (ui, vi) [unit: m], β1,t(ui , vi) is the slope coefficient
at well location i at time t for ∆GWS [unit: m/cm], and εi,t is a residual error in the
model [31,32]. In parameter estimation, the ∆GWS values at well locations are extracted
using GIS. The spatial regression is applied to develop a monthly based groundwater level
map determining the spatial pattern and its temporal variations in groundwater level based
on GRACE-based monthly GWS changes. Spatial regression is the modified form of linear
regression which considers the spatial weighted parameters.

The estimated parameter matrix β̂k,t(ui, vi) = (β0,t(ui, vi), β1,t(ui, vi))
T at time t for

variable k is further determined using weighted least squares:

β̂k,t(ui, vi) =
[
XT

t W(ui, vi)Xt

]−1
XT

t W(ui, vi)Ht, (4)
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Xt =

1 ∆GWS1,t
...

...
1 ∆GWSn,t

, Ht =

h1,t
...

hn,t

, (5)

W(ui, vi) is a spatially varying weight matrix developed from the Gaussian weighting
function. The Gaussian weighting function is defined by well-known mathematical expres-

sion e−(Dij/b)2
, where b is the bandwidth, which is a non-negative parameter, and Dij is

the distance between two observations of target i and its neighbor j. n is the observation
number. Bandwidth is the key parameter of the Gaussian weighting function. The opti-
mal bandwidth was estimated based on cross-validation in which the minimized errors
between the observed and estimated values are determined to be as much as possible.
In this study, the optimal bandwidth b is about 0.4. The regional monthly groundwater
level can be estimated using GRACE-based GWS from Equation (3), after beta parameters
are determined using Equations (4) and (5). Moreover, the beta parameter values of the
GRACE-based GWS grids are interpolated for spatial groundwater level estimation.

2.3.3. Estimation of Monthly Groundwater Level

Groundwater monitoring is available for January, May, August, and November. The
data fusion models are built using those four months. Then, the known spatial coefficients
are used to estimate the spatial variation in groundwater level from the GWS. Based on
the calibrated coefficients from Equations (4) and (5) during the observed months, spatial
maps of the groundwater level during unobserved months are estimated. Figure 3 shows
how to estimate the groundwater level map based on the seasonal in situ observations and
monthly GRACE-based GWS. Firstly, the regression coefficients of the four months can
be calibrated and determined. These regression coefficients are the priori information for
data fusion. The coefficients of the unobserved months were obtained from the nearest
neighboring observed month or computed as the average values of the two observed
neighboring months. For example, the average values of coefficients in January and May
were used for the estimation of the groundwater level in March.
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cients from neighboring observed months.

3. Results
3.1. Spatio-Temporal Mapping of Monthly GWS Variation

Figure 4 shows the monthly based GWS spatial variations in 2019 relative to a
2004–2009 time–mean baseline for the study area of India and Bangladesh. The most
severely affected area is the Northeast area. The groundwater depletion areas are mostly
agricultural areas, where groundwater is used for irrigation so that groundwater stor-
age decreases drastically [4,15]. As the hotspot area is mostly used for the agriculture
of wheat and rice, most of the extraction of groundwater is used for irrigation purposes.
Groundwater levels contain seasonal fluctuation. During the months from December to
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April, irrigation proposes that groundwater is the main source of water [33]. The heavy
groundwater extraction period is in the first few months of the year. Panda and Wahr [19]
conducted a study of annual groundwater depletion and found that the northern part of
India, which was the largest storage area, has been the most continuously affected part for
more than a decade. The monsoon season in the southern part of India is mostly between
September and October and also extends to November in some years. Due to the high
consumption of groundwater in pre-monsoon months, the lowest GWS values occur in
this period, while the GWS values are at peak during and after the monsoon season [10].
The climatic variables, such as precipitation and evapotranspiration, cause seasonality
effects on groundwater storage change [34]. Long-term variations in precipitation may
affect groundwater storage in north India [35]. Guhathakurta and Rajeevan [36] found
that the entirety of India receives >74% precipitation during the monsoon season (June
to September). Groundwater storage variability in northwestern India can be explained
predominantly by variability in groundwater extraction for irrigation, as well as also being
influenced by changes in declining precipitation [35].
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3.2. Monthly Spatial Groundwater Level Estimation

