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A B S T R A C T

Climate change will impact every aspect of biophysical systems and society. However, unlike other components
of the climate system, the impact of climate change on the groundwater system has only recently received
attention. This focus is due to the realization that groundwater is a vital freshwater resource crucial to global
food and water security, and is essential in sustaining ecosystems and human adaptation to climate variability
and change. This paper synthesizes findings on the direct and indirect impacts of climate change on the entire
groundwater system and each component. Also, we appraise the use of coupled groundwater-climate and land
surface models in groundwater hydrology as a means of improving existing knowledge of climate change-
groundwater interaction, finding that most models anticipate decreases in groundwater recharge, storage and
levels, particularly in the arid/semi-arid tropics. Reducing uncertainties in future climate projections and im-
proving our understanding of the physical processes underlying models to improve their simulation of real-world
conditions remain a priority for climate and Earth scientists. Despite the enormous progress made, there are still
few and inadequate local and regional aquifer studies, especially in less developed regions. The paper proposes
two key considerations. First, physical basis: the need for a deeper grasp of complex physical processes and
feedback mechanism with the use of more sophisticated models. Second, the need to understand the socio-
economic dimensions of climate-groundwater interaction through multidisciplinary synergy, leading to the
development of better groundwater-climate change adaptation strategies and modeling.

1. Introduction

Groundwater plays a vital role in sustaining ecosystems and en-
suring human adaptation to extreme and unexpected global environ-
mental changes, particularly as surface water systems become increas-
ingly unsustainable in the face of rapid population growth and climate
change. Groundwater is an important component of the climate system
(Liesch and Wunsch, 2019), but many potential impacts of climate

change remain largely unknown, because the climate system is in-
tricate, characterized by a web of complex interactions and feedbacks
(Munday et al., 2017). In general, most studies envisage an in-
tensification of the hydrological cycle (Creed et al., 2015; Gloor et al.,
2013; Hegerl et al., 2019; Stagl et al., 2014; Trenberth, 2014; Wu et al.,
2015): higher temperatures are expected to drive increases in eva-
poration and evapotranspiration (ET) (Hegerl et al., 2012; LaFontaine
et al., 2015; Mundo-Molina, 2015; Zhang et al., 2016), but a
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simultaneous increase in humidity and CO2 could counteract the effect
of temperature, and leave ET unchanged in a warming climate (Guo
et al., 2017; Mo et al., 2017; Snyder, 2017). Precipitation is projected to
increase in amount and intensity in many places while other places are
projected to experience drought (Burke and Stott, 2017; Nissen and
Ulbrich, 2017). Also, the portion of precipitation falling as snow is
likely to decrease (Fassnacht et al., 2016; IPCC, 2013; Kormos et al.,
2016). This lesser amount of snow will melt more quickly, leading to
higher average annual surface runoff (Wang et al., 2015; Zhou et al.,
2017), especially in temperate climates. Fig. 1 depicts the complex in-
teraction between groundwater and the components of the climate
system.

Most prior studies on the potential impact of the changing climate
on the hydrological cycle have focused on the surface and visible por-
tion of the cycle—precipitation, atmospheric water vapor, ET, stream-
flow, snow cover and so on. This bias is mainly due to their visibility
and accessibility (Abiy and Melesse, 2017; Pitz, 2016; Scanlon et al.,
2012)— qualities which make for relative ease of observation, mea-
surement, and investigation of its component characteristics and in-
teraction. Until recently, there have been fewer studies on climate
change-groundwater relationships (Garner et al., 2017; Haldorsen
et al., 2016; Hu et al., 2019; Taylor et al., 2013). The difficulties in-
volved in probing the nature and characteristics of water below the
Earth surface, in part, account for this deficiency in understanding
groundwater response to climate change forcing. Also, groundwater is
relatively insensitive to seasonal and even decadal climate variability
(Gurdak, 2017; Wada, 2016). Providing a complete picture of ground-
water response to the changing climate is even more challenging given
that the impacts of climate change are often modified by human and
indirect agents such as land-use change and over-exploitation of
groundwater.

However, given that groundwater accounts for almost 96% of the
Earth’s unfrozen freshwater (Taylor et al., 2013; Wada, 2016) and 33%
of total water withdrawals worldwide (Famiglietti, 2014; Siebert et al.,
2010), there is growing concern, focus, and research on the impact of
climate change on groundwater resources (Green et al., 2011;
Kundzewicz and Doell, 2009; Taylor et al., 2013). The dearth in
groundwater-climate change studies was summed up by the IPCC’s
Fourth Assessment Report which proclaimed that there has been “very
little research on the impact of climate change on groundwater, as well
as the question of how climate change will affect the relationship be-
tween surface waters and aquifers that are hydraulically connected”
(Parry et al., 2007). This declaration, according to some scholars (e.g.
Smerdon, 2017), was instrumental in driving the massive wave of
publications that followed in its wake, and thus provided ample ma-
terial for a more robust report on climate change impact on ground-
water by the Fifth Assessment Report. This review paper is organized
into five sections: (1) a review of the global climate change; (2) an
assessment of the present state of climate change impact on ground-
water components; (3) a review of groundwater models and climate
change induced future groundwater changes; (4) groundwater feed-
backs to the climate system; and (5) key considerations for groundwater
climate change research, Much of the justification for the recent interest
in the response of groundwater to climate change is the need for sus-
tainable water use for various human activities, particularly in drought-
prone areas and arid regions, and to mitigate against or adapt to any
adverse impacts of climate change (Guermazi et al., 2019; Kumar,
2012; Kumar and Singh, 2011). Insufficient information on most of the
problems mentioned above, nonetheless, constitute those evolving grey
areas facing the successful implementation of sustainable groundwater
governance across different regions of the world. This review paper
probes the frontiers of groundwater-climate change interaction in both
the physical processes and its socio-economic dimension in order to
advance the knowledge of groundwater-climate change interaction.
Potential future groundwater component changes were presented, to-
gether with effective directional consideration for developing

groundwater-climate change adaptation strategies. We present a broad
understanding to support global groundwater policy and management
by providing clarifications on the recent salient issues surrounding the
impact of climate change on the global groundwater system.

1.1. Methodology

We reviewed approximately 1000 papers that dealt with the subject
of groundwater and climate change together or separately. Google
Scholar, the Web of Science, and Scopus were the main repositories
searched for relevant materials. In line with the aims of this project,
papers that were older than five years were mostly excluded from the
list, and an emphasis was placed on those linking potential changes in
groundwater components to climate change. This further narrowed the
list to just over 300 peer-review papers.

In addition, we sampled some review papers over the last decade
(2008 – 2019). Table 1 summarizes their spatial scale, thematic focus,
gaps identified, and proposed solutions.

1.2. Global climate change

Climate change is no longer a hypothesis (IPCC, 2013). There is a
global consensus among climatologists and other Earth scientists that
the global climate is changing. Since the instrumentation period began,
the Earth's climate has undergone unprecedented changes, and these
changes have been projected to continue well into this century. For
instance, the last four years are the warmest years on record and the ten
warmest years are all in the 21st century (Cheng and Zhu, 2018;
Jackson et al., 2017; Sorokin and Mondello, 2018). The global average
temperature has risen almost 1 °C since records began, and atmospheric
CO2 is currently at an all-time high of 416 ppm as of April 20201.
Today, climate change has remained on the front burner of world-
leading studies in environmental science and climatology, and it re-
mains topical at national and international levels because of its influ-
ence on policy and decision making in socioeconomic domains. It is
seen as a multidisciplinary subject matter and has attained a universal
presence in the academic arena because its impact pervades all of
Earth's systems. There is less agreement, however, about how much
warming will occur in future and what effect it would have on various
life forms.

Earth’s climate is subject to internal variability within the climate
system itself and to external factors which may be natural or anthro-
pogenic. However, contemporary changes and warming trends have
been attributed solely to anthropogenic influences, particularly the in-
creased emissions of greenhouse gases (GHGs), some of which are now
said to be unavoidable (IPCC, 2013). The amount of GHGs has soared
considerably since the industrial era, warming the atmosphere and
Earth surface, and leading to global warming. CO2, in particular, is a
significant GHG, and its increasing concentration in the atmosphere has
been classically correlated with the steady rise in average global tem-
peratures in the last 150 years (WMO, 2017). Nevertheless, there are
still uncertainties in how global climate change manifests at local and
regional scales, and how decadal-to-seasonal temperature variations
and extremes affect the lives of people (McGregor, 2018).

Increasing temperatures have led to the melting and receding of
glaciers and ice-sheets—reinforced by the Arctic amplification and the
cryospheric positive feedback mechanism (Duan et al., 2019; Francis,
2017; Haine and Martin, 2017). This melting of ice, combined with
thermal expansion of the oceans cause average sea level to rise. Other
parts of the climate system (such as the hydrological cycle) respond to
climate change forcing through numerous—often intractable—feed-
backs (Jayakumar and Lee, 2017; Smyth et al., 2017).

In all, scientific knowledge of climate processes has improved.

1 Atmospheric CO2 https://www.co2.earth/, Accessed May 2019
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Climate models now produce realistic simulations of past and future
climate change. However, many uncertainties still exist in our knowl-
edge about specific microphysical processes and complex interactions
that govern the climate system. Future projections of climate change
and alterations to groundwater due to climate change will require so-
phisticated theoretical models to be more reliable.

1.3. Climate change and world groundwater

An estimated 1.386 billion cubic kilometers of water is present on
Earth. Of this total, approximately 97% is salt water found in the
oceans, and only 3% is freshwater. Most of this freshwater—about
69%— occur as permanent ice and snow, mainly in Greenland and
Antarctica, while the remaining 30% is groundwater (Gleick ,1993).
Water in surface water systems such as rivers, lakes, streams and
swamps hold less than 1% of fresh water. If we take the water locked up
in the cryosphere out of the equation, it would mean that only 1% is
usable, and 99% of this is groundwater (Du Plessis, 2017; Liu et al.,
2011). Thus, groundwater is a vital source of fresh water, not only for
diverse human uses but also for sustaining plant and animal ecosys-
tems.

