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ABSTRACT

Groundwater represents about 30% of the global fresh water and is the primary source of drinking water for 3 billion peo-
ple. In the context of climate change, reliance on this resource is increasing, but the altered precipitation patterns, and con-
sequently aquifer recharge, increase groundwater supply vulnerability. In this framework, monitoring and quantifying
groundwater stress is an urgent need. This review aims to provide a critical overview of the approaches proposed in the lit-
erature to assess the sustainability of groundwater exploitation from a quantitative perspective. Three main approaches are
identified: those based on water flux balances, which define overexploitation as an excess of consumption with respect to
the available renewable resource; those based on the evaluation of stored volumes, which identify groundwater stress as a
progressive depletion; and hybrid approaches, which combine the previous two while incorporating economic, social and
regulatory constraints. The analysis highlights a substantial lack of standardization in the definition of core variables (e.g.,
recharge) and a limited comparability among the results of stress indices, inhibiting their application in the regulatory
framework. By identifying these limitations, this review aims to promote the development of more transparent interdiscipli-
nary indicators capable of informing groundwater management in a context of growing stress and uncertainty.

KEYWORDS groundwater; groundwater indices; groundwater drought; sustainable groundwater use

1. Introduction Over the past several decades, water demand has
constantly increased in all sectors, mainly associated with
population expansion, and a growing reliance on
groundwater as the primary supply is observed, particu-
larly for agriculture. Moreover, impacts on groundwater

are foreseen to be connected to direct and indirect

Fresh water accounts for about 2.5% of global water
resources. Out of this fraction, 68.7% is found in gla-
ciers and ice caps, 30.1% in groundwater and 1.2% in
surface water [1]. Groundwater therefore represents the
largest available storage of fresh water on the planet.

Up to 3 billion people rely on groundwater as their pri-
mary drinking supply, and 60-70% of groundwater
withdrawals are used for irrigation [2]. India, the USA,
and China are ranked among the countries with highest
rate of withdrawal [3], whereas groundwater-dependent
ecosystems are located predominantly in central Asia,
Sahel, Southern Africa, and Australia [4]. In the 27 EU
member states, groundwater alone provides 65% of
drinking water and 25% of irrigation water [5].
Therefore, this resource supports domestic consump-
tion, irrigated agriculture, and industrial production in
many areas of the world, particularly in semi-arid
regions and more generally where surface water resour-
ces are overexploited or subject to high seasonal vari-
ability [6,7].

effects of climate change on the water cycle and water
withdrawals [2]: climate change causes a lowering of the
piezometric levels because of snow retention reduction,
changes in precipitation regimes and spatial distribution
of vegetation species. In the agricultural sector, with
higher temperatures the irrigation requirements of crops
are expected to rise due to the increase in potential
evapotranspiration [8,9]. At the same time, warmer tem-
peratures will likely promote the expansion of agricul-
tural lands to higher altitudes and, in general, to areas
traditionally characterized by less intense water demand
[10]. Finally, from another perspective, over-abstraction
in water-stressed areas might also affect the qualitative
state of groundwater by enhancing saltwater intrusion in
coastal aquifers or mobilizing polluted waters [5].
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The already observed increasing dependence of
water supply systems on groundwater has evidenced
the urgent need for reliable metrics suitable to assess
the sustainability of its exploitation. Over the past two
decades, several indices aimed at synthetically repre-
senting the anthropic pressures on the resource in the
specific hydrogeological context have proliferated. The
proposed indicators vary significantly in terms of con-
ceptual approach, required data, complexity, and scale,
and therefore are only partly comparable.

The required data ranges from direct measurements
of groundwater levels to estimations of hydrological
variables (e.g., effective precipitation, environmental
flows supported by groundwater), to groundwater
abstraction or loss censuses and artificially infiltrated
volumes, to estimates from satellite data (e.g. the
NASA Gravity Recovery And Climate Experiment -
GRACE - missions) or numerical hydrogeological
models.

The usual approach is based on the “withdrawal-to-
availability” ratio, which relies on the conceptually simple
comparison of the water demand to the renewable
resource [11,12]. Most of them are based on a ground-
water flow balance that compares inputs (natural, and
eventually anthropogenic, such as losses from water
pipe networks or irrigation losses) and outputs (e.g., arti-
ficial extraction and environmental flow), in various com-
binations. Other indicators rely on sophisticated
technologies able to estimate the long-term trends in
groundwater storage from satellite gravimetry anomalies
[13]. Moreover, some indices explicitly take into account
the forecast of future demand, and the technical, eco-
nomic, legislative, and environmental constraints on
groundwater abstractions [14,15]. Since these indices are
in most cases intended to offer support to aquifer classi-
fication and prioritization, water management policy def-
inition, and decision making more generally, often
outside the scientific community [16-18], the diversity of
available approaches—and consequently results—may
generate confusion and lead to incomparable results.

This review aims to provide a critical synthesis of
groundwater stress indices proposed in the literature,
with particular attention to their conceptual foundations,
input requirements, robustness, and scalability. The indi-
cators are categorized into three broad families: flux-
based indices, which define the water stress based on a
balance of abstractions and renewable inflow; storage-
based indices, which identify water stress by quantifying
long-term trends in the water volume stored in the aqui-
fer, through in-field groundwater monitoring data,
groundwater models, or gravimetric methods, or a com-
bination of these; and hybrid indices, which combine the
previous two approaches with economic, legislative, and
social aspects or more generally with elements of the
broader context of sustainability. For each group, we pre-
sent the indices proposed in the literature, examine the
key assumptions underlying them, and identify the major

strengths and limitations, with particular attention to
current research gaps with respect to harmonization and
policy relevance. Particular attention is also given to how
different indicators incorporate environmental flow
requirements, handle the notion of “exploitable” ground-
water, and distinguish between abstraction of renewable
and nonrenewable resources.