Figure 5 shows the monthly estimation maps of groundwater in 2019. The spatial
and temporal variations in groundwater level can be identified using Equations (3)–(5).
The results indicate that the northern area of India has a higher depth of groundwater
level compared to the southern part. In the northern area, the depth of the groundwater
level can reach from 50 to 55 m below the earth’s surface, while in the southern part, the
level is only 15 to 20 m below the ground. Chen et al. [4] conducted a study on long-term
groundwater variations in India and found that northwest India has a decreasing trend
in groundwater storage, which further leads to groundwater level depletion in the area
and also the surrounding areas of northern India. As the consumption of groundwater is
high in the first months, the lowest groundwater level can be identified at around 55 m
below the ground, and in the months of the monsoon season, the groundwater level
starts to recover from September onwards. After the monsoon season, consumption of
groundwater reduces. The depth of the groundwater level in the winter season rises, and
the groundwater level extends to a range of between 40 to 45 m below the ground during
the months of the winter season. The consumption of groundwater increases at the start
of the year, and the groundwater level decreases due to high groundwater extraction. In
Figure 5, results show that the groundwater level is very low in northern India, which
further adds to depletion problems in terms of water resources. This approach not only
shows the hotspots of the groundwater depletion, but also the spatio-temporal pattern
variations in groundwater changes. The seasonal variations from climate and groundwater
exploitation affect groundwater changes.

For the validation of groundwater level estimation, the RMSE (root mean square
error) was calculated from the field observation and the estimation of the model in Table 1.
The estimated values were extracted by the locations of observation wells in January,
May, August, and November, during 2019. The average RMSE for groundwater level
is 2.37 m. Figure 6 shows the groundwater level residual maps in (a) January, (b) May,
(c) August, and (d) November, during 2019. Spatial residuals are randomly distributed.
This represents the good performance of the estimation, since spatial regression usually
reduces the spatial autocorrelation of model residuals. Furthermore, our future work will
consider machine learning or deep learning approaches as data fusion models to reduce
overall model residuals.

Table 1. RMSE of estimated groundwater depth for validation.

Month RMSE (m)

January 2.24
May 2.80

August 1.94
November 2.49

Average 2.37

3.3. Time Series Plots for Validation

Figure 7 shows the multiple time series of groundwater levels below the earth sur-
face in the checkpoints (red points in Figure 1). Results show the monthly estimated
and seasonal observed groundwater levels when combining the GWS information. The
groundwater level varies moderately in locations 3 and 5 (South India) when compared
with location 1 and 2 (Northwest India). The groundwater levels vary seasonally, espe-
cially in Northwest India. The low peak of the groundwater level took place in March or
April, but the high peak happened in August. This is highly related to agricultural activity.
Northwest India is a hotspot area for groundwater depletion. The groundwater depletion
in Northwest India is reported to be related to irrigation water withdrawals. Here, wheat
and rice are planted and irrigated using groundwater extracted in the cropping seasons.
The crops are sown in winter from October to December and harvested in summer from
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April to June. In addition, groundwater is the major source of water for irrigating crops
here from December to April [33].
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based GWS.

Considering these groundwater level estimations, groundwater management should
be given attention in March because that is the month with the lowest groundwater level in
the hotspot area. The volume of exploited groundwater increases between March and May
because farmers start irrigating for cultivation. The groundwater level continues to increase
to the highest level in August due to the monsoon. From October to January in the following
year, the groundwater level becomes lower because groundwater exploitation remains
at a high level. Application of the GRACE-derived GWS anomalies to estimate monthly
groundwater level changes in India is validated based on the observation data. The robust
spatial regression method used in this study provides the transformation from GWS to
groundwater level. In addition, the lack of field measurements of aquifer storage properties
causes extra uncertainties in the prediction of groundwater changes [37]. Currently, the
estimation is determined from the coefficient of the neighboring month, but it could be
used from the ones with the highest correlation in the future.
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4. Discussion
4.1. Fusion of GRACE and Groundwater Level Data

The lack of integrity and continuity in groundwater level changes occurs only when
using seasonal observations. Data scientists can use interpolation methods to develop
reasonable guesses for groundwater variations. However, transferring from seasonal data
to monthly data is still challenging. The monthly GRACE-based GWS changes provide
sufficient information on the temporal groundwater variations in the study area. Generally,
the transformation from GWS change to groundwater level is a spatial function [24].
Groundwater level maps can be obtained from spatial regression-based data fusion. The
data fusion model is performed to discover the spatial pattern of groundwater changes.
Essentially, the data fusion model is built to estimate the regional groundwater level using
the GRACE data. We aim to increase the temporal resolution of groundwater level by
using a data fusion approach while considering spatial relations between groundwater
level and storage changes. This data fusion approach proposed here provides a reliable
spatiotemporal representation, e.g., the temporal pattern and spatial heterogeneity of the
groundwater changes.