In terms of human use of groundwater, 1.5–3 billion people rely on
groundwater as their primary source of drinking water (López-Morales
and Mesa-Jurado, 2017; Misra, 2014; Velis et al., 2017). Irrigation
consumes about 60–70% of groundwater withdrawals globally (Bhanja
et al., 2017; Zingaro et al., 2017; Siebert et al., 2010), but locally this
percentage varies with climate. Desert countries, such as Saudi Arabia,
Libya, and Burkina Faso, expend as much as 90% of groundwater on
irrigation. In contrast, countries with plentiful rainfall use most of their
groundwater for household needs since little is needed for irrigation.
The rapid increase in agricultural groundwater use in the last few
decades, due to technological advances in pumping techniques, has
created better livelihoods for farmers and food security for the world’s
population (Giordano, 2009). Industrial groundwater use is also
growing in industrialized countries as it accounts for about 40% of

water demand in France and Japan (Margat and Van der Gun, 2013).
Overall, groundwater accounts for a quarter of total water withdrawals
and 50% of the world’s current potable water (Margat and Van der Gun,
2013). Groundwater is, therefore, crucial for the sustenance of many
human and natural systems.

However, there are legitimate concerns and reports of over-ex-
ploitation of groundwater, driven by increasing water demand from
rapid urban and industrial development, and expansion of irrigated
lands (Gleeson and Wada, 2013; Jia et al., 2019; Taylor, 2014; Turner
et al., 2019; Wada and Bierkens, 2014). The US, India, and Pakistan
together accounted for nearly 55% of total world groundwater with-
drawals (Grogan et al., 2017; Pokhrel et al., 2013). In many areas of the
world, groundwater exploitation is carried out in an unsustainable way
(Omole, 2013; Srinivasan and Lele, 2017), with rates of withdrawal
exceeding replenishment by recharge. These include the major agri-
cultural regions in the western US, the Middle East, India, and China,
shown in Fig. 2 (Döll et al., 2012; Grogan et al., 2017; Wada et al.,
2012a). Left unabated, this current trend of increasing societal depen-
dence on non-renewable groundwater will undermine the resilience of
human systems to water shortages and threaten ecological systems that
depend on them.

Most naturally dry regions with very little precipitation have sea-
sonally or year-round surface and groundwater depletion (Fig. 2);
however, even more rainy regions, such as the Indian sub-continent and
the Great Plains of the US, show significant depletion. These latter areas
indicate places of intense industrial and agricultural water use. Fig. 2
also maps the ratio of mean annual precipitation to groundwater gen-
erated (RPGw) (both in 10^9 m3 /year for 1988 to 2017) for selected
countries. Countries with large RPGw tend to be located in dry, hot
climates where the little precipitation is consumed by ET and ground-
water recharge is severely limited. Most of the Middle East and North
Africa fall into this class, and watersheds in this region suffer seasonal
and dry-year surface and groundwater depletion.

The rapid growth in world population and the associated increase in
water demand do not proffer a complete explanation for the massive

Fig. 1. Groundwater systems interaction with Earth's components in the face of climate change. Directly, changes in precipitation (amount, timing and form),
evaporation, transpiration and, indirectly, extraction, affects the groundwater system. All these may separately or together impact the numerous processes and
mechanism of the groundwater system. GDEs—Groundwater Dependent Ecosystems.
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depletion of groundwater storage. Many studies have established cor-
relations between climate perturbations and groundwater levels (Asoka
et al., 2017; de Graaf et al., 2017; Kuss and Gurdak, 2014; Russo and
Lall, 2017; Sivarajan et al., 2019; Taylor et al., 2013; van der Knaap
et al., 2015; van Engelenburg et al., 2018). As global warming and
climate change drives more intense and frequent climate extremes,
precipitation, evaporation, and surface water will become more vari-
able, making groundwater a threatened and yet critical resource in
sustaining ecosystems. Indeed, increasing groundwater demand will
characterize future scenarios for water resource management and food
security (Gamvroudis et al., 2017; Mustafa et al., 2019; Tong et al.,
2016; Zaveri et al., 2016), as it is the only viable means of meeting the
water needs of rural areas and arid regions (Lijzen et al., 2014; Melo
and Wendland, 2017; Moutahir et al., 2017; Wang et al., 2015).

Climate change, directly (Fig. 3) affects the totality of the ground-
water system (da Costa et al., 2019; Jayakumar and Lee, 2017):
groundwater-surface water interaction (Scibek et al., 2007; Tague et al.,
2008), groundwater flows, groundwater recharge and storage (Asoka
et al., 2017; Tillman et al., 2016; Tillman et al., 2017), groundwater
discharge, and groundwater quality (Gurdak et al., 2011; Okkonen and
Kløve, 2011). Of these, groundwater recharge, from precipitation and
leakages from influent streams or other surface water systems, has re-
ceived the most attention and is dependent on several hydrogeological
factors (Russo and Lall, 2017). The impact of climate change on
groundwater systems can also be indirect, through changes in
groundwater abstraction (Asoka et al., 2017; Gurdak, 2017;
Whittemore et al., 2016), and through changes in land use/cover
(Fig. 3) (Stoll et al., 2011; Taylor et al., 2013). Climate-induced changes
in land use involve changes in vegetation type, evolving agricultural
practices and potential increases in crop evaporative water demand, all
of which exerts a toll on groundwater (Alam et al., 2019).

Studies of the potential impact of climate change on groundwater
assume one of three spatial scopes. Global-scale analyses assess the
worldwide pattern of projected recharge trends and groundwater
changes. Although they provide a quick snapshot of prevailing

conditions, they are often too generic to guide water policy and deci-
sion making that is both viable and beneficial on smaller scales (Green
et al., 2011; Meixner et al., 2016; Taylor et al., 2013). At the opposite
end of spatial scope are basin/aquifer-specific studies that provide a
deeper understanding of climate change impacts in a particular river
basin or aquifer system. Regional studies, according to Meixner et al.
(2016), are a useful compromise between both scales as these evaluate
a group of aquifers within a region, with similar or different recharge
mechanism.

2. Climate change and the groundwater system

2.1. Recharge

Climate is the primary factor driving spatiotemporal variability in
groundwater recharge, and precipitation is the climate element that
most directly affects groundwater recharge, irrespective of the recharge
pathway. The significance of climate to groundwater is underscored by
the universal use of GCMs (and precipitation data) in predicting future
groundwater states, and on average, wet conditions often result in in-
creased recharge and storage while drought may cause the opposite
effect (Mote et al., 2013; Fu et al., 2019; Zhou et al., 2010). Tillman
et al., 2016 and McKenna and Sala (2018) quantified the projected
changes in groundwater recharge in the southwestern United States
under future climate scenario, and found a net increase in the simulated
groundwater recharge mainly due to projected increases in precipita-
tion offsetting a decrease in recharge resulting from projected increased
temperatures. Heavy precipitation may not necessarily lead to in-
creasing recharge if intense ET consumes the excess water (Bellot and
Chirino, 2013; Scanlon et al., 2005; Touhami et al., 2013), and in fact,
Bloomfield et al. (2019) concluded that groundwater droughts are
modulated by changes in evapotranspiration associated with global
warming.

Groundwater recharge is also influenced by the intensity of rainfall
and not just the amount (Jayakumar and Lee, 2017). ET may prevent

Fig. 2. Ratio of mean annual Precipitation and Groundwater generated internally (RPGw)—(both in 109 m3/yr from 1988 − 2017, although values are similar for all
the years considered) (data downloaded from AQUASTAT(AQUASAT-FAO,http://www.fao.org/nr/water/aquastat/main/index.stm/, Accessed December 2019)) for
some selected countries superimposed on Global Water depletion. Global Water depletion is the percentage of fresh renewable surface and groundwater fraction
available in a watershed (15,091 watersheds delineated in WaterGAP3)(EARTHSTAT, http://www.earthstat.org/water-depletion-watergap3-basins/, Accessed
January 2018) used by human activities on seasonal, and inter-annual timescales. Dry-year depletion is included; this increases by a factor of 15 the number of
watersheds facing depletion of at least 75%. Global depletion has been modeled by Brauman et al. (2016).
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infiltration below the root zone; therefore, light rainfall is not expected
to contribute to groundwater recharge (Frot et al., 2007; Taylor et al.,
2013; Tweed et al., 2011). In Uganda, projected recharge estimates
under a future climate scenario were found to be extremely sensitive to
rainfall intensity (Mileham et al., 2009). In Australia, rainfall intensity
was also found to influence recharge estimation, especially diffuse ir-
rigation (Barron et al., 2011). Even in karst topography, findings (Bellot

and Chirino, 2013; Touhami et al., 2013) have shown that precipitation
events of less than 15 mm are considered negligible for aquifer re-
charge, while precipitation events equal to or greater than 30 mm
produced high enough infiltration to lead to considerable aquifer re-
charge. Therefore, regions where rainfall intensity is projected to rise
may see future recharge increases, provided that rainfall intensity is not
too high as to exceed the infiltration capacity of the soil and preclude

Fig. 3. A conceptual illustration of the potential impacts of climate and land-use change on groundwater. The combined impact will affect all the different processes
of groundwater: A-Diffusion, B-Runoff, C- Baseflow, D-Discharge from aquifer and E-Storage in cracks and pores. Groundwater extraction and climate change can
affect both regional and global aquifers, but their responses are somewhat different.
Adapted from Kløve et al. (2014)
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any extra groundwater recharge.
Furthermore, the type of precipitation event also affects recharge

rates (Hughes et al., 2011). Snowmelt is, for the most part, a more ef-
ficient creator of recharge than rainfall. All other factors being equal, a
move from snow to rain could sometimes bring about lower recharge-
to-precipitation proportions (Earman and Dettinger, 2011). Since more
precipitation is expected to fall as rain than snow on a warming Earth,
cold regions may suffer recharge reductions, otherwise warmer winter
temperatures might reduce the depth of ground frost and increase in-
filtration into the ground, thereby increasing recharge. A warmer
winter may also lead to earlier and prolonged snowmelt resulting in
ample winter recharge, but reduced spring and summer recharge
(Jyrkama and Sykes, 2007; Kløve et al., 2014; Okkonen and Kløve,
2010; Sutinen et al., 2008). Hence, while future groundwater recharge
will be influenced primarily by rainfall intensity in the tropics, a shift in
the type of precipitation event—from snow to rainfall—will be the
primary determinant of future recharge in temperate and cold climates.

