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Abstract

Groundwater is the second largest store of freshwater in the world. The sustainability of the ecosystem is largely dependent
on groundwater availability, and groundwater has already been under tremendous pressure to fulfill human needs owing to
anthropogenic activities around various parts of the world. The footprints of human activities can be witnessed in terms of
looming climate change, water pollution, and changes in available water resources. This paper provides a comprehensive
view of the linkage between groundwater, climate system, and anthropogenic activities, with a focus on the Indian region.
The significant prior works addressing the groundwater-induced response on the climatic system and the impacts of climate
on groundwater through natural and human-instigated processes are reviewed. The condition of groundwater quality in India
with respect to various physicochemical, heavy metal and biological contamination is discussed. The utility of remote sens-
ing and GIS in groundwater-related studies is discussed, focusing on Gravity Recovery and Climate Experiment (GRACE)
applications over the Indian region. GRACE-based estimates of terrestrial water storage have been instrumental in numerous
groundwater studies in recent times. Based on the literature review, the sustainable practices adopted for optimum utiliza-
tion of groundwater for different purposes and the possible groundwater-based adaptation strategies for climate change are
also enunciated.
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Background

Groundwater is the second largest freshwater resource on the
planet and meets above one-third of global drinking water
demands (Li 2016). In India, a majority of irrigation water
and domestic water supplies are fulfilled by groundwater.
In the USA, almost two-fifths of the domestic water supply
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is met through groundwater. Almost all the rural residents
in the USA depend on groundwater for drinking purposes
(NRC, 2000). Hence, regardless of whether a developed,
developing, or an underdeveloped country, groundwater
plays a vital role in fulfilling basic needs. The population
explosion, polluted surface water bodies, and growing
climatic uncertainties are expected to cause an increased
dependence on groundwater in the future. Moreover, ground-
water pollution has risen as a major issue, which is getting
aggravated day by day, as evident from several recent studies
(Adimalla and Taloor 2020; Aladejana et al. 2020; Cuth-
bert et al. 2019; Green 2016; Hamed et al. 2018; Jasrotia
et al. 2019; Khalaj et al. 2019; Li 2016; McGill et al. 2019;
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Morsy et al. 2017; Taloor et al. 2020). Further, the impacts
of climate change and variabilities have risen as challenging
issues to the present generation, which are likely to worsen
in the future due to anthropogenic interventions with nature
(Guptha et al. 2021 and 2022; Swain et al. 2022a, b).

The public water supply is likely to be more depend-
ent on groundwater in the future due to population growth
and looming climatic variability (Li et al. 2016 and 2017).
Recently, groundwater pollution has become a major con-
cern due to possible impacts on human and animal health
and ecological consequences. Several studies have reported
deterioration in groundwater quality, mainly caused by the
application of pesticides and fertilizers (Adimalla et al.
2018a; Adimalla et al. 2020; Gupta 2020; Gupta and Sharma
2019; Khalaj et al. 2019; Li et al. 2014; Zaveri et al. 2016).
This leads to nitrate contamination of groundwater, causing
fatal diseases in human beings. Not only for human beings,
but all the living species that depend on groundwater are
also affected by the harmful effects of groundwater quality
changes (Morsy et al. 2017).

Influence of climate on groundwater
systems

Climate change and variability have both direct and indirect
effects on groundwater systems. The direct impacts include
the effects on natural recharge mechanisms. The precipita-
tion (P) and evapotranspiration (ET) are largely governed by
climate and land cover, whereas the geology and soil dic-
tate if a water surplus (P-ET) can be transmitted and stored
in the subsurface (Taylor et al. 2013a). The global diffuse
recharge is estimated to be 0.013 to 0.015 Mkm? per year
(Dol and Fiedler 2008; Wada et al. 2010), which is almost
30 percent of renewable freshwater resources globally (Dol
2009). However, these are not measured contributions to
aquifer as these are modeled estimates representing poten-
tial recharge fluxes, i.e., P minus ET. Hence, their spatial
variation is linked mainly to the global precipitation distri-
bution. Moreover, the focused recharge is not included in
these modeled estimates, which may be vital for semi-arid
environments.

The climatic variability along with the extremes
(droughts/floods) have pronounced impacts on groundwa-
ter recharge. The extremes are often linked to large-scale
atmospheric oscillations, viz. El Nifio/Southern Oscillation,
Atlantic Multidecadal Oscillation, Pacific Decadal Oscilla-
tion, etc. (Taylor et al. 2013b; Treidel et al. 2011). Dur-
ing 2000-07, the extreme droughts over Murray—Darling
basin, Australia, caused a substantial decline in ground-
water storage, owing to a sharp decrease in recharge (Leb-
lanc et al. 2009). On the other hand, the recharge in bore-
holes of tropical Africa is disproportionately contributed
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by extreme rainfall events (Owor et al. 2009; Taylor et al.
2013b). The heavy rainfall events often act as the sole con-
tributor to groundwater recharge in semi-arid regions (Dol
and Fiedler 2008; Small 2005), and they mostly generate
focused recharge beneath ephemeral surface water bodies
(Favreau et al. 2009; Pool 2005; Taylor et al. 2013b). Fur-
ther, recharge from extreme precipitation events is often
responsible for microbial pollution of the shallow aquifer.
This causes diarrhoeal diseases in several countries where
water supplies are dependent on shallow aquifers (Taylor
et al. 2009). Scanlon et al. (2005) assessed the ecological
controls on water-cycle response to climate variability in
deserts and found the vegetation dynamics to be highly influ-
ential. Alterations in snowmelt regimes lead to a reduction
in the magnitude and seasonal duration of recharge at high
latitudes and elevations (Sultana and Coulibaly 2011; Tague
and Grant 2009; Kumar et al. 2021a; Sood et al. 2020 and
2021a, b; Singh et al. 2021). The peak and low groundwa-
ter level (GWL) show a shift in magnitude and timing for
aquifers in valleys (Allen et al. 2010). Figure 1 represents a
conceptual diagram of the natural impacts of climate change
on the groundwater system, which does not consider the role
of anthropogenic activities.

The indirect impacts of climate variability on groundwa-
ter systems are mostly changes in groundwater use, governed
by anthropogenic activities. In contemporary times, the
land-use changes, specifically the expansion of agricultural
fields, are responsible for complicating the relations between
groundwater and climate (Bahita et al. 2021a; Taloor et al.
2021; Yadav et al. 2020). The natural ecosystems and
managed agro-ecosystems exhibit diverging responses to
changes in rainfall and sometimes, the terrestrial hydrology
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Fig. 1 Conceptual diagram of natural impacts of climate change on
groundwater system
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may be more influenced by land-use changes than climatic
changes. Enhanced runoff through focused recharge by
ephemeral ponds and soil crusting due to conversion of
savannah to cropland led to an increase in groundwater
recharge and storage during multi-decadal droughts over the
Sahel region, West Africa (Leblanc et al. 2008). Similarly,
land-use changes from natural ecosystems to rainfed agri-
cultural lands in the southwest US and southeast Australia
increased the groundwater recharge in the early-twentieth
century. However, the salinity of unsaturated soil profiles
associated with this recharge caused degradation in ground-
water quality (Scanlon et al. 2006). The recharge rates under
agricultural lands exhibited a significant increase compared
to the native perineal vegetation over these regions (Cart-
wright et al. 2007; Leblanc et al. 2012; Scanlon et al. 2010).