Furthermore, data fusion for downscaling refers to a spatial resolution or temporal
resolution increase within the datasets. Statistical models account for the downscaling
processes within or across scales. Most GRACE downscaling studies were conducted by
considering the auxiliary variables that were highly correlated with precipitation. GRACE-
derived GWS was also used as the auxiliary variables and initial conditions, and the
downscaling could be implemented. A statistic or dynamic downscaling algorithm pro-
duced high spatial resolution GWS changes from the GRACE data [38,39]. A high spatial
resolution GWS or a groundwater level map was produced by utilizing the relationship
between TWS and hydro-climatic variables using machine learning, e.g., a regression
tree [17,33]. To increase the model performance, we will consider machine learning or deep
learning approaches as data fusion models in the future.

4.2. Seasonality and Depletion Trend of Groundwater

GRACE provides large-scale spatio-temporal variations in GWS changes at the pre-
cision of tens of mm in equivalent water height. The GRACE-based GWS changes are
consistent with the variations in groundwater levels [39]. The GRACE-based GWS shows
the area-averaged signature of groundwater changes within the area. The result matches
the finding from the GRACE-based model by [10]. In India, groundwater is the major
source of water for irrigating crops [40]. The seasonality and depletion trend of GWS
changes are due to the usage of groundwater for irrigation. Groundwater extraction has
increased from 231 billion m3 in 2004 to 249 billion m3 in 2017. However, the usage for
irrigation in a percentage for whole extraction has reduced from 92% to 89% during these
years [41]. In addition, climate change directly influences precipitation variations and then
seriously affects surface water and groundwater, especially during periods of drought.
Heavy groundwater pumping for irrigation caused rapid groundwater depletion in India
during persistent droughts. Precipitation variation is associated with the trends and pat-
terns of GWS changes [42]. The irrigation from groundwater helps meet the rising food
demands under climate changes but results in severe groundwater depletion in India.

The fusion model may obtain the global trend, but it loses the local variation in
groundwater level. The uncertainty of groundwater estimation is large due to the fusion
data resolution inconsistence, i.e., the coarse resolution of the original GRACE data. In
addition, the changes in regional hydrology due to glacier mass balances are not simulated
by using the GLDAS model. This glacier mass loss may have an effect on the GWS estimates,
especially on the northern side of the area [37–39]. In the future, multiple global models
and GRACE mascon products will be applied for comparison and validation.
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5. Conclusions

The focus of this study is to develop a spatial regression-based data fusion model
for estimating monthly groundwater levels. When field observations from groundwater
monitoring wells are available only at a seasonal scale, the monthly variations in GRACE-
based groundwater storage (GWS) are further used to estimate the spatial maps of monthly
groundwater levels. The spatial estimated coefficients are used for the spatial estimations
at the months without groundwater observations.

The estimated groundwater level is further validated in the groundwater monitoring
wells data, showing an average RMSE of 2.37 m. Using this approach in groundwater
monitoring, patterns of regional groundwater levels are reliable to understand groundwater
spatio-temporal variability. Result shows that the groundwater level is 50 to 55 m below the
ground in northern India. The groundwater level rises to 40 to 45 m below the ground in
the northern part during the monsoon season. Groundwater level monitoring and control
is critical in northern India, where groundwater extraction is important for sustaining
agricultural activities. Moreover, these results will be further used for the mitigation of
groundwater depletion. Groundwater managers and government authorities can apply the
model to identify the groundwater level distribution for groundwater control. The effective
monitoring wells will be selected for validation. In the future, we will check the uncertainty
of the currently employed nearest-month coefficient approach and compare this approach
with a linear interpolator to estimate the time-dependent coefficients from the GRACE data
for groundwater mapping. In addition, machine learning or deep learning approaches as
data fusion models will be considered.
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Appendix A

Table A1. Locations of checkpoints in this study.

Well ID in Figure 1 Latitude (Degree) Longitude (Degree)

1 27.622 74.367

2 27.238 70.444

3 14.870 77.566

4 24.424 78.078

5 17.898 73.855
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