Understanding groundwater recharge mechanisms are important for
evaluating relations between climate change and groundwater re-
charge. The combinatory study of eight aquifers in the western US by
Meixner et al. (2016), led to the development of a uniform recharge
classification scheme which identified four different recharge me-
chanisms: diffuse, focused, mountain system recharge (MSR) and irri-
gation. Diffuse recharge occurs through direct infiltration from pre-
cipitation that occurs fairly homogeneously over a large area (Scanlon
et al., 2002; Sililo and Tellam, 2000; Stamm et al., 1998; Wirmvem
et al., 2017). Focused recharge, on the other hand, is concentrated re-
charge resulting from infiltration from ephemeral and perennial water
bodies (Hughes et al., 2011; Meixner et al., 2016; Ren et al., 2019),
especially in areas of heterogeneous subsurface characteristics
(Hartmann et al., 2017). MSR, the main recharge component in arid
and semi-arid basins, involves two related processes: mountain front
recharge (MFR) and mountain block recharge (MBR). MFR is recharge
from stream runoff at mountain fronts to the adjacent alluvial aquifer
while MBR is recharge through mountain bedrock (Houston, 2002;
Meixner et al., 2016). Groundwater recharge by irrigation is excess ir-
rigation water which percolates back to the water table. Similarly, some
studies have made distinctions such as localised and indirect recharge
(Lerner, 1997), and actual and potential recharge (Hendrickx and
Walker, 1997).

The study by Meixner et al. (2016) demonstrated that various re-
charge mechanisms would respond differently to global warming, and
the sensitivity of a region to climate change depends on the recharge
mechanisms at work in a given aquifer system (Flint et al., 2013; Ng
et al., 2010). For the eight aquifers studied, diffuse recharge is expected
to drop as a result of the cumulative effects of decreasing precipitation
and increasing temperature and ET. Focused recharge is likely to in-
crease due to the projected increase in precipitation intensity in a
warmer climate (Dominguez et al., 2012). MSR is expected to decrease,
driven by both reduced winter precipitation and a decline in the pro-
portion of winter precipitation arriving as snow. It is noteworthy that
considerable uncertainties exist in these future projections, as seen in
the wide range of estimates of recharge changes.

Table 3 summarizes the findings of selected studies on the predicted
future impact of climate change on different groundwater components,
including recharge. Although estimates of future recharge changes had
considerable uncertainty, in all, recharge was found to be decreasing in
most of the studies, in both temperate (54%) and tropical (80%) climate
regions. Even in the rainy humid tropics, the majority of studies still
indicate decreasing recharge by the end of this century, relative to
baseline estimates.

Besides the agency of precipitation, climate change may also impact
recharge through changes in groundwater use. The excessive abstrac-
tion of groundwater, primarily for irrigation can have a significant ef-
fect on groundwater, as irrigation accounts for nearly 60–70% of all
freshwater extractions and 90% of consumptive uses (Siebert et al.,

2010). Typically, groundwater-fed irrigation leads to depletion of
groundwater storage, but recharge increases and storage replenish-
ments have been observed in areas of extensive irrigation return flows.
For example, in the Republican River Basin of the High Plains aquifer of
semi-arid US, where irrigation has become an important supplier of
crop water demand, Ou et al. (2018) predicted that irrigation recharge
would increase steadily up to 2100 due to the increase in pumping. In
regions where irrigation by surface water is dominant, irrigation re-
charge is also expected to rise (Crosbie et al., 2013; Hanson et al.,
2012), but the net effect of excess irrigation is groundwater depletion
(Leng et al., 2014; Stanton et al., 2011). In all, the surge in irrigation-
led abstraction is likely to continue into the future (Yihdego et al.,
2017), driven by climate change-induced seasonal redistribution of
precipitation and increased ET (Kreins et al., 2015). With an increasing
population and a consequent rise in demand for food as well as greater
economic development, irrigation-led abstraction may even become the
most significant mode of climate change impact on groundwater (Russo
and Lall, 2017; Whittemore et al., 2016).

Furthermore, land use/land cover can modify the effects of pre-
cipitation and groundwater use on groundwater recharge. Many studies
have shown significant variation in recharge due to replacing the nat-
ural vegetation by arable land or built-up surfaces (Oliveira et al.,
2017). Reduction in leaf area, for example, through clearing forests for
agriculture, can increase groundwater recharge even if rainfall de-
creases slightly (Owuor et al., 2016). In contrast, other studies have
shown decreases in groundwater recharge from an increase in vegeta-
tion density, for instance, through a change from grassland to woodland
(Oliveira et al., 2017), or when it involves rapid urbanization and re-
placement by built-up surfaces. In general, land use/cover change,
whether temporary (vegetation change), or permanent (urbanization),
can affect recharge by modifying the water balance—evaporation,
transpiration, infiltration, and surface runoff processes (Jyrkama and
Sykes, 2007; Kundu et al., 2017). These additional influences make it
difficult to assess the impacts on groundwater due exclusively, to cli-
mate change (Green et al., 2011; Gurdak, 2017; Zhou et al., 2010).

2.2. Discharge

The movement of water from the subsurface to the surface, from an
aquifer to a surface-water body, loss to the atmosphere, or withdrawal
for human uses represents groundwater discharge (Green et al., 2011).
Five major processes of groundwater discharge are identifiable in the
literature: (1) spring flow, (2) transpiration by local vegetation, (3)
evaporation from soil and open water, (4) subsurface outflow, and (5)
withdrawal for various human uses (Green et al., 2011).

Groundwater-fed springs will decrease in discharge going by current
forecasts of increasingly arid climate in the southwestern US
(Weissinger et al., 2016), the Sikkim Himalaya (Tambe et al., 2012),
and in areas of extensive groundwater development as in Niangziguan
Springs in Shanxi, China (Hao et al., 2009; Zhong et al., 2016).

A wetter future climate will probably lead to an increase in spring
discharge, but this is complicated by the many climate elements often at
play. For example, Weissinger et al. (2016) found an inverse relation-
ship between spring discharge on one hand and potential ET and tem-
perature on the other; whereas, higher winter precipitation led to
spring discharge increases. Cervi et al. (2018) corroborate these find-
ings. A better understanding of the interrelationship between climate
and spring discharge will not only foster realistic projections of future
spring discharge changes resulting from climate change, but will also
guide conservation efforts in spring-dependent ecosystems. Besides
spring discharges, groundwater discharge is a significant contributor to
streamflow, especially in times of little precipitation (Leake and Barlow,
2013). For summer groundwater discharges into adjacent rivers,
Kurylyk et al. (2014b) have reported a significant rise in the magnitude
of discharge due to projected rises in precipitation and air temperature
in New Brunswick, Canada.
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The major indirect impact of climate change—extensive ground-
water pumping to meet rising water demand for irrigation and other
human uses—may substantially lower the elevations of the water table
and consequently, baseflow contributions to streamflow. The impacts of
groundwater withdrawals can be transmitted to associated lakes,
streams, and wetlands through diminished rates of release from the
aquifer to these surface water systems (Barlow and Leake, 2012; Leake
and Barlow, 2013). Solder et al. (2016) found evidence of declining
groundwater discharge attributable to climate variability and change,
and to increased water demand.

Further, climate change can potentially impact the temperature of
groundwater discharges. From simulations, Kurylyk et al. (2014b),
again, reported a rise in groundwater discharge temperature of up to
3.6 °C in their study area in New Brunswick, Canada. Certain fish
species are mostly dependent on cold groundwater discharges into
streams and rivers to buffer them from temperature extremes and
regulate their metabolism, especially in summer months. Deitchman
and Loheide (2009), Essaid and Caldwell (2017), and Hare et al. (2017)
argue that, given this critical thermal conditioning role, any future
climate change impact on groundwater discharge temperature could
endanger these already threatened species. The sign of change in
groundwater temperature will almost certainly be positive since
average global air temperatures are projected to rise, and surface air
temperatures and subsurface temperatures have a strong positive cor-
relation, especially in shallow aquifers with greater thermal sensitivities
(Gunawardhana and Kazama, 2012; Kurylyk et al., 2013, 2015).
Therefore, the probability of surpassing essential temperature thresh-
olds in groundwater-sourced thermal streams may increase con-
siderably under the most extreme future climate scenarios.