As of 2000, nearly 90% of consumptive water use and
almost 70% of freshwater withdrawals globally were dedi-
cated to irrigation, which reflects the huge influence of
human activities on the terrestrial hydrologic system (Doll
et al. 2012). The impacts can be broadly put as: (a) ground-
water recharge resulting from return flows due to surface
water irrigation; (b) depleted groundwater levels in areas of
mainly groundwater-dependent irrigation; and (c) surface-
energy budget alterations connected with irrigation-induced
increase in soil moisture. Irrigation has led to a depletion of
groundwater due to intense abstraction in arid and semi-arid
regions of the world, e.g., US High plains (Longuevergne
et al. 2010; Scanlon et al. 2012a), Northwest India (Rodell
et al. 2009), and North China (Chen 2010); and in humid
regions, e.g., Bangladesh (Shamsudduha et al. 2012), and
Brazil (Foster et al. 2009). The source of irrigation shifted
to groundwater from surface water during the persistent
drought of 2006—09 over the California Central Valley,
which resulted in a severe decline in groundwater levels
(Famiglietti et al. 2011; Scanlon et al. 2012a,b). Irrigation
through surface water since the 1960s led to an increase
in groundwater recharge by seven times over parts of the
valley (Faunt 2009). The enhanced recharge hampers the
groundwater quality by flushing natural pollutants such as
Arsenic from the groundwater system (Shamsudduha 2011;
Van Geen et al. 2008) and by mobilizing salinity from unsat-
urated soil profiles (Scanlon et al. 2006). Hence, the indirect
impacts of climate change may be more pronounced than the
direct impacts on groundwater systems.

As the surface water systems are enormously affected by
climate, the importance of groundwater as a reliable resource
of freshwater has become increasingly critical, especially
for societal water security. Groundwater often seems to be
unaffected by the direct impacts of climate change as it is
beneath the ground. Nevertheless, climate change affects the
groundwater over the long term through several pathways
(Green et al. 2011; Taylor et al. 2013a). Different physi-
cal, geochemical, and transport processes, viz. irrigation,

fertilization, volatilization, nitrification, denitrification,
mineralization, nitrate leaching, advection, dispersion, dif-
fusion, etc., contribute to groundwater pollution directly or
indirectly (Li 2016). Several studies (Babiker 2004; Obei-
dat et al. 2013; Spalding and Exner 1993) have provided
evidence of increasing pesticide and nitrate concentrations
in groundwater across different parts of the world, although
it can be mainly due to anthropogenic activities. However,
land-use changes causing warmer temperatures may lead to
earlier and extended growing seasons. It may also enable
favorable conditions for crops requiring high pesticide and
fertilizer applications (Bloomfield et al. 2006; Li and Mer-
chant 2013). The increasing temperature may also result
in lower soil organic matter and enhanced denitrification,
encouraging higher fertilization application (Dalias et al.
2001; Li 2016; Rivett et al. 2008; Zhu and Fox 2003). Jean
et al. (2006) described the role of extreme precipitation
events in increasing the microbial pollution of groundwater
through flooding wells. In general, changes in rainfall and
temperature affect the groundwater recharge causing shifts
in groundwater levels and changes in leachate transport
(Ali et al. 2012; Eckhardt and Ulbrich 2003; Scibek and
Allen 2006). Similarly, reduced precipitation coupled with
rising temperature may increase the size and frequency of
crack formation in soils, leading to increased contamina-
tion (Bloomfield et al. 2006; Li 2016; Stuart et al. 2011).
There are numerous studies (Aladejana et al. 2020; Cul-
let et al. 2017; Cuthbert et al. 2019; Earman and Dettinger
2011; Essefi et al. 2013; Green 2016; Hamed et al. 2018;
Hanson et al. 2012; Herrera-Pantoja et al. 2012; Holman
2006; Khalaj et al. 2019; Kurylyk et al. 2014; Li 2016; Mala-
kar et al. 2021; Manning et al. 2013; Mas-Pla and Menci6
2019; McGill et al. 2019; Morsy et al. 2017; Moseki 2017,
Mukherjee 2018; Panwar and Chakrapani 2013; Sanderson
and Curtis 2016; Taylor et al. 2013a; Zaveri et al. 2016;
Haque et al. 2020; Khan et al. 2020) available in the lit-
erature that can be referred to understand the impacts of
climate on groundwater system in general or on particular
aspects of groundwater (e.g., quality, recharge, the role of
anthropogenic activities, complex interactions, groundwater-
dependent ecosystems, hydrocarbon mitigation, sea-level
rise, seawater intrusion, groundwater management, etc.).
As the usage and depletion of groundwater are dominated
by irrigation, climate change in the future may have signifi-
cant impacts on groundwater through concomitant irriga-
tion-water demands. Although high uncertainties are associ-
ated with the global and regional climate models regarding
effects of climate change on rainfall patterns (Bates et al.
2008), it is evident that the hydrological cycle is intensified
by climate change, causing an increased number of meteoro-
logical extremes (Allan and Soden 2008; Field et al. 2012).
An increase in intensity and frequency of heavy rainfall
events interspersed with severe and prolonged droughts may
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induce changes in recharge and discharge of groundwater
systems along with irrigation demands. Doll (2002) car-
ried out a global assessment of climate change impacts on
irrigation demands and projected increased irrigation water
requirements by 2070 for two-thirds of the existing (end of
twentieth century)irrigated area.

India is the largest groundwater user in the world, with an
annual withdrawal of 230 km? for irrigation (Mishra et al.
2018; Sahoo et al. 2021). This is due to a huge population,
the majority of which has agriculture as the primary occu-
pation. The lack of adequate irrigation facilities, signifi-
cant spatiotemporal variation in precipitation and surface
water availability, and unsustainable water-use practices
have led to excessive dependency on groundwater. Due to
the rapid growth of population, urbanization, industrializa-
tion, and climate change impacts on water resources, the
water demands are expected to rise in the future. Jain (2011)
assessed the estimates of water requirements for current and
future scenarios over India. The annual water requirements
in different sectors over India during the current (2010),
near-future (2025), and mid-twenty-first century (2050) for
low and high population growth scenarios are presented in
Table 1. India is likely to face the problems of water scarci-
ties due to its uncontrolled rise in population and severe con-
sequences of climate change. There is a significant increase
in estimated water demands in the mid-twenty-first century
as compared to that of 2010, specifically for high-population
growth conditions.

On the basis of hydrogeological characteristics, India is
classified into 42 major aquifers under 14 principal aquifer
systems. The Alluvium is the largest aquifer system covering
over 30% of the country’s area, followed by Basalt (16.15%),
Banded Gneissic Complex (15.09%), Sandstone (8.21%),
Shale (7.11%), Gneiss (5.01%), Schist (4.44%), Granite
(3.18%), Charnockite (2.41%), Limestone (1.98%), Quartzite
(1.48%), Laterite (1.29%), Khondalite (1.04%), and Intrusive
(0.63%) systems. The distribution of the principal aquifer
systems over India is presented in Fig. 2. The Alluvium
aquifers cover a major portion of the states/union territories,
viz. Assam, Bihar, Chandigarh, Delhi, Haryana, Puducherry,

Punjab, Rajasthan, Uttar Pradesh and West Bengal. As per
the geological time scale, the Alluvium and Laterite belong
to the Quaternary age, whereas the aquifer systems, viz.
Banded Gneissic Complex, Charnockite, and Khondalite
belong to Archean (or Azoic) Eon. The major aquifers under
the Gneiss and Schist systems are from Archean to Protero-
zoic geological ages, whereas the aquifers under Sandstone,
Shale, Granite and Intrusive systems are from Proterozoic to
Cenozoic ages, and the Quartzite aquifers are from Archean
to Cenozoic ages. The Basic and Ultrabasic rock aquifers
(Basalt system) belong to the Mesozoic to Cenozoic era. The
major aquifers under the Limestone system have a geological
age from Archean Eon to the Quaternary period. Regarding
the aquifer characteristics, the thickness of the aquifer or
weathered zone can be up to 700 m for Alluvium, whereas
it is up to 600 m and 451 m for Sandstone and Limestone
aquifer systems, respectively. On the contrary, the thickness
of aquifers ranges from 6 to 13 m, 3-25 m, and 5-20 m
for Intrusive, Gneiss and Khondalite systems, respectively.
The aquifers under Alluvium and Laterite systems have a
very high yield, i.e., up to 6500 m*/day, while the Intrusive
aquifers have the lowest yield. The details of the principal
aquifer systems and the major aquifers can be referred from
CGWB (2012). Even the groundwater recharge mechanisms
are significantly affected by the geological characteristics.
Groundwater recharge is driven by low-intensity precipita-
tion in the northwestern and northcentral Indian regions,
which are dominated by alluvial aquifers. On the other hand,
groundwater recharge is primarily driven by high-intensity
and total precipitation in South India, which is dominated
by hard-rock aquifers (Asoka et al. 2018).

The groundwater potential depends on the geologi-
cal formations. The hydrogeological map of India depicts
unconsolidated, consolidated/semi-consolidated formations,
and hilly areas (Fig. 3). The unconsolidated formations are
typically the Alluvial aquifers covering the Indo-Gangetic
and Brahmaputra plains, parts of deserted western India
(Rajasthan and Gujarat), and the coastal regions. In the
deserted areas, groundwater is available at great depths and
is often associated with salinity hazards; and the recharge

Table 1 Annual water

- . 3 Year 2010 2025 2050

requirement (in km”) for

different uses in 2010, 2025, Uses Low High Low High Low High

and 2050 in India for low

and high population growth Irrigation 543 557 561 611 628 807

scenarios (Jain 2011; Panwar Domestic 42 43 55 62 90 111

and Chakrapani 2013) Industry 37 37 67 67 81 81
Power 18 19 31 33 63 70
Inland navigation 7 7 10 10 15 15
Environment- ecology 5 5 10 10 20 20
Evaporation loss 42 42 50 50 76 76
Total 694 710 784 843 973 1180
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Fig. 3 Hydrogeological map of India (Source http://cgwb.gov.in/)

is negligible due to scanty rainfall. There are reasonably  ensuring groundwater recharge. These regions have huge
extensive aquifers in the coastal regions; however, they suf-  reserves down to 600 m depth, which supports developmen-
fer from a risk of seawater intrusion. The Indo-Gangetic  tal activities through deep tubewells. The consolidated or
and Brahmaputra plains receive high rainfall, thereby = semi-consolidated formations (basalts, sedimentaries and
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crystalline rocks) covering the Peninsular India are asso-
ciated with varying yields and depths to the groundwater
table. The secondary porosity (i.e., the openings in rocks
created after their formations due to fracturing, weathering,
etc.) govern the groundwater availability (CGWB 2018).
The hilly areas typically have low groundwater potential
mainly because of the high slopes leading to quick runoff,
which results in a low storage capacity. The spatiotemporal
variability of groundwater storage in India and long-term
groundwater recharge rates by in situ observations are well
documented in the literature (Bhanja et al. 2017b, 2019b;
Mukherjee et al. 2015; Khan et al. 2020). Moreover, A study
by Saha et al. (2020) provides recent scientific perspectives
on Indian hydrogeology.

The depth to groundwater level (DGWL) over the Indian
region in four seasons, i.e., summer (May 2019), monsoon
(August 2019), post-monsoon (November 2019), and winter
(January 2020) during the year 2019-20, is presented in
Fig. 4. It is evident that the DGWL is highest in the sum-
mer season and lowest in the monsoon season. As DGWL
is measured beneath the ground from the surface, a higher
DGWL implies a lower water level. Hence, the groundwater
level is highest in the monsoon season, followed by post-
monsoon and winter seasons, and the lowest in the sum-
mer season. The results are obvious as most of the Indian
regions receive a majority of annual rainfall during the
monsoon season, which directly recharges the groundwater.
In the subsequent seasons, i.e., post-monsoon, winter, and
summer, people mostly depend on groundwater and avail-
able surface water due to the unavailability of rainfall. Since
the surface waterbodies dry up or reach the lowest points
during the summer season, groundwater extraction increases
significantly. Therefore, groundwater level decreases from
monsoon towards summer season. Regarding spatial varia-
tion, the pattern is quite similar in all the seasons, excluding
the south Indian region. The DGWL is very high over Pun-
jab, Haryana and Rajasthan. This is due to the fact that these
regions fall under semi-arid to arid climates, where rainfall
is scanty and fluctuating. Therefore, agriculture in these
regions is primarily dependent on groundwater systems.
Similarly, the semi-arid regions of Maharashtra also show
high DGWL. The regions, viz. Western Ghats, northeast-
ern states and coastal regions, have water tables at shallow
depths, as these regions receive higher amounts of rainfall.
Interestingly, the south Indian region shows a contrasting
spatiotemporal pattern with respect to the rest of India. This
is due to the fact that some of these regions receive higher
rainfall in November due to the retreat of the monsoon.

Gravity recovery and climate experiment
(GRACE): a new way for groundwater study

With the advancement of technology, remote sensing and
geographic information system (GIS) has become instru-
mental in different engineering applications. In relation to
groundwater, remote sensing and GIS applications include
groundwater potential mapping, site selection for recharge
structures, monitoring water level changes, mapping fault
segments and ground deformations, groundwater storage
estimation, etc. These investigations consume a lot of time,
resources, and effort if carried out on the field. In last two
decades, the use of Gravity Recovery and Climate Experi-
ment (GRACE) in groundwater storage estimation has
gained remarkable attention. The GRACE mission was
launched in March 2002, where twin satellites took detailed
measurements of Earth’s gravity field anomalies by relat-
ing it to the distance between them. These measurements
were instrumental in improving the estimations of terrestrial
water storage (TWS) changes, especially in conjunction with
other models and data (Li et al. 2019). The GRACE mission
ended in October 2017. Nevertheless, in May 2018, Gravity
Recovery and Climate Experiment Follow-On (GRACE-FO)
satellites were launched to continue the mission and have
been operational since then.