2.3. Flow and storage

There is much evidence in the literature that groundwater levels in
many aquifers around the world are decreasing. Major aquifers in arid
and semi-arid regions (Fig. 2) such as the High Plains of the United
States (Dong et al., 2019; Longuevergne et al., 2010; Russo and Lall,
2017; Scanlon et al., 2012) and Northwest India are experiencing rapid
groundwater depletion (Famiglietti, 2014). Elsewhere, in humid en-
vironments such as Bangladesh (Shamsudduha et al., 2012) and Brazil
(Foster et al., 2009), a decrease in groundwater storage has also been
reported. Groundwater literature over the last few decades have de-
bated the role of groundwater recharge and pumping on the depletion
of groundwater storage. It would appear intuitive and logical, that
when pumping exceeds natural recharge in an aquifer, then depletion of
aquifer storage occurs, and pumping becomes unsustainable. However,
this notion, based on some erroneous assumptions spelt out in Devlin
and Sophocleous (2005), has been widely discredited as a Water Budget
Myth (see Bredehoeft, 2002). Those against this myth argue that nat-
ural aquifer recharge is not necessarily a factor affecting sustainable
pumping, but the Water Budget Myth continues to persist.

Because groundwater represents the largest store of freshwater on
Earth, its depletion will threaten livelihoods and ecological sustain-
ability, especially during periods of drought (Aeschbach-Hertig and
Gleeson, 2012; Brauman et al., 2016; Konikow and Kendy, 2005).
Storage loss is even deleterious for other reasons. First, it reduces the
depth of the water table, thereby increasing the cost of groundwater
abstraction from deep boreholes and wells (Aeschbach-Hertig and
Gleeson, 2012; Fishman et al., 2011). Second, it reduces groundwater
discharge to streams, springs, rivers and other surface water bodies
with attendant effects on the well-being of GDEs (Earman and
Dettinger, 2011; Giordano, 2009). Third, groundwater depletion has
been known to cause land subsidence due to the compaction of soil and
open pore spaces that previously held water (Taniguchi et al., 2008;
Andaryani et al., 2019). Land subsidence due to groundwater depletion
has been found in Venice and Bologna, Italy (Tosi et al., 2015; Modoni
et al., 2013), China (Zhu et al., 2015), Iran (Ghazifard et al., 2016), the

central valley California (Faunt et al., 2016) and elsewhere.
Groundwater storage is comparatively less sensitive to seasonal or

even multi-year climatic variability (Pokhrel et al., 2013; Taylor et al.,
2013) and reacts slower than surface water to the effects of direct cli-
mate-driven changes in precipitation and recharge rates. In deep
aquifer systems, an extended period may be required for direct climate-
driven changes in recharge to be evident as a storage change. On the
other hand, storage conditions in smaller aquifers with smaller flow
paths are probably the most vulnerable to direct changes in storage.

In all, sudden changes in storage may suggest indirect or human-
induced depletion, rather than direct climate effects, or an aggressive
combination of both, as was found in the Central Valley region of
California, where droughts and over-exploitation of groundwater for
irrigation led to massive storage depletion (Alam et al., 2019; Xiao
et al., 2017). Alam et al. (2019) found that groundwater storage had
been depleting since the middle of the 20th century, and climate change
will lead to a 31% increase in the rate of groundwater storage loss
under RCP4.5 in California’s Central Valley.

Scholars generally employ one of three methods of estimating
groundwater depletion: 1) the flux-based method (Wada, 2016; Wada
et al., 2010) which defines groundwater depletion as an abstraction in
excess of recharge, 2) the volume-based method (Konikow, 2011), and
3) the satellite-based method. All methods have their flaws, and esti-
mates are fraught with uncertainties. Nonetheless, assessing the amount
of groundwater present in storage has improved since the launching of
the Gravity Recovery and Climate Experiment (GRACE), and estimation
of changes in groundwater storage at regional scales has been made
possible. This satellite-based method detects changes in total water
storage (TWS) by measuring temporal variations in the gravity field.
The storage changes of groundwater can be evaluated after deducting
the remaining TWS changes from GRACE-resultant total TWS changes
(Tapley et al., 2019; Wada, 2016). The GRACE satellite data and
ground-based observations have been used to ascertain the level of
storage depletion in many regions of the world (e.g. California Central
Valley (Scanlon et al., 2012); the Amazon (Hu et al., 2017); China (Hao
et al., 2019; Lin et al., 2019); and India (Tiwari et al., 2009)). However,
although GRACE provides near-in-situ estimates of regional ground-
water depletion, its coarse spatial resolution (200,000 km2

[Longuevergne et al., 2010]) precludes the assessment of small aquifers
especially in data-scarce areas (Strassberg et al., 2007; Wada, 2016; Lin
et al., 2019). The solution may lie in combining GRACE data with direct
groundwater observation and groundwater modelling as Hao et al.
(2019) has done.

2.4. Groundwater quality

Research on climate change impacts on groundwater quality is
sparse, and predictions are fraught with uncertainty. Nonetheless, two
modes of impact on groundwater quality in a changing climate are
found in the literature: (1) the flushing of chemical compounds into
aquifers and (2) over-exploitation of coastal aquifers (Kløve et al., 2014;
Treidel et al., 2011). Infiltrating irrigation return flows can flush certain
chemical compounds into aquifers, thereby impacting groundwater
quality (Merz and Lischeid, 2019; Qin et al., 2011). Severe rainstorms
in lowland areas where rates of land-surface loading of contaminants
are higher may encourage the downward mobilization of soluble che-
micals present in the vadose zone (Dragoni and Sukhija, 2008; Earman
and Dettinger, 2011; Gurdak et al., 2007; Kløve et al., 2014). This
phenomenon is most characteristic of arid and semi-arid regions where
high evaporation rates increase the content of salt in soils and bottom
sediments of surface waters and could play an essential role in the
salinization of shallow aquifers (Bighash and Murgulet, 2015; Schmidt
and Garland, 2012). In mid-/high-latitudes, future climate will be
marked by warmer winter temperatures and increased snowmelt, which
may increase pollutant capture and solute leaching in the unsaturated
zone, thus impacting groundwater quality (Bloomfield et al., 2006;
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Sugita and Nakane, 2007). Also, McGill et al. (2019) found that climate
change may worsen sanitary conditions in less developed regions, re-
sulting in the leaching of human waste from pit latrines into ground-
water.

Pulido-Velazquez et al. (2015a) have quantified the impact of cli-
mate and land use change on groundwater quality related to nitrate
concentrations, using the MT3DMS, a three-dimensional multi-species
solute transport model (see Zheng et al., 2012) and SWAT model. The
result reveals that nitrate concentration in groundwater increased in
almost all the study locations across all the climate scenarios. Places
that have high irrigation and recharge increases tend to increase nitrate
concentrations in groundwater. Poor groundwater quality is a limiting
factor for further planned uses, such as drinking or irrigation, and the
long-term sustainability of global groundwater resources (Gurdak et al.,
2011). Mas-Pla et al. (2019) have detailed the environmental, eco-
nomic, social, and political concerns that arise from nitrate pollution
exacerbated by climate change.

Some studies have reported increasing groundwater discharge
temperatures (e.g.Kurylyk et al., 2014b), which is expected to rise even
further due to climate change. (Gunawardhana and Kazama, 2011;
Kurylyk et al., 2014a; Kurylyk and MacQuarrie, 2013). Increasing
groundwater temperature may alter the hydrogeochemical processes
that exert control on the mobility and dissolved concentration of che-
mical contaminants (Pitz, 2016), and thus influence groundwater
quality (Riedel, 2019; Hähnlein et al., 2013). Riedel (2019) found that a
1°C increase in groundwater can lead to a 4% decrease in oxygen sa-
turation and a drop of 0.02 in pH value. (Stuart et al., 2011; UNESCO,
2008). Additionally, changes in precipitation and ET can affect natural
groundwater composition. For instance, a rise in ET following a decline
in precipitation may increase geogenic contamination of arsenic and
fluoride (Amanambu, 2015; Amini et al., 2008a; Amini et al., 2008b).
In contrast, places of excessive rainfall can ease the mobilization of
geogenic contaminants (Amanambu, 2015).

The thermal response of groundwater temperature to climate
change, in turn, affects the thermal regimes of baseflow-dominated
streams or rivers and their hydraulically connected aquifers (Menberg
et al., 2014). Also, because the temperatures of the surface and sub-
surface are intertwined, groundwater temperature may be inferred from
surface temperature (Beltrami, 2001; Gunawardhana and Kazama,
2012), and such linkages can provide more insight into the impact of

climate change on the subsurface (Menberg et al., 2014). Benz et al.
(2017) observed a global link between groundwater temperatures and
land surface temperature, with an average offset of 1.2 ± 1.5 °C. The
highest differences were found in the coldest and warmest areas of the
Earth. They, therefore, attributed the high offset to ET and snow effect.
In cold regions, the impact of climate change on groundwater and soil
temperatures is now a significant concern, especially as permafrost
thaws (Harden et al., 2012; McGuire et al., 2012).

In any case, the indirect anthropogenic feedbacks to climate change
may represent the most critical concern for groundwater quality (Baron
et al., 2013; Bloomfield et al., 2013; Green et al., 2011; Li and
Merchant, 2013; Pitz, 2016; Stuart et al., 2011; Treidel et al., 2011;
Zhou et al., 2010). Excessive pumping or over-exploitation of wells due
to increasing water demand and droughts, caused by climate change
and compounded by development, especially in coastal areas, may
sufficiently lower the water table to create saltwater intrusion (SWI)
and the consequent salinization of freshwater (Romanazzi et al., 2015;
Stocker, 2014; Van Camp et al., 2014).

Coastal aquifers in low-lying areas are also particularly vulnerable
to SWI from sea-level rise due to climate change (Knott et al., 2019).
SWI threatens groundwater resources (Ataie-Ashtiani and Ketabchi,
2011; Ketabchi et al., 2016), causing wells to be abandoned and leading
to the salinization of vast quantities of fresh groundwater, thus making
it unfit for a variety of human uses (Van Camp et al., 2014). As
groundwater abstraction increases, wells run dry and must be dug to
deeper levels. Consequently, groundwater quality decreases because
deeper aquifers in coastal areas tend to produce lower quality water
(Famiglietti, 2014; Konikow and Kendy, 2005).