The information provided by GRACE and GRACE-FO
has been used in different sectors over the Indian region.
Bhanja et al. (2016) validated the GRACE-based ground-
water storage (GWS) anomalies over India using in situ
GWL measurements from over 15,000 observation wells.
For most of the regions, the GRACE-based estimates and
the observed data possessed good agreement, justifying the
utility of GRACE satellites. Soni and Syed (2015) diagnosed
the TWS variations from GRACE satellites and linked it to
the role of hydrologic fluxes over four major river basins
(Mahanadi, Krishna, Godavari and Ganga) of India. TWS
had a declining trend over the Ganga basin; however, it
showed an increasing trend over the remaining three basins.
Bhanja et al. (2020) carried out a similar study over all 22
of India’s major river basins to detect GWS changes using
GRACE-based estimates and in situ data. Increasing or
indeterminate trends of GWS were observed over most of
the basins, which were well correlated with the precipita-
tion changes. However, GWS had undergone a significant
decline over Ganges and Brahmaputra basins, which is a
serious concern for agriculture over North India. Vissa et al.
(2019) investigated the role of El Nifio-Southern Oscilla-
tion (ENSO) in groundwater changes over India using
GRACE data. The interannual variations in rainfall were
responsible for the interannual GWS changes. ENSO was
found to be a major controller of GWS changes, i.e., El Nifio
and La Nifia periods were associated with the decline and
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recovery of GWS, respectively. Long et al. (2016) utilized
GRACE data to analyze groundwater depletion in north-
western India. The aquifers of the region showed a severe
decline in GWS, posing a threat to agricultural output and
groundwater sustainability. The depletion of groundwater
in some parts of India and its repercussions have also been
discussed in several studies (Bhanja and Mukherjee 2019;
Dalin et al. 2017; Girotto et al. 2017; Goldin 2016; Panda
and Wahr 2016; Rodell et al. 2009; Tiwari et al. 2009; Sarkar
et al., 2020; Singh et al. 2017 and 2021; Karunakalage et al.
2021a,b). Asoka et al. (2017) assessed the relative con-
tribution of monsoon precipitation and pumping to GWS
changes in India. Groundwater pumping for irrigation was
highly influential over the northwestern portions, whereas
the precipitation variability was the governing factor over
southern and north-central India. A decreasing precipitation
over northern India induced by Indian Ocean warming was
responsible for declining GWS. Singh et al. (2019a) utilized
GRACE data for monitoring groundwater fluctuations over
India during southwest and northeast monsoon seasons. The
results revealed an enhancement of 6.45 cm over Peninsular
India during the northeast monsoon and 13 cm over entire
India during the southwest monsoon season. The study
recommended applying drip irrigation techniques over the
country, especially in northern and northwestern India, to
obtain better yield with less water available. Bhanja et al.
(2017a) assessed the impacts of implementing the ground-
water policy changes on aquifer replenishment in parts of
India using GRACE data. The aquifers in southern and west-
ern India were found to be rejuvenated due to a paradigm
shift in groundwater withdrawal and management policies.
Using continuous GRACE observations, Saji et al. (2020)
aimed to understand the ground deformation in response to
hydrological mass variations of North India and the Hima-
layas. The results revealed a subsidence of Indo-Gangetic
Plain and sub-Himalaya regions, which can be attributed to
natural geological (tectonic and nontectonic) forcings, exces-
sive groundwater withdrawals, and other human activities.
Bhanja et al. (2019a) explored the relation of Normalized
Difference Vegetation Index (NDVI) with GWS derived
from GRACE satellites over the Indian land region, and they
were well correlated in natural vegetation-covered areas.
Sinha et al. (2017) proposed a water storage deficit index
(WSDI) based on the GRACE-derived TWS variations to
quantify drought characteristics over India. The study sub-
stantiated the potential of WSDI in characterizing droughts
over large spatial scales. Nair and Indu (2020) investigated
the impact of severe meteorological droughts on GWS in
India. The depletion of groundwater was found to exacerbate
after severe droughts, mostly due to increased dependency
of the populace on groundwater resources during surface
water-deficit conditions induced by droughts. Kumar et al.
(2021b) suggested using GRACE-based TWS estimates for

real-time drought monitoring major river basins in South
India. Similarly, Gupta and Dhanya (2020) evaluated the
potential of GRACE in assessing the flood potential of Pen-
insular basins of India and suggested incorporating TWS
along with precipitation data in hydrological modeling to
assess flood events. Xie et al. (2020) employed GRACE
estimates to improve the hydrological model representa-
tion of anthropogenic water use impacts. The integration
of groundwater irrigation into hydrological simulations was
found to be useful.

Overall, GRACE has contributed to enhancing the exist-
ing knowledge of hydroclimatic processes to improve water
resources management in India. It can also be utilized effec-
tively in the characterization of extremes. The limitations
of using GRACE estimates over the Indian region have
been documented in a few studies (Long et al. 2016; Girotto
et al. 2017; Sun et al. 2019; Xie et al. 2020). Nevertheless,
enhancing the spatiotemporal resolution of GRACE data and
coupling it with additional hydroclimatic datasets from sat-
ellites missions (e.g., SWOT, SMAP, GPM) may be instru-
mental in reducing the uncertainties (Soni and Syed 2015).
Moreover, including the availability of in situ measurements,
the contributions from surface water bodies and irrigation
into the numerical/hydrological models can further improve
the GWS or TWS estimates.

Groundwater and sea-level rise

The coastal lands are typically associated with large con-
centrations of human settlements. Even a number of large
cities in the world are situated near the shorelines. Small and
Nicholls (2003) carried out a global analysis of the popula-
tion in coastal regions. The near-coastal population (char-
acterized as within 100 m of sea level and 100 km of shore-
lines) was estimated to be 1.2 billion. The average density
in such regions is thrice as compared to the average global
density. Since anthropogenic activities have major impacts
on the natural processes, the vulnerability and exposure to
hazards are always high in coastal regions. Coastal aquifers
provide water to above one billion population residing in
coastal areas. They form the interface between the oceanic
and terrestrial hydrological systems (Taylor et al. 2013a).
During 1950-2000, the global sea -level rise (SLR) is
reported to be 1.8 mm/year (Solomon et al. 2007). A higher
rate of SLR may make fresh—saline-water interfaces to move
inland (Taylor et al. 2013a), which may cause saline water-
intrusion (SWI). The SWI into coastal aquifers is dependent
on various factors, viz. groundwater abstraction, recharge,
coastal topography, etc. (Dhal and Swain 2022; Ferguson
and Gleeson 2012; Oude Essink et al. 2010). Ferguson and
Gleeson (2012) suggested that the effect of groundwater
abstraction on SWI is significantly higher compared to that
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of SLR. The effects of SWI are mostly reported in regions
associated with high population densities causing uncon-
trolled groundwater abstraction, e.g., Gaza, Jakarta, Bang-
kok etc. (Taniguchi 2011; Yakirevich et al. 1998). In Asian
mega-deltas, the coastal aquifers are expected to be sensitive
to SLR due to very low hydraulic gradients; however, they
are projected to face more severe consequences from storm
surge-induced saltwater inundation than SLR (Ferguson and
Gleeson 2012).

The role of groundwater depletion in SLR is not very
well specified. Due to the uncertainty associated with
estimations of groundwater depletion, no clear descrip-
tion of their contribution to sea-level variation was there
in the Intergovernmental Panel on Climate Change (IPCC)
fourth assessment report (Solomon et al. 2007). However,
some recent studies have evaluated the role of groundwater
depletion in SLR (Konikow 2011; Pokhrel et al. 2012; Wada
et al. 2010, 2012). The continent-wise estimates of ground-
water depletion and SLR during 2001-08 (Konikow 2011;
Taylor et al. 2013a) are presented in Table 2. The global
groundwater depletion is estimated to be 145 +39 km?/
year, which is principally contributed by the Asian conti-
nent (11130 km>®/year). The global SLR is estimated to be
0.40+0.11 mm/year, whereas the Asian SLR is estimated
to be 0.31+0.08 mm/year. For both groundwater depletion
and SLR, the worst affected continent is Asia, followed by
North America, Africa, Europe, South America, and Aus-
tralia. The aggravated condition in Asia is mainly due to
its high population and increasing per capita water scarcity.
However, the estimates provided in Table 2 are modelled
estimates and not based on direct observations. The lack
of ground-based observations limits the understanding of
localized changes in groundwater storage. Apart from all
the aforementioned issues of SLR, the evident impacts of
climate change on SLR and the aggravating SWI may also
cause migration of people from the coastal areas (McLeman
2019; Wrathall et al. 2019). It is a serious matter for India
due to its highly concentrated population in coastal areas.
India is surrounded by marine water bodies, i.e., the Arabian