2.5. Groundwater-Surface water (GW-SW) interactions

Many studies on groundwater-climate change interaction have
concluded that climate change would exert an indirect influence on
groundwater as a result of interaction with surface water systems such
as lakes and streams, through the groundwater processes of recharge
and discharge (Franssen, 2009; Bates et al., 2008; Dragoni and Sukhija,
2008). The interaction between groundwater and surface water is
multifaceted (Fig. 4), influenced by the climate and modified by land-
form, geology, and biotic factors (Sophocleous, 2002). Kløve et al.
(2011) identified three possible interactions between lakes and

Fig. 4. Schematic representation of surface water-groundwater interaction and major pathways of water interaction is indicated by (A) groundwater flow, (B)
overland flow, and (C) hyporheic exchange.
Adapted from Jolly et al. (2008)
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groundwater: 1) groundwater inflow to the entire lake bed (ground-
water discharge); 2) groundwater outflow from the whole lake bed
(groundwater recharge); and 3) both situations occurring at the same
time in different parts of the lake or at different times of the year. In
addition, surface water-groundwater connectivity, where present, may
exist in various forms: (1) as a connected system—a gaining or losing
surface water system; or (2) as a disconnected system—completely
disconnected system or a transitional state (Li and Merchant, 2013;
Penna et al., 2014). The systems share a common link through recharge
and discharge, and their interaction constitutes a vital part of the hy-
drologic cycle (Jyrkama and Sykes, 2007; Saha et al., 2017). A decrease
in surface water availability caused by climate change can affect this
interaction (Saha et al., 2017).

In many hydrogeologic settings, natural groundwater discharges
help to sustain surface waters during periods of low or no rainfall by
sustaining baseflow. In the Upper Colorado River Basin (UCRB), base-
flow alone accounts for about 50% of the total annual streamflow in the
basin (Rumsey et al., 2015). Therefore, future climate-driven changes in
temperature and precipitation, and consequently recharge, may po-
tentially cause changes in baseflow and the magnitude and timing of
groundwater discharges to surface water systems (Pitz, 2016; Solder
et al., 2016; Sultana and Coulibaly, 2011; Tague and Grant, 2009).
Earlier snowmelt, for example, is expected to reduce late-summer re-
charge and baseflow (Ahiablame et al., 2017; Xie et al., 2008). Changes
in flow patterns between surface and groundwater may be amongst the
earliest and most obvious direct groundwater-related implications of
future climate change (Earman and Dettinger, 2011; Pitz, 2016).

Climate change may also impact GW-SW interaction by increasing
the need for groundwater exploitation and development due to drought
or an extension of the dry season. When this happens, the water table
falls, and groundwater discharge to streams also decreases. This cause
and effect relationship is supported by correlation studies linking
fluctuations in water table levels to lake water levels (Christensen and
Bergman, 2005; Williams and Pelletier, 2015). For example, in the
Volta Lake region of Ghana, Yidana et al. (2019) found that increasing
groundwater exploitation and climate change will reverse the current
situation of net outflows into the Volta Lake. Massive declines in
streamflow and lake levels can harm the whole water resources of a
particular region (House et al., 2016). Sustaining volumetric flow rates
to streams is vital for the survival of aquatic organisms. Groundwater
inputs to surface water bodies help to sustain wetlands and associated
plant and animal communities (Kløve et al., 2014; Yeakley et al., 2014).

Also, high precipitation may lead to an increase in surface runoff
resulting in hydraulic pressures in the lower stream reaches, which may
consequently cause a change in the river regime from effluent to in-
fluent, permeating its banks and recharging the aquifer, as Brunke and
Gonser (1997) discovered. Summarily, an understanding of the possible
impact of climate change on the relationship between subsurface and
surface water is imperative for effective management of water resources
(Barthel and Banzhaf, 2016; Gamvroudis et al., 2017).

3. Models in groundwater hydrology

Assessment of groundwater vulnerabilities in the face of climate
change as well as its management for sustainable use will eventually
stall unless our knowledge of groundwater systems continues to im-
prove. Numerical modelling of groundwater provides the necessary
tools for the continuous expansion of our understanding of groundwater
processes (Diersch, 2013; Kumar and Singh, 2011; Pitz, 2016). Indeed,
modelling is indispensable to understanding past and present condi-
tions, and in predicting and ultimately controlling the future states of
geophysical and Earth systems, including groundwater processes. The
relative inaccessibility of aquifers and the complexity of subsurface
processes also makes modelling indispensable.

The response of groundwater to important climate variables has
been the focus of many studies, using both statistical models (Bierkens

et al., 2001; Chen et al., 2002; Okkonen and Kløve, 2010) and complex
numerical models (Allen et al., 1998; Brouyère et al., 2004; Cartwright
and Morgenstern, 2012; Deng et al., 2013; Hanson and Dettinger, 2005;
Jyrkama and Sykes, 2007; Ordens et al., 2014; Scibek et al., 2007;
Wood et al., 2015). Here, emphasis is placed solely on numerical
models that quantify groundwater flow processes using mathematical
equations founded on some simplified assumptions (Kumar and Singh,
2011). The effectiveness of these models hinges on how thoroughly the
equations approximate the physical system being modelled, which, in
turn, depends on a thorough understanding and characterization of the
relevant hydrogeological conditions. The most internationally re-
cognizable groundwater model is the Modular Groundwater Flow
Model, Modflow, a three-dimensional finite-difference model developed
by the US Geological Survey (USGS). Much of its initial scope has been
enhanced over the years through integration with other simulations. An
example is the particle tracking model, Modpath, used in contaminant-
transport studies after running a Modflow simulation (Mondal and
Singh, 2009; Pollock, 2016). Others are FEFLOW, SUTRA, etc. (Kumar
and Singh, 2011).

In general, groundwater models simulate the natural groundwater
flow, solute transport—especially of dissolved chemicals—and aquifer
condition (Kumar and Singh, 2011; Qiu et al., 2015). The aim is usually
to predict flow under different circumstances and to improve under-
standing of aquifer behavior and functioning. Other groundwater
models probe the chemical quality of groundwater and its susceptibility
to varying hydrological and climatic regime, with additional cap-
abilities for designing sustainable water management or remediation
schemes, and to provide information about the response of aquifers to
alternative courses of action (Bear and Verruijt, 2012). Table 2 sum-
marizes the characteristics of various numerical models used in
groundwater studies.

Groundwater flow processes were once thought to be disconnected
from the atmosphere and therefore, were not included in most climate
models (Taylor et al., 2013). However, many studies (Maxwell and
Kollet, 2008) indicate that aquifers do in fact influence the atmosphere,
especially in areas of relatively shallow water tables, where dynamic
interactions between surface and groundwater can alter the surface
water and energy fluxes in the boundary layer (Leng et al., 2014;
Maxwell et al., 2011; Qian et al., 2013). Hence, aquifers should be
considered part of the lithospheric heterogeneities that climate models
must seek to simulate, without which reliable climate pre-
diction—especially of local or regional climate—will remain elusive,
and climate-groundwater feedback mechanisms will be poorly under-
stood (Gulden et al., 2007; Maxwell et al., 2011). Accordingly, to better
understand the impacts of climate change on groundwater, efforts have
been made to represent groundwater processes in land-surface models
embedded in GCMs or to couple complete groundwater models to
surface water models or larger-scale atmospheric models (e.g. Huang
et al., 2019). The recently developed USGS groundwater-surface water
code, GSFLOW, couples two USGS models: the Precipitation-Runoff
Modelling System, PRMS and MODFLOW (Hunt et al., 2008; Markstrom
et al., 2008). The GSFLOW can be applied to more than one watershed,
given that it simulates flow across watershed boundaries. GSFLOW has
been used to simulate flow across the land surface simultaneously and
within subsurface saturated and unsaturated materials, in a dense lake
district in Wisconsin, USA (Hunt et al., 2008), and in northwest China
(Penna et al., 2014; Wu et al., 2015). However, a more comprehensive
model which integrates all facets of the hydrosphere—groundwater,
surface water, and atmosphere—is the HydroGeoSphere, formulated to
simulate the whole terrestrial part of the hydrological cycle (Brunner
and Simmons, 2012; Maxwell et al., 2015). Others include CATHY,
PAWS, PIHM, etc. (see Table 2).

Recently, GIS technology has become increasingly harnessed in
groundwater modelling. GIS can be used either singly as a map-based
tool for gathering and manipulating a large, high-quality hydro-
geological database (Rahmati et al., 2016), or fully integrating it with
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other numerical groundwater models, a process known as coupling
(Gogu et al., 2001; Gossel et al., 2004; Huo et al., 2007). Integration
may be achieved through developing groundwater models that work in
a GIS framework, as in FEFLOW (Huo et al., 2007) and MODFLOW.
Gogu et al. (2001) and Ashraf and Ahmad (2012) described this in-
tegration, highlighting the unique spatial analysis and visualization
capabilities that GIS lends to groundwater modelling. Visualization can
help recalibrate numerical models by showing differences between
modelled, interpolated, and measured water levels (Gossel et al., 2004).
Additionally, multi-layered environmental GIS maps provide decision
support tools for better evaluation of management options for the
sustainable development of groundwater resources. This ability to
overlay disparate environmental data makes GIS indispensable to
groundwater management.

3.1. Modelling future climate impacts on groundwater

Regardless of the spatial scales of study, investigating the potential
impact of climate change on groundwater involves coupling GCM cli-
mate projections with models of groundwater components (Green,

2016; Smerdon, 2017). The process starts with choosing a set of GCMs,
GCM output, and a carbon dioxide emissions scenario. These GCM
outputs often need to be downscaled to finer scales suitable for hy-
drological modelling for regional and aquifer-specific studies because of
the coarse resolution of GCMs. Downscaled GCM outputs are then
coupled with hydrological models to produce estimates of specific
groundwater components (Kumar, 2012; Ng et al., 2010; Smerdon,
2017). The whole process involves choosing among a set of GCMs,
downscaling methods, and hydrological models, all of which creates
uncertainties in outcomes (Crosbie et al., 2013; Green, 2016). Crosbie
et al. (2013) and Nkhonjera and Dinka (2017) independently sought to
quantify the relative uncertainties in projections of recharge rates from
GCMs, downscaling methods, and hydrological models. They found that
the choice of appropriate GCM was the most crucial one because it is
the most significant source of uncertainties in future projections of re-
charge. The choice of downscaling methods and hydrological models
were the second and next largest source of uncertainties in recharge
projections.

In contrast, Kurylyk and MacQuarrie (2013), in their studies in
eastern Canada, found that downscaling methods contributed the most

Table 2
Selected Numerical Groundwater Models and Characteristics.

MODEL TYPE BRIEF DESCRIPTION REFERENCES

GROUNDWATER • MODFLOW3,a,c,d,e,f,g Sophisticated groundwater model with enhanced capabilities
to simulate flow, solute transport, and coupled
surface–groundwater flow.

(Bakker et al., 2016; Brunner and Simmons, 2012;
Guzman et al., 2015; Kumar and Singh, 2011; Mondal
and Singh, 2009; Pollock, 2016)

• GMS2,3,a,b,f,g A complete modelling package from conceptualization to
visualization and can be interfaced with a host of other
models,e.g. Modflow.

(Owen et al., 1996; Qiu et al., 2015; Xiaobin, 2003)

• FEFLOW2,3,b,c,d,e,f A finite element density-dependent groundwater flow, mass
and heat transport process modelling system.

(Diersch, 2013; Kumar and Singh, 2011; Trefry and
Muffels, 2007)

• CHEM FLOW1,a,c,d A finite difference model that simulates one-dimensional
water and chemical movement

(Kumar, 2012; Rajamanickam, 2011)

• AT123D1,2,3,d A groundwater transport model for simulating long-term
pollutant migration.

(Kumar, 2012)

• AQUA 3D3,a,c,d A 3-D finite element groundwater flow and contaminant
transport simulation model

(Kumar, 2012)

• SUTRA 2,3,c,d,f Simulates density-dependent groundwater flow as well as
energy and solute transport

(Kurylyk et al., 2014; Voss and Provost, 2002; Winston
and Voss, 2004)

SURFACE/SUBSURFACE
COUPLED

• GSFLOW A,B A coupled surface water and groundwater flow model built on
the integration of the Precipitation-Runoff Modelling System
(PRMS) and MODFLOW

(Markstrom et al., 2008)

• MIKE SHE B,C A comprehensive and integrated physically-based model
capable of simulating the entire land phase of the hydrological
cycle.

(Akram et al., 2012; Golmohammadi et al., 2014;
Prucha et al., 2016)

• HydroGeoSphereB A 3-dimensional finite element model designed to simulate
the whole terrestrial portion of the hydrological cycle.

(Brunner and Simmons, 2012; Maxwell et al., 2014)

• OpenGeoSys (OGS) An object-oriented numerical model which simulates thermo-
hydro-mechanical/chemical processes in a porous or fractured
media,

(GRÄBE et al., 2012; Kolditz et al., 2012)

• ParflowA, B An integrated physically-based model which simulates both
groundwater and surface water flows.

(Kollet and Maxwell, 2008; Maxwell et al., 2015)

• PAWSA, B A 3-dimensional model for simulating the entire watershed
hydrology: overland, surface and subsurface processes

(Shen et al., 2013)

• CATHY A,B A physically-based model that integrates surface water and
groundwater processes.

(Gauthier et al., 2009; Guay et al., 2013)

• WaterGap A,B A multipurpose hydrological model simulating water balance,
sectoral water use, water quality and recharge

(Brauman et al., 2016; Döll et al., 2001; Portmann
et al., 2013; Schumacher et al., 2018)

GROUNDWATER
1-1-D
2-2-D
3-3-D
a Finite difference.
b Finite element.
c Groundwater flow.
d Contaminant/Solute transport.
e GIS interface
f Visualization/graphical tools
gInterphase with other models

SURFACE/SUBSURFACE COUPLED
A coupled groundwater-surface water.
B simulates the entire terrestrial hydrological cycle.CGIS interface.
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uncertainties to future recharge estimates. Moeck et al. (2016) have
also explored uncertainties arising from hydrological models. The dif-
ferent types of downscaling methods and their implications for recharge
estimates are discussed in depth by Green et al. (2011) and Holman
et al. (2009). To circumvent the problem of GCM and hydrological
model selection, many scholars now suggest as best practice the use of
an ensemble or range of GCMs and hydrological models to produce the
most realistic range of estimates (Crosbie et al., 2013; Holman et al.,
2012; Larocque et al., 2019).

A generalized conceptual framework in modelling the future im-
pacts of climate change on groundwater is shown in Fig. 5. A typical
modelling framework involves forcing a hydrological model with
downscaled GCM climate data and simulated groundwater component
variables (using baseline climate data) to generate future estimates for
the groundwater component under investigation. Groundwater re-
charge is understandably the most popular groundwater component for
which future predictions are generated. Simulation of groundwater
components can range from simplistic numerical models where re-
charge, for instance, is related exclusively to precipitation (Kirn et al.,
2017), through more complex water balance models that take cogni-
zance of temperature and actual ET, to the most sophisticated simula-
tion of watershed characteristics, including runoff, soil, vegetation dy-
namics, as well a plurality of climate variables. Some complex
watershed simulations, such as that in Alam et al. (2019), model river
runoff and reservoir storage and releases, across multiple vertical levels
of groundwater flows. The indirect effect of climate on groundwater,
which includes the effect of climate on crop evaporative water demand
and vegetation evolution, was also accounted for. The use of a het-
erogeneous subsurface hydrogeology and temporally evolving soil and
vegetation dynamics add extra layers of complexity to the simulation of
surface–subsurface hydrologic processes, but also permit more realistic
estimates of recharge and other groundwater component variables to be
made.

The result of potential future groundwater changes for 40 selected
studies in the last 5 years is synthesized in Table 3. The studies are
subdivided based on the climate of their respective watershed, to assess
possible climatic dependencies in future groundwater changes. In our
scheme, studies are first broadly classified as either temperate or tro-
pical, before subdividing these classes into smaller recognizable cli-
matic regions. Further, for each study, the groundwater component
investigated and the type of climate model and hydrological model used
are shown in the table. The size of the study area is shown by color-
coding the letters that specify hydrological models, and the future
changes in groundwater components produced by the models are pro-
vided in the penultimate column. Future predictive changes in
groundwater component are relative to baseline conditions, and pro-
duced for both the near-term (2020 – 2030/2045) and the distant future
(usually 2075 – 2100). The last column shows the SWOT analysis of the
predictive models.

As stated above, the future direction of change in groundwater
component resulting from climate change was organized by climate
region. Fig. 6 summarizes the result for all 40 studies. Of all 33 studies
of future recharge change, only eight studies reported an increase over
the baseline. The majority of studies found a decrease, with only a few
reporting no change. A similar result was found for groundwater level
and storage. A breakdown of recharge studies by climate also revealed
that, across both temperate and tropical regions (Fig. 6a), recharge and
storage are expected to decrease, and, surprisingly, even more acutely
in tropical regions (80%). For all 40 studies, increasing temperature and
ET were predicted to increase for the distant future, and these appear to
be exacting a stronger influence on recharge and storage, especially in
the tropics where some precipitation decreases are predicted. Where
rainfall increases occur, recharge may still be limited if light and very
heavy rainfall—which has been shown to contribute little to re-
charge—account for much of that increase. However, rainfall is of
course not entirely useless for recharge generation in the tropics.

Fig. 5. A generalised framework for Groundwater-Climate change Modeling.
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Table 3
Climate and hydrological modeling studies at varied scales in differing climatic zones with corresponding SWOT overview.

*WRFe—Weather Research and Forecasting ensemble models; GW—groundwater
Framework/component: B = Baseflow, L = Level, Nitrogen concentration = N, Q = discharge, S = storage, Salt water concentration = SW , R = Recharge
(n = near future, d = distant future), Uncertainty = U
Future direction of change: ↑ = increasing, ↓ = decreasing, ↕ = increasing/decreasing, ↔ = no change
Study size (km2) : Very small (> 102) , Small (102—103), Medium (103—104), Large (104—105), Very large (> 105), Not specified
Hydrological Models: a—Central Valley-Surface Water Simulation Model, b—Modflow, c—Continuous balance model, d—HEC-RAS, e—Spatially distributed
Hydrogeological model, f—SWAT, g—VIC Model, h—Precipitation-recharge Model, i—HELP (3), J—HYDROBAL, k—Soil-Water-Balance/budget, l—HEC-HMS,
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Comparison between studies in the wettest and driest parts of the tro-
pics (Fig. 6b) revealed a better recharge outcome in the former than in
the latter, although a majority of studies still reported decreases in
recharge and storage.

Like in the tropics, studies in temperate climates also revealed
mostly decreasing groundwater recharge and storage; however, these
decreases are not as severe as in the tropics. The difference may be due
to the effectiveness of snowmelt—which is predicted to increase in a
warmer temperate climate—as a recharge generator on seasonal scales
(Kløve et al., 2014; Okkonen and Kløve, 2010). But a warmer temperate
climate also portends less snowfall and more rainfall, consequently
reducing snowmelt over longer periods (Earman and Dettinger, 2011)
and thus, reducing recharge. In sum, it should be noted that these 40
studies may not be representative of the broader literature on the
subject matter. The presence of uncertainties in estimates also precludes
any engagement with these results beyond a tentative, cursory level.