Table2 Groundwater depletion and SLR estimates over different
continents during 2001-08 (Konikow 2011; Taylor et al. 2013a)

Continent Groundwater deple-  Sea-level rise (mm/yr)
tion (km3/yr)

Asia 111+£30 0.31+0.08

Africa 55+1.5 0.015+0.004

North America 26+7 0.07+0.02

South America 0.9+0.5 0.002+0.001

Australia 04+0.2 0.001 +0.0005

Europe 1.3+0.7 0.004 +0.002

Global 145+39 0.40+0.11
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Sea in the southwest, the Bay of Bengal in the southeast,
and the Indian Ocean in the southern edge. Several stud-
ies have highlighted the vulnerability of Indian coasts to
SLR (Dwarakish et al. 2009; Rao et al. 2008; Shetye et al.
1990; Swapna et al. 2020; Unnikrishnan et al. 2015). Han
et al. (2010) predicted increased environmental stress on
some coasts and islands in the Indian Ocean under a warm-
ing climate. Swapna et al. (2020) predicted frequent occur-
rences of extreme sea-level events over the Indian coasts
associated with a rise in the mean sea level and climatic
extremes. Prusty and Farooq (2020) presented an overview
of the problem of seawater intrusion in the coastal aquifers
of India. These studies emphasize that coastal managers
must devise proper planning and management strategies to
protect the environmental and socio-economic security of
coastal communities.

Groundwater quality (GWQ) in India

The rapidly depleting water resources as a cause of anthro-
pogenic activities, coupled with the uncontrolled popula-
tion growth, has resulted in a sharp decline in the per capita
water availability over the Indian region. In such conditions,
the quality of the available water resources becomes vital.
Water is regarded to be polluted when its quality or com-
position alters by either natural or anthropogenic activi-
ties and becomes less suitable for domestic, agricultural,
or industrial applications (Adimalla and Venkatayogi 2018;
Adimalla et al. 2019a, 2019b; He et al. 2020; Sudhakar and
Narsimha 2013; Swain et al. 2022¢; Xu et al. 2019). Further,
consumption of water with degraded quality may lead to sev-
eral dangerous consequences (Adimalla and Qian 2020 and
2021; Adimalla et al. 2021; Babhita et al. 2021a, b; Yahaya
et al., 2012; Zhang et al. 2019 and 2020a, b). Many water
bodies of India have become polluted due to the discharge of
domestic sewage, municipal waste drains, urban agricultural
waste, and large-scale industrial effluents (Kaur and Kaur
2015). Nearly 70% of rivers and streams in India contain
polluted waters (Goel 2006; Jain et al. 2007; Bahita 2019),
which adds to the stresses on groundwater quality.

India is the largest user of groundwater in the world, and
a vast majority of the groundwater usage goes for irriga-
tion purposes. Moreover, almost half of the urban popula-
tion and four-fifths of the rural population use groundwater
for domestic purposes without any treatment. Regarding
groundwater quality in India, there is a significant spatiotem-
poral variation due to groundwater availability, underlying
strata, the extent of usage, and several other factors (Nishy
and Saroja 2018). Therefore, regular assessment of water
quality carries remarkable importance, which is reflected
in the increasing number of water quality evaluation studies
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over the Indian region in recent days. The evaluation of
water quality is usually carried out by measuring the con-
centrations of different parameters and checking it with their
prescribed limits for specific uses, i.e., the permissible limits
of the parameters for irrigation purposes are different from
that of domestic purposes. These water quality parameters
can be divided into three broad categories, (a) physico-
chemical, (b) heavy metal, and (c) biological (EPA 2001).
The parameters relevant to physical and chemical quality
aspects of water are together referred to as physicochemical
parameters. The physical parameters mainly include color,
odor, temperature, and turbidity, whereas the chemical
parameters mainly include pH, electrical conductivity (EC),
total dissolved solids (TDS), Calcium, Magnesium, Nitrates,
Chlorides, Fluorides, Phosphates, Sulphates, Sodium, Potas-
sium, Chemical Oxygen Demand (COD), Biological Oxy-
gen Demand (BOD), and Dissolved Oxygen (DO) (Omer
2019). Some of these physicochemical parameters are asso-
ciated with serious health repercussions and are regularly
monitored by the Central Ground Water Board (CGWB),
Government of India. The current conditions of physico-
chemical water quality parameters in groundwater over
the Indian region are presented in Fig. 5, which is referred
from CGWB (2018). It is noticeable that EC values are
significantly higher (>3000 ps/cm) over Rajasthan, Guja-
rat, Haryana, and some portions of South India (Fig. 5a).
EC is used to diagnose the concentration of soluble salts
and thus, is an effective tool to detect salinity problems. A
high EC is considered unsuitable for plants (Semwal and
Alkolkar 2011). Figure 5b presents the groundwater obser-
vation points in India with a high nitrate concentration
(> 45 mg/l) as identified by CGWB (2018). A major por-
tion of the country is affected by high nitrate concentrations.
This can be attributed mainly to anthropogenic causes, viz.
intensive agriculture with heavy use of nitrogenous ferti-
lizers, irrigation by sewage effluents, unsewered sanitation
in populated regions, etc. The deposits of nitrate and soil
erosion are also amongst the main natural contributors of
nitrates in groundwater (Zhang et al. 2021a, b). Nitrate is an
essential nutrient for plants and animals, including human
beings; however, regular consumption of water with high
nitrate concentrations can cause severe health consequences,
e.g., blue-baby syndrome, secretive functional disorders of
the intestinal mucosa, vascular dementia, Alzheimer dis-
ease, and gastrointestinal cancer (Suthar et al. 2009). The
Chloride concentrations are very high (above 1000 mg/1)
over Gujarat and Rajasthan, and high (above 250 mg/1) in
some parts of northwestern as well as southern India and
the state of West Bengal (Fig. 5c). The primary reason for
high Chlorides in groundwater may be the underlying aqui-
fer structure. The aquifer’s predominant ions are found in
higher concentrations in the groundwater. Industrial wastes,

fertilizers, septic tank effluents are also some of the major
anthropogenic reasons. Since West Bengal and the southern
Indian states come under coastal regions, seawater intrusion
may be a prominent reason for the increase of Chlorides
and other salts in groundwater. The high concentrations of
Fluoride (> 1.5 mg/1) are mostly found in Karnataka, Telan-
gana, Andhra Pradesh, Gujarat, Rajasthan, Punjab, Haryana,
Odisha, West Bengal, and Jharkhand states (Fig. 5d). The
geochemistry of high Fluoride in groundwater is often linked
with high sodium and bicarbonate concentrations, low cal-
cium concentrations, and neutral to alkaline pH (Adimalla
and Li 2019; Adimalla et al. 2018b; Narsimha and Sudar-
shan 2017a, b). The weathering of Fluoride-rich rocks and
volcanic ash are the principal natural sources of Fluorides
in groundwater (Sakram and Adimalla 2018; Sakram et al.
2019). The anthropogenic activities include industrial activi-
ties, fertilizers, fly ash from the combustion of fossil fuels
etc. Intake of water with excessive Fluoride may cause den-
tal and skeletal fluorosis, deformities in red blood cells, low
hemoglobin levels, male sterility, neurological manifesta-
tions, reduced immunity, etc. Generally, the concentrations
of Fluoride are found to be increasing with an increase in
depth of the water table from the ground level. Since India
is the world’s largest groundwater user and groundwater
extraction has significantly increased in recent years due to
high water demands, increased Fluoride concentration may
be a serious concern in the future.

Heavy metals are also important parameters for water
quality. The heavy metals include Arsenic (As), Cadmium
(Cd), Chromium (Cr), Cobalt (Co), Copper (Cu), Iron (Fe),
Lead (Pb), Manganese (Mn), Mercury (Hg), Nickel (Ni),
Uranium (U), and Zinc (Zn). They are often regarded as
trace metals too. Although ‘heavy’ and ‘trace’ may seem
contrasting, they are based on different aspects. The ‘heavy’
term is relevant to the specific gravity of the metals. The
metals with a density greater than 5 g/cm3 in their elemental
form are called heavy metals (Tomar 1999; Bahita 2019). On
the other hand, ‘trace’ indicates that they are present in very
tiny concentrations (generally in parts per million). Hence,
the heavy metals have small units of presence (or in trace
quantities) in a water sample. Some of these metals act as
essential nutrients for the human body. However, these met-
als possess toxicity in higher than desirable concentrations,
which may be imparted to water (Gambrell 1994; Bahita
2019). The occurrence of these heavy metals in groundwater
may be due to natural processes or as effects of anthropo-
genic activities.

Similar to physicochemical parameters, heavy metals
also possess remarkable spatial variation across the coun-
try. CGWB regularly monitors the concentrations of some
of these crucial heavy metals in groundwater. However,
only the concentrations of Arsenic, Iron, and Uranium all
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over India are available in their recent reports, i.e., CGWB
(2018 and 2020b). World Health Organization (WHO) and
the Bureau of Indian Standards (BIS) recommend 0.01 mg/1
to be the permissible limit of Arsenic in water and 0.05 mg/1
in the absence of an alternative source (Bahita et al. 2021a).
Figure 6a presents the locations of groundwater observa-
tion points with very high (> 0.05 mg/l) and high (0.01 to
0.05 mg/l) Arsenic concentrations. The high Arsenic in
groundwater can be mostly observed in West Bengal, Bihar,
Uttar Pradesh, Assam, Punjab, Haryana, Madhya Pradesh,
Gujarat, and Karnataka. Arsenic is observed mostly in the
aquifers less than 100 m in depth. Groundwater in deeper
aquifers is free from Arsenic occurrence (Shamsudduha
et al. 2019). In 1980, West Bengal was the first state of India
to report Arsenic occurrence in groundwater (Mukherjee and
Fryar 2008; Mukherjee et al. 2011). At present, over eighty
blocks in eight districts of the state have been reported
to have a very high Arsenic concentration, and thus, the
groundwater is not fit for domestic use (CGWB 2018). High
Arsenic content in water is very harmful to plants and ani-
mals. The inorganic Arsenic may cause serious health conse-
quences, e.g., cancer, peripheral neuropathy, cardiovascular
diseases, gastrointestinal disorder, and diabetes. Dissolution
of minerals and discharge of untreated industrial effluents
are the primary sources of Arsenic in water and the atmos-
phere (WHO 2004). Figure 6b shows the observation points

with an iron concentration beyond the permissible limit of
1 mg/l. While a majority of the Indian region is observed to
be affected by excessive iron in groundwater, the number of
such observations is higher in Odisha, Chhattisgarh, West
Bengal, Jharkhand, Bihar, Assam, Punjab, Haryana, Kerala,
and Karnataka. Generally, high iron contents in water are
not linked to severe health consequences; however, they
have serious aesthetic issues (e.g., staining problems, bad
taste). The anthropogenic causes of high iron concentration
in groundwater are acid-mine drainage, landfill leachate, dis-
charge of industrial wastes, etc. Iron being the most abun-
dant heavy metal and the fourth-most abundant element in
the earth’s crust, its natural occurrence in groundwater is due
to geological formations and weathering of rocks and soils.

Uranium is a radioactive element with a density of 19 gm/
cm?, which occurs naturally in trace concentrations. It is
mainly present in granite rocks and soils. The human inges-
tion of natural Uranium is predominantly by drinking water.
According to the Atomic Energy Regulatory Board (AERB)
of India, no deleterious radiological health effects of Ura-
nium can be expected below a concentration of 60 ppb (or
pg/L). However, as per WHO, consumption of water with
Uranium contents beyond 30 ppb may have harmful chemi-
cal effects on human health, if not radiological effects. As
high-Uranium water leads to serious renal (kidney) dam-
ages, CGWB has actively monitored its concentration in the
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groundwater of shallow aquifers all over India. An analysis
of 14,377 samples collected during 2019-20 revealed a sig-
nificant variation of Uranium concentration in groundwa-
ter, ranging from O to 2876 ppb. The locations of very high
(> 60 ppb) and high (30 to 60 ppb) concentrations in shallow
aquifers in India are presented in Fig. 7. Detailed informa-
tion on the total number of samples analyzed and the num-
ber of samples beyond the permissible limit of WHO and

@ Springer

AERB in different states/ union territories can be referred
from Fig. 8. Overall, 151 districts in 18 states are found to
be affected by high Uranium in groundwater. The states with
at least 4% of the samples beyond WHO limits are Uttar
Pradesh (4.4%), Andhra Pradesh (4.9%), Rajasthan (7.2%),
Telangana (10.1%), Delhi (11.7%), Haryana (19.6%) and
Punjab (24.2%). Further, the states with above 0.5% of the
samples beyond AERB limits are Madhya Pradesh (0.6%),
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Karnataka (0.7%), Tamil Nadu (0.9%), Chhattisgarh (1.1%),
Andhra Pradesh (2%), Rajasthan (1.2%), Haryana (4.4%),
Delhi (5%) and Punjab (6%). The remediation of Uranium
contamination is achieved by several technologies, viz.
reverse osmosis (RO) membrane separation, precipitation,
evaporation, extraction, coagulation, etc., which makes the
groundwater potable. A field study in Punjab found Uranium
concentrations of RO treated water to be less than 0.1 pg/L
(CGWB 2020b).

The biological water quality intends to represent the pres-
ence/absence of water-borne pathogens or microbiological
organisms, e.g., viruses, bacteria, parasites, protozoa, and
algae. These pathogens are responsible for several water-
borne diseases, viz. cholera, hepatitis, polio, dysentery, diar-
rhea, typhoid, schistosomiasis, etc. (Pandey et al. 2014). The
intestinal bacteria (pathogenic) are discharged by human
beings and animals in the form of urine and faeces. Some
of these bacteria are Vibrio cholera, Salmonella, Yersinea
enterocolitica, and Shigella, which can be present in drink-
ing water if the source of water is contaminated with faeces.
In microbial assessments of water quality, E. coli (Escheri-
chia coli), which consists of a diverse group of bacteria, is
the most commonly used indicator for bacterial pollution.
Its presence in water indicates recent faecal contamination,
which may be hazardous to health upon consumption. The
details of biological parameters of water quality may be
referred from literature (Ashbolt et al. 2001; Kumar et al.
2014a; NRC 2004). In general, microbial pollution is asso-
ciated with surface water bodies. The biological contami-
nation of groundwater can be mostly linked to leakage of
septic tanks, untreated disposal of domestic sewage, penetra-
tion of surface water carrying animal wastes to groundwa-
ter abstraction wells, etc. (Takal and Quaye-Ballard 2018).