4. Groundwater feedback to the climate system

Vital feedbacks occur between groundwater and atmospheric pro-
cesses on decadal and longer timescales (Barthel and Banzhaf, 2016;
Levy et al., 2018). One such groundwater feedback is the contribution
to sea-level rise, where abstracted water from aquifers becomes part of
surface water flows until it drains into the ocean. Although some
scholars are skeptical about the effectiveness of groundwater abstrac-
tion as a cause of sea-level rise, several studies have shown that human-
driven changes in land water storage including the direct effects of
groundwater abstraction, irrigation, enclosures in reservoirs, wetland
drainage, and deforestation play an important role in sea-level changes
(Döll et al., 2001; Konikow, 2011; Wada et al., 2012b). Moreover,
groundwater depletion strongly affects the trends in regional and global
land water storage (Richey et al., 2015). Employing recent develop-
ments in satellite measurement of time-variable gravity from NASA’s
GRACE, Reager et al. (2016) assessed the role of land water storage in
sea level changes over the 12 years from 2002 to 2014. The results
showed that human-induced groundwater depletion contributed sub-
stantially to a gross negative mass trend of –0.97 mm year−1 sea-level
equivalent.

Another groundwater feedback to the climate is an increase in
evapotranspiration (Goodarzi et al., 2019), through increased soil
moisture from groundwater-based irrigation. The addition of water to
an otherwise dry surface affects the surface energy balance, alters the
latent and sensible heat fluxes, and the boundary layer, with likely
feedbacks on precipitation (Famiglietti et al., 2011; Leng et al., 2014;
Qian et al., 2013). With more soil moisture from irrigation and only
energy as the limiting factor, evapotranspiration may occur unabated in
summer months, further leading to increases in precipitation and river
runoff (DeAngelis et al., 2010; Kustu et al., 2011; Lo and Famiglietti,
2011). Gaining a better understanding of groundwater-climate feed-
back will require a more detailed representation of groundwater-sur-
face water interaction in the land-surface hydrological phase of GCMs
(Taylor et al., 2013; Zaveri et al., 2016).

5. Future considerations

Previous reviews (Table 1) of the past decade have indicated what

needs to be done going forward, but there is a need for a clear direction
with evidenced examples of what, when (time) where (spatial) and how
the path must be. Future considerations are, therefore, tabulated in
Table 4, and the sections that follow provide a detailed explanation.

5.1. Physical Basis

5.1.1. The scale of the study
Studies of climate change-groundwater interaction should consider

the limitations that spatial scales and subsurface heterogeneities place
on their studies. Climatic effects on hydrological components, including
groundwater, vary over the Earth surface, and so recharge estimates
will vary depending on the spatial scale used in a study. Related to the
above is the challenge of controlling for subsurface heterogeneities
wwhich significantly alter recharge estimates, yet hydrological models
often assume a homogenous layer (Hartmann et al. (2017). Studies of
future climate impacts on groundwater will, therefore, benefit from
designing studies that allow for subsurface variations. Future projec-
tions of changes to groundwater resources should focus more on short-
to-medium term forecasts, rather than long-term forecasts which are
often beset by uncertainty and inadequate for serious policymaking.

5.1.2. Processes and mechanism
More still needs to be done to comprehend better the complex hy-

drogeological processes of groundwater on the one hand and how these
processes are being affected by climate change on the other. Also,
questions remain on the range of mechanisms governing groundwater
system and climate change interactions. For example, little is known of
advective heat transport in the groundwater system, especially in per-
mafrost areas. Physically-based hydrological models can, to a certain
extent, account for processes occurring at scales smaller than the grid-
scale. But they do not accurately simulate the role of chemical and
biological processes in controlling streambed permeability, and the
interaction between rivers and groundwater (Brunner et al., 2017).
How does climate change affect the flow rate? What is the future di-
rection and seasonality of potential effects on flow? Answers to these
questions can only come through a deeper understanding of processes
and mechanisms.

Research on groundwater is process-driven, and the exclusion of
these processes usually lead to uncertainties in the modeling approach.
Many models do not incorporate complex processes inherent in
groundwater and climate change relationships. One limitation in
modeling groundwater is the issue of models that cannot integrate the
surface–groundwater and the unsaturated zone. When they are avail-
able, they are computationally intensive and sometimes fail to in-
corporate all needed complex processes, increasing uncertainties.
Researchers have neglected the rebounding effect of feedback processes
while investigating the impact of climate change on the groundwater
system. For instance, there is a need for quantitative studies that will
examine the influence of climate change on groundwater temperature
and flow rates and the consequent effect on riverine and lacustrine
thermal regimes and how these resultant effects, in turn, affect
groundwater. More work of complex feed-forward and feedback pro-
cesses is needed, including quantifying the feedback of vegetation on
water balance. Future models need to incorporate complex feedback
fluxes of the impact of evapotranspiration due to changes in climate.

m—HydroGeoSphere, n—GSSHA (Gridded Surface Subsurface Hydrologic Analysis) mode, o—FEFLOW, p—HEC-RAS, q— HYDRUS-1D, s—WetSpa , t—SEAWAT,
u—WETSPASS, v = EARTH, w—Qbox, x—VISUAL BALAN, y—GR2M
Authors: 1Patil et al. (2020), 2Persaud et al. (2020), 3Shrestha et al. (2020), 4Klaas et al. (2020),5Rodríguez-Huerta et al. (2020), 6Alam et al. (2019), 7Erler et al.
(2019), 8Ghazavi and Ebrahimi (2019), 9Goodarzi et al. (2019), 10Pisani et al. (2019), 11Akbarpour and Niksokhan (2018), 12Kahsay et al. (2018), 13Ou et al. (2018),
14Pholkern et al. (2018), 15Pulido-Velazquez et al. (2018), 16Gemitzi et al. (2017), 17Kambale et al. (2017), 18Melo and Wendland (2017), 19Niraula et al. (2017),
20Saha et al. (2017), 21Soro et al. (2017),22Toure et al. (2017), 23Chang et al. (2016), 24Goodarzi et al. (2016), 25Paradis et al. (2016), 26Shrestha et al. (2016), 27Tam
et al. (2016), 28Tillman et al. (2016), 29Toure et al. (2016), 30Beigi and Tsai (2015), 31Goderniaux et al. (2015), 32Hashemi et al. (2015),33Herrera-Pantoja and
Hiscock (2015), 34Iyalomhe et al. (2015), 35Jang et al. (2015), 36Kaur et al. (2015), 37Lemieux et al. (2015), 38Pulido-Velazquez et al. (2015b), 39Sapriza-Azuri et al.
(2015), 40Touhami et al. (2015).
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For example, changes in climate may lead to a given flora adjusting its
transpiration rate because of increased CO2, and may adapt by altering
its vegetation cover and development of a deep root system if CO2 in-
creases persist (Schaller and Fan, 2009). These processes will have a
feedback effect on the groundwater system, and models must be able to
capture these processes when simulating climate change impact on
groundwater processes. Also, groundwater-land surface feedbacks may
impact moisture transport, boundary layer development and pre-
cipitation processes at the local and regional scale (Ferguson and
Maxwell, 2010; Jiang et al., 2009). More work is required to quantify if
regional climate response to a changing climate is dependent on
groundwater-land surface feedbacks (Ferguson and Maxwell, 2010).

Models must be robust enough to track and quantify the hidden
effects of feedbacks resulting from the dynamic interplay and complex
processes of Earth’s components. Integrating groundwater processes
(land surface-deep hydrological exchanges and groundwater flow) di-
rectly into GCM modeling may reduce the uncertainties. While ex-
amining complex processes, research on the linearity of groundwater
contamination and also the non-linear processes with regards to system
response in GDEs should intensify. Aslam et al. (2018) have suggested
the use of semi-distributed models in solving the problem of linearity.
All these must be done at local to regional scale and outcomes applied
to places of similar attributes. We recommend that processes-me-
chanism, within the context of modelling, should be adopted in
groundwater-climate change studies.

5.1.3. Models
Groundwater modelling has and continues to open up entire vistas

in our understanding of sub-surface processes. It holds the promise of
enhancing our understanding of the groundwater-climate relationship,
climate change and groundwater feedback mechanisms, and conse-
quently, appropriate management options for sustainable use of water
resource. However, models are always at the mercy of a thorough un-
derstanding of the operative physical processes, and the ability to
characterize and quantify them correctly. Hence, models can differ
markedly in their simulations and predictions of the same physical
system, and discrepancies in different GCMs results are due to a mis-
understanding of subtle atmospheric processes. For example, Zhang
et al. (2013) argued that the HadGEM2-ES and other sophisticated
climate models often misquantify the relative role of aerosols in cooling
the Earth because cloud processes are not adequately resolved. Quan-
tifying aerosol cooling effects through cloud cover simulation is one of
the leading causes of uncertainties in climate modeling, and thus a
priority for future research since it plays a role in evaluating future
scenarios of the climatic element, including precipitation. Indeed,

uncertainties in precipitation projections hamper estimates of projected
groundwater changes and their potential feedbacks on climate. Models
should be robust enough to simulate the complex and dynamic inter-
actions that typify the climate system.