Sackaria and Elango (2020) comprehensively reviewed
the literature available on organic micropollutants in the
groundwater of India. The presence of pesticides, artificial
sweeteners, personal care products, per- and poly-fluoro-
alkyl substances, phthalates, surfactants, pharmaceuticals
and endocrine-disrupting compounds were reported in dif-
ferent parts of India. The study also emphasized the need for
extensive research on the microbial pollution of groundwater
in the Indian region.

Regarding groundwater quality investigations, several
studies have been carried out over different parts of India
focusing on physicochemical parameters, heavy metals,
micropollutants, or the overall contamination status of water.
Nishy and Saroja (2018) carried out a scientometric exami-
nation of the water quality research in India and concluded
a steady growth in the number of water quality assessments.
The study also revealed that India ranks seventh and ninth in
terms of the number of publications and quality of research
output, respectively, relevant to water quality analyses
among all the countries. Therefore, it is difficult to sum-
marize the results of all the studies in a single manuscript;
however, some of the studies referred by the authors are
listed in Table 3. These studies present the major groundwa-
ter problems (e.g., hardness, salinity, increased contamina-
tion of Arsenic, Nitrate, Fluoride, Uranium, micropollutants)
across different parts of India. The methodologies include
health risk assessment, drinking/irrigation suitability assess-
ments, and adjudging the overall contamination status of
water using multivariate approaches like water quality index
(WQI) or its modified forms.
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Table 3 Studies for major groundwater quality problems in recent years over India

S.No Authors Major GWQ Problems Index/Methods State/Regions
Machiwal et al. (2011) Hardness GWQI Udaipur District, Rajasthan

2 Kumar et al. (2014b) Uranium MEDUSA Bathinda and Mansa Districts,
South Punjab

3 Adimalla (2019) Nitrate, Fluoride HRA Medak region, Western Telangana

4 Adimalla (2020) Nitrate DWQI, HRA Peddavagu region, Central Tel-
angana

5 Aggarwal et al. (2020) Magnesium Hazard WQI FTIR Alwar, Rajasthan

6 Ahada and Suthar (2017) Nitrate, Fluoride, Hardness WQI, SAR, LSI, PI Malwa region, Punjab

7 Reza and Singh (2009) COD, Turbidity Physio-chemical analysis Angul-Talcher region of Orissa

8 Hundal et al. (2009) Arsenic Redox potential, Statistical Amritsar City, Punjab

analysis
9 Aravinthasamy et al. (2020) Fluoride Multivariate statistical analysis, Southern part of the Tamil Nadu

10 Sahoo et al. (2014)

11 Bajwa et al. (2017)
12 Ghosh et al. (2020)
13 Maity et al. (2020)
14 Marghade et al. (2020)
15 Rajkumar et al. (2020)

16 Prajapati et al. (2017)
17 Raju et al. (2012)

18 Rao et al. (2017)

19 Singh et al. (2019b)

20 Kanmani and Gandhimathi
(2013)

21 Jha et al. (2020)

22 Dabhiya et al. (2007)

23 Krishan et al. (2021)
24 Ali et al. (2021)

25 Mukherjee et al. (2018)
26 Chatterjee et al. (2010)

27 Sackaria and Elango (2020)

Arsenic, Hardness, Fluoride,
TDS

Uranium
Arsenic

Arsenic

Nitrate, Fluoride

Heavy metals (Cd, Cr, Fe, Ni
and Pb)

Fluoride
Fluoride

TDS, EC and TH

Arsenic, Lead, Chromium
TDS, Chloride and Lead

TDS, Nitrate, Fluoride, Hard-
ness

Fluoride, TDS, TH and Sulphate

Salinity Hazard

Fluoride
Arsenic, Iron and Manganese
Arsenic

Organic micropollutants

HCA, FA
WQI, GIS-based interpolation

HRA, RRA, CTR

Spatial interpolation technique
WQIL HRA, HQ, CDI, HI
EWQI, HRA

HPI, HCI, HEI

Spatial interpolation technique

Statistical analysis, XRD
sampling

Statistical analysis, Ion
exchange analysis

HPI, MI, HRA

Statistical analysis, Contour
profiling

FGQI

Fuzzy synthetic evaluation
model

Isotopic and Tritium analysis

Saturation Index, XRD sam-
pling and statistical analyses

Isotopic and Sedimentary
analysis

Statistical Analysis, Arsenic
pathway exposure modeling

Literature review

Rupnagar district, Punjab

South Watern region, Punjab
North 24 Parganas, West Bengal
Bhojpur, Bihar

Godavari basin, Maharashtra

Nalagarh valley, Himachal
Pradesh

Surat district, Gujarat
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Godavari, Andhra Pradesh

Ludhiana Industrial Town, Punjab

Tiruchirappalli District, Tamil
Nadu

Tiruchirappalli District, Tamil
Nadu

Southern region, Haryana
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Older Alluvial Plain of Delhi

Bhagirathi-Hoogly basin, Murshi-
dabad district, West Bengal

Ganges—Brahmaputra—Meghna
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GWQI ground water quality index, MEDUSA make equilibrium diagrams using sophisticated algorithms, HRA health risk assessment, DWQI
drinking water quality index, FTIR fourier transform infrared technology, SAR sodium adsorption ratio, LS/ langelier saturation index, P/ perme-
ability index, HCA hierarchical cluster analysis, FA factor analysis, RRA radiological risk assessment, CTR chemical toxicity risk, HQ hazard
quotient, CDI chronic daily intake, HI hazard index, EWQI entropy water quality index, HPI heavy metal pollution index, HCI heavy metal
contamination index, HEI heavy metal evaluation index, XRD X-ray diffraction, TH total hardness, MI metal index, FGQI fuzzy Logic with GIS-

based groundwater quality index

Management of groundwater under climate

change

Growing demand for water in every sector and the changing
climatic conditions are the root causes of spatiotemporal
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variations in the availability of freshwater, which put a big
challenge in front of water resources managers and envi-
ronmentalists (Li and Qian 2018; Li and Wu 2019; Sarkar
et al. 2020; Swain et al. 2020a, b and 2021a, b). Fostering
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extensive research on groundwater systems, integrated
information systems, early disaster warning facilities, water
conservation practices, proper management of existing
resources, identification, implementation and evaluation of
control-aimed options, etc., are some of the measures to be
considered seriously. It was reported in the IPCC 4th Assess-
ment report that the number of studies on groundwater under
climate change is very limited. Moreover, the results of such
studies are mostly site-specific (Parry et al. 2007). There-
fore, further research on developing collective and specific
strategies to reduce the harmful impacts of climate change
on groundwater should be encouraged. Simultaneously,
the measures suggested by the prior studies should also be
taken into account. Holman et al. (2012) discussed the best
practices to assess the climate change impacts on ground-
water. Incorporating the projections from climate models,
improving the hydrogeological coupling and considering
socio-economic aspects into models were emphasized. A
single climate model or a single scenario may not be able
to project the climate accurately, and thus, it is advisable to
use a multi-model multi-scenario approach. Proper consid-
eration of model uncertainties, implications in selecting the
downscaling method and the indirect impacts induced by cli-
mate change on groundwater recharge or withdrawal should
also be taken into account. Gleeson et al. (2012) emphasized
on the sustainability of groundwater uses to maintain equity
amongst the generations. Adaptive management of ground-
water is the need of the hour to accomplish the long-term
goals, i.e., securing ecological integrity, quality water avail-
ability, etc. The backcasting method should be used for pol-
icy-framing and the sustainability goals should be achieved
by public participatory initiatives. Gleick (2010) discussed
the importance of developing a strategic plan for judicious
usage of water resources over the arid and semi-arid regions
of southwestern North America. The study urged to rethink
the present water supply and demand management, espe-
cially under the changing climate, which is a major threat
for sustainable water management. Rainwater harvesting,
desalination of brackish groundwater, and improved insti-
tutional management were regarded as a solution to handle
the future water demands. Falloon and Betts (2010) assessed
the impacts of climate on water management and agricul-
ture over Europe with a special focus on the adaptation and
mitigation strategies. The trends of projected crop productiv-
ity are found to be diametrically opposite for Southern and
Northern Europe. The study described how the European
agricultural mitigation would be affected under the climate-
induced hydrological changes. The study recommended inte-
grated approaches to assess the future impacts of climate
as it involves complex interactions between hydrosphere,
atmosphere, and biosphere. Foster et al. (2009) discussed on
the practical management of groundwater in a transboundary

context through the Guarani aquifer initiative implemented
over the Mercosur nations (Uruguay, Paraguay, Brazil, and
Argentina). The study highlighted the effectiveness of the
local level management of groundwater through legal pro-
visions, pilot projects, and protection measures. The aqui-
fer pollution by anthropogenic activities, future drivers of
resource use, natural aquifer quality regime, recharge mecha-
nisms, and hydrogeological characteristics of the groundwa-
ter system should be thoroughly investigated for devising
proper planning and management of transboundary aquifers
(Foster et al. 2009; Villar and Ribeiro 2011). Bosello et al.
(2007) provided an economy-wide estimate of the implica-
tions of SLR and suggested that coastal protection leads to
improvement in the economy. According to Taylor (2013a),
efficient management of groundwater under climate change
involves the development of models that can integrate the
complex interactions between groundwater, climate, and
human activity. As groundwater is a high-potential resource
to improve the resilience of freshwater uses under changing
climate, opportunities must be exploited for enhancing the
groundwater recharge under changing hydro-meteorologi-
cal regimes. The application of remote sensing and GIS has
been influential in identifying the potential recharge zones
over different regions (Haque et al. 2020; Jasrotia et al.
2018; Khan et al. 2020), which can be helpful for the plan-
ning and management of groundwater resources. Further,
awareness should be created among people regarding the
judicious extraction of groundwater and its sustainable use.
Conjunctive uses of surface water and groundwater can be
helpful, i.e., the usage of surface water during wet periods
and groundwater during dry periods is likely to be beneficial
in managing the available water resources (Sukhija 2008;
Van Geen et al. 2008). Effective management of drought
depends on groundwater as it increases the resilience of the
system against droughts. Particularly, conjunctive use of sur-
face water and groundwater is one of the effective practices
for the drought-prone area (Kerebih and Keshari 2021; Khan
et al. 2014; Singh et al. 2016).

India has witnessed an increase in the frequency and
severity of droughts in recent decades (Swain et al. 2021a).
Climate change is believed to intensify drought frequencies,
and groundwater is a reliable backup source of water sup-
ply to meet the water demands from different sectors during
drought (Langridge and Daniels 2017); however, overex-
ploitation of groundwater resources causes seawater intru-
sion, land subsidence, and reduced base flow to streams,
ultimately posing a danger to the long-term viability of
groundwater resource (Afshar et al. 2021; Prusty and Farooq
2020). Further, groundwater-dependent ecosystems (e.g.,
shrublands, meadows, and riparian areas) mainly rely on
the groundwater available near the surface (i.e., at a shallow
depth), and these ecosystems are more vulnerable to climate
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change with rising air temperature, frequent drought events
and anthropogenic activities like over-pumping (Huntington
et al. 2016). Therefore, the implementation of stringent regu-
lations to restrict groundwater overdrafting is the need of
the hour. Sustainable management of groundwater advocates
the necessary and immediate action for artificial recharge to
maintain the groundwater reservoir and utilization policies
in combination with the socio-cultural condition for regula-
tion and maintenance of the groundwater systems. Different
methods have been used for artificial groundwater recharge,
which can be categorized into two types, i.e., direct methods
(surface spreading techniques: flooding, ditch, and furrows
method; runoff conservation structures: bench terracing,
contour bunds, contour trenches, gully plugs, nalah bunds,
check dams, percolation tanks, stream channel modifica-
tion/augmentation; subsurface techniques: injection wells
or recharge wells, gravity head recharge wells, recharge pits
and shafts) and indirect methods (induced recharge, aquifer
modification techniques) (CGWB 2007; Mukherjee 2016).
Tiwari and Pal (2021) have provided an overview of recent
trends in groundwater conservation with a focus on Indian
regions.

As climate change has been argued as one of the poten-
tial factors in making the groundwater availability problems
more critical, the approach of ‘impact assessment’ has been
replaced by ‘adaptation’ to explore more coping strategies
(Afshar et al. 2021). For example, studies (Khan et al. 2012;
Safi et al. 2018) have recommended that SLR adaptation
solutions should be mainstreamed into a coastal zone man-
agement and planning effort that incorporates all coastal nat-
ural resources (ecosystem-based adaptation) and the social
communities that rely on them (community-based adapta-
tion) through capacity building. Moreover, different plans
and strategies have been suggested by researchers to effec-
tively and sustainably manage groundwater resources, which
can act as a drought reserve,i.e., storage of water meant to
be utilized during droughts. The dry/drought periods can be
sustainably managed by defining the unacceptable overdraft
of groundwater resources, identifying the drought-prone
area, studying the water budget in the drought-prone area,
estimating the additional ‘drought reserve’ needed to avoid
the groundwater level decline (from where it may fail to
recover) (Langridge and Daniels 2017). The use of aqui-
fers as natural storage reservoirs avoids several problems of
evaporation losses and ecosystem impacts linked to surface-
water reservoirs (Taylor et al. 2013a). In South Asia, the
excessive abstraction of groundwater for irrigation in dry
season has induced greater recharge in regions with perme-
able soils by enhancing the available groundwater storage
during the subsequent monsoon (Shamsudduha et al. 2011).
Similarly, the groundwater recharge in northern Europe is
projected to increase during winters, which may be helpful
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to sustain anticipated increases in summer demand (Treidel
etal. 2011).

In addition to all the above-mentioned facets of ground-
water management, the expansion of the groundwater
monitoring network is essential to understand the complex
responses of climate on the groundwater system, which is
impeded at present mainly due to a dearth of ground-based
observations. Currently, the freely available groundwater
data from CGWB is mostly limited to depth to water level
and physicochemical parameters. The regular monitor-
ing and availability of data for heavy metals and biologi-
cal contaminants can boost groundwater research in India.
Moreover, effective communication between policymakers
and the scientific community should be bridged to frame
practical/applicable management policies and take neces-
sary actions. Further, different cultural factors like values,
beliefs, and norms play an essential role in environmental
management (Sanderson and Curtis 2016). Therefore, more
research is needed to understand the complex relationships
of the cultural and behavioral aspects of the population in
the prospect of climate change risk assessment and decision
in groundwater use at farm and household level. Bhattacha-
rya and Bundschuh (2015) highlighted the significant role
of groundwater in fulfilling the United Nations’ sustainable
development goals. Therefore, this study emphasizes fram-
ing policies that include climate change and groundwater
governance, which must be implemented at the grassroots
level, supporting sustainable development.
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