5.1.4. GCMs and downscaling
Uncertainties also arise from the choice of GCMs, the choice of

downscaling methods, and hydrological models. These uncertainties
influence the effectiveness of the results for mapping out appropriate
management strategies for groundwater sustainability. The ambiguity
of trends and distribution in climatic parameters result in varying
predictions of groundwater flow, recharge, storage and discharge, so
much so that models cannot predict the magnitude and direction of
these processes. Researchers (Chang et al., 2011; Kingston and Taylor,
2010; Zhang, 2015) have recommended multi-model approaches to
reduce the impacts of uncertainty. When using any downscaling tech-
niques, there is a need to quantify the uncertainties. For better
groundwater-climate change studies, researchers must focus on tech-
niques that are robust enough to consider both climate variability and
change. Some downscaling techniques (e.g. Delta change) do not con-
sider variability. The Bias Corrected Spatial Downscaling (BCSD), used
in plains areas, does not account for terrain effect (Aslam et al., 2018).
Regional Climate Models (RCMs), on the other hand, can account for
variability and terrain effect (Andreasson et al., 2003), and are re-
commended to be utilized for future studies because they produce
better future estimates of climate data in smaller domains (Jang et al.,
2015). Researchers must also seek to provide better justification for
their choice of the downscaling method. In general, there is an urgent
and continuous need for better models, as well as improvements in
modelling and downscaling techniques.

5.1.5. Modification by irrigation
Recent studies (Russo and Lall, 2017; Whittemore et al., 2016) have

shown that groundwater levels respond faster to changes in pum-
ping—driven of course by human response to climate variability—than
to direct changes in recharge also driven by climate variability. It has
also been shown that response to pumping is strongest in irrigated
agricultural areas where the water needs are urgent. However, in India,
the contributions of groundwater pumping and precipitation to
groundwater variability varied regionally, even though irrigation
agriculture has increased in most of the country (Asoka et al., 2017).
Recently, there has been an increase in research studies on the inter-
actions between climate variability and groundwater (Bouderbala,
2017; Bouderbala, 2018; Durrani et al., 2017; Hartmann et al., 2017;
Lorenzo-Lacruz et al., 2017), yet the relative influence of indirect and

Fig. 6. Summary of the future groundwater changes by climate region based on: a) the 40 studies listed in Table 3; b) a subset of 20 of the 40 studies in the wettest
and driest tropics. Recharge—R, Storage—S, Level—L.
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direct climate variability impact on groundwater levels remains mostly
unclear. This complication has considerable implications for ground-
water management and should be accounted for in future predictions of
climate change impacts on groundwater. Furthermore, hydro-climato-
logical models that consider variability and change like the BCSD and
RCM should be considered for future research.

5.2. Socio-Economic Dimension

5.2.1. Multidisciplinary Synergies
The complex subject of groundwater and climate change relation-

ships needs a transdisciplinary approach where biophysical and socio-
economic responses are adequately quantified. In doing so, there must
be cooperation in research at local and regional levels that will involve
shared knowledge. The implication of this is likely to be a new scientific
approach to climate change-groundwater studies regarding models that
can link climate variability and change, hydrology/hydrogeology, de-
mographic dynamics, socio-economic implications (e.g. water demand),
and vegetation dynamics. Morsy et al. (2017) asserted that this ap-
proach should be adopted to limit uncertainties through a toad's eye
view rather than an eagle's eye view by linking the environment, eco-
nomic and social aspects. Also, collaboration is critical among stake-
holders at all levels and must cut across governments and organizations
from the local to the international level. Cooperation will enable proper
investigation of the socio-economic and ecological implications of col-
laborative management of shared aquifers (Albrecht et al., 2017) in the
face of climate change, and bridging the gap of groundwater sustain-
ability. Collaboration through a multidisciplinary approach can foster
protection and restoration of ecosystems that are vital water resources
areas (e.g. wetlands and mountain forests) which protects recharge.

5.2.2. Groundwater monitoring network
While the physical basis and its components, as well as socio-eco-

nomic dimension, are essential, there is an urgent need for a more
enduring long-term groundwater data monitoring. Although expensive,
a denser network of groundwater observation sites needs to be created,
especially in remote areas and less developed regions to provide more
data for detailed study and to supplement other data sources whose
spatial resolutions are too coarse for any meaningful local application.
GDEs, as well as groundwater contaminations, should be included in
groundwater monitoring networks at the local to global level. These
detailed records can aid the improvements in the quantification of
hydrogeological systems at local to regional scales.

5.2.3. Adaptation
Many studies neglect to investigate the adaptive capacity of people

to groundwater systems because indicator-based methodologies are
requisite in the quantification of the adaptive capacity of the ground-
water system (Aslam et al., 2018; Brooks and Adger, 2003). Cullet and
Stephan (2017) notes that policy formulation related to sustainable
future groundwater use should shift from traditional emissions reduc-
tion to groundwater adaptation strategies.

Kipling et al., (2019) have identified responsibility, scope, optimi-
zation, information, and collaboration as important adaptation-specific
elements and challenges in modeling climate change impacts for
adaptation. While these adaptation elements can represent challenges,
they can also serve as strategic considerations in climate change-
groundwater modeling for adaptation. Similar to Kipling et al. (2019),
five adaptation specific elements—continuous, extent, improve
methods, data aggregation and multidisciplinary synergies—have been
identified as key elements in modeling climate change impacts for
groundwater adaptation. Because climate change is progressive, there
should be Continuous short-term modeling of climate change impacts
(Fig. 7). Here, modelers will most likely achieve a better result through
Multidisciplinary Synergy that enhances collaboration. It is therefore the
responsibility of modelers to constantly communicate the climateTa
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change outcome to stakeholders for management decision. Cascades of
complex feedbacks are generated across multiple sectors as climate
change interact with biological and physical systems, making impacts
and adaptation studies predominantly complex (Kipling et al., 2019).
As such, a decision in modeling the Extent (what biophysical systems
should be included?) to which climate change affect groundwater sys-
tems—given socio-economic and political changes with time—is para-
mount. The modeling can follow different pathways—depending on the
choice of the modeler, and have varying impact on societies and bio-
physical systems. Thus, pathway adaptive response to climate change
constantly explored will lead to a better adaptation strategy from in-
formed decision making.

Developing scenarios for adaptation may be complex because
adaptive responses to climate change arepathway-dependent, un-
certainties are inherent in data acquisition, and because of changes in
choices made by stakeholders. Continuous Data aggregation on adapta-
tion responses should be focused on reducing uncertainties. Though
uncertainties generally exist in models, the quality of data from human-
environment systems is important for modeling climate change-
groundwater adaptation. In the face of progressive climate changes,
data, uncertainties, and stakeholder decision are expected to chan-
ge—and modelers must use the information to Improve modeling
methods for enhanced adaptation strategies (Fig. 7). Adaptation mod-
eling and strategies may be ineffective withoutMultidisciplinary Synergy.

Fig. 7. Directional consideration and framework for continuous Climate Change-groundwater adaptation. Stage 1 involves decision making by stakeholders on
groundwater network. Data acquisition can be with/without GW network, decision on data inclusion and spatiotemporal scale of the study domain. Stage 2 involves
the derivation of adaptative capacity and sensitivity indices. Stage 3 uses a robust hydrological model to determine climate change impacts with regards to the degree
of exposure and changes in GW systems. Stage 4 combines stages 2 and 3 to generate a set of adaptation strategies. The implementation of the aforementioned
strategies is used to generate a set of monitoring adaptation specific elements. In stage 5, monitoring variables are fed to stakeholders—to improve decision making
and hydrological model—to develop more realistic future GW scenarios.
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A localized collaboration between researchers within and across regions
provide the possibility to consider innovative solutions by cross-polli-
nating ideas across disciplines, informed by participation of local
people such as farmers, fishermen and households whose income, life-
styles and culture are deeply dependent on groundwater resources. The
response of local people to climatic changes and their perception of the
risks would strongly influence/inhibit future adaptation or mitigation
policies

The whole strategy for groundwater and climate change research
must be that of integration. The physical and socio-economic dimen-
sions must be well integrated to generate adequate models that will
produce results, thereby enabling researchers, and stakeholders to
outline adaptive indicators from bottom to top and vice versa. This
integration can be effective at both spatial and temporal scales. This
conclusion is similar to suggestions made by Aslam et al. (2018), where
he proposed the integrated use of impact modelling and index-based
methodologies that consider an adaptive capacity for groundwater
vulnerability assessment to climate change. Researchers and stake-
holders alike must seek to identify the constituents of adaptive in-
dicators (coverage, impact, sustainability and replicability), only then
can proper groundwater legislation be created appropriately for adap-
tive strategies. These strategies may include groundwater conservation,
land use protection, protection of groundwater aquifers and trans-
boundary aquifers and other measures such as changing land use and
other practices which better sustain societies and GDEs.

6. Conclusion

This paper examines the body of knowledge on the present and
future impacts of climate change on groundwater. Differences and si-
milarities in groundwater response to climate change forcing or varied
climate change influences on groundwater systems in different regions
of the Earth are explored to establish fundamental climatic or geo-
graphic controls. The study also exposes pertinent knowledge gaps and
possible direction for future research.

The scourge of climate change evidenced and driven by global
warming is expected to affect every component of the climate system,
including groundwater. A synthesis of 40 modeling studies suggests that
the future groundwater changes by climate will result in a decrease in
groundwater recharge, storage and levels, particularly in the arid/semi-
arid tropics and secondarily the humid tropics. The climate system is a
complex web of interactions and feedback mechanisms, and so it is
difficult to resolve the whole spectrum of relevant feedbacks for each
component in different spatial and time scales. Assessing the climate-
groundwater relationship also becomes problematic since groundwater
reacts slowly to climate forcing, and it is not readily amenable to sci-
entific probing as surface water systems are. A plethora of studies have
shown that groundwater is vulnerable to climate change directly,
through recharge replenishments, and indirectly through land use/
cover changes and through groundwater-fed irrigation. Hence, to con-
tinue to improve our understanding of the impact of climate change on
groundwater, two key considerations have been proposed: physical
basis and socio-economic dimensions. These strategies provide some
guidelines on how research on the impact of climate change on
groundwater is to be carried out. The strategies suggest an integrative
consideration when assessing groundwater vulnerability to climate
change and can provide a quick learning curve to successfully address
the limitations in this research area and bridge the gap between science
and policy.
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