2. Indices of water scarcity

Although the focus of this review is primarily on ground-
water, it is useful to provide an introductory overview on
the broader context of water stress indicators, which usu-
ally aggregate surface and groundwater resources into a
single metric of availability or pressure. The concept of
water scarcity dates back to the 1990s, but its first trans-
lation into an indicator is attributed to Falkenmark [19].
The Falkenmark index measures scarcity as the available
water resources per capita, usually at the national scale.
Values lower than 1300 m?/year per person indicate a
water deficit, meaning that the area does not have
enough water resources to guarantee food production
for its population [20]. Despite its relevance in the early
stages of the development of water stress indicators, this
index is often considered inadequate for practical appli-
cations, since it does not consider the hydrological con-
text and spatial-temporal variability, the infrastructure
constraints, or the water allocation priorities [11].

Later, the scientific community converged toward an
approach based on the “withdrawal-to-availability”
ratio—that is, the quantification of water stress compar-
ing water demand (i.e.,, abstractions) and its availability
(i.e., the renewable water resource) over a given refer-
ence period, often 1 year. An example is the commonly
used Water Scarcity Index (WSI) [21]:

(W-D)
RFWR

where W, D and RFWR respectively represent the total
water withdrawals for human needs (W), the water pro-
duced through desalination (D) and the renewable
freshwater resources (RFWR) available in the study area.
Conventionally, WSI values higher than 0.4 suggest that
the area is characterized by water stress.

The structure of the WSI has been slightly modified
at the European scale: as a part of the reporting obliga-
tions in the framework of the Water Information
System for Europe (WISE)—the official data and report-
ing platform established by the Water Framework
Directive [22]—all member states are required to sub-
mit standardized water resource assessments, including
the calculation of the Water Exploitation Index Plus
(WEI+), which compares water consumption to the
renewable available fresh water:

WSl = (1)

C
WEIH+ = —— 2
* RFWR @)
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where C represents the net consumption—that is, the
amount of water withdrawn, exploited by the civil, agricul-
tural, and industrial sectors, that is not returned to the natu-
ral system, thus evidencing, compared to WSI, that part of
the withdrawn resource is returned to the original water
bodies. WEI+ is computed for a reference study area and a
desired time interval. In general, values of WEI+ higher
than 0.2 suggest water stress conditions, while values
higher than 0.4 point out severe water stress.

More recently, the EU Agenda 2030 [23] also intro-
duced, as part of Sustainable Development Goal (SDG)
number 6, the Indicator 6.4.2—Level of water stress,
which shows a structure similar to WEI+, being defined
as the ratio of total withdrawals (W) to total renewable
resources (RFRW) adjusted for the amount of water
necessary to preserve the dependent ecosystems,
known as the environmental flow (E):

w
RFRW — E

This indicator stresses that only a fraction of the
renewable resource is available for human
consumption.

The estimation of the RFWR is usually obtained from
global or regional climate models. For instance, in Italy
the Institute for Environmental Protection and Research
(ISPRA) calculates RFWR as the balance among precipi-
tation, evapotranspiration, external intake from adjacent
territories, and change in water storage [24].

The three abovementioned indicators are conceptu-
ally straightforward, but show two main limitations: on
the one hand, they do not distinguish between surface
water and groundwater, which reduces their contribution
in identifying those situations in which groundwater may
be under particular stress and represents the critical
point of water supplies; on the other hand, they are typ-
ically implemented effectively at a national or regional
scale, but may lack the resolution necessary to inform
basin-level or local management strategies. However,
these indicators play a key role in promoting discussions
on water scarcity and in supporting the identification, at
a large scale, of particularly critical areas, where ground-
water-specific assessments can be more useful.

Indicator 6.4.2 = (3)

3. Indices of groundwater stress

Surface and groundwater resources are usually intercon-
nected from a hydrological point of view, but their
response times and management requirements differ sig-
nificantly: groundwater systems typically exhibit a
delayed response to stress, greater inertia to change,
and higher spatial heterogeneity, particularly in terms of
recharge rates, flow velocities, and storage properties
[16]. Moreover, unlike surface systems, where with-
drawals are often constrained by evident scarcity (e.g.,
low discharge in a river or low level in a lake) or infra-
structure limitations (e.g., low level in an artificial basin),

groundwater can often be exploited beyond sustainabil-
ity without immediate evidence of unsustainable use,
thus leading to overuse which is then recoverable on a
longer time frame [13]. For these reasons, when the
freshwater sources are primarily aquifer systems, ground-
water-specific stress indicators are preferred to general
indices lumping together all freshwater resources.

As a general rule, groundwater stress indices aim to
quantify the degree to which the withdrawals exceed
the renewable supply or deplete the storage in an
unsustainable manner, following the “withdrawal-to-
availability” ratio approach that characterizes WS,
WEI4, and Indicator 6.4.2. A variety of groundwater-
specific indices have been developed in the last few
years; some are specifically designed to support fore-
casting models, even very simple ones, and allow for
future estimates in water availability and demand;
others are defined with more generic aims to quantify
the current state of groundwater stress.

From a technical point of view, two types of
approaches used for the definition of these indices can
be distinguished: some indices compute a water bal-
ance between the input into the groundwater system,
e.g., recharge (R), and the outputs, such as human with-
drawals (Q) and groundwater contribution to the envi-
ronmental flow (E); other indices estimate a volume of
stocked groundwater and evaluate how abstractions
affect it. Table 1 provides a description of the variables
used in the indices that will be presented. A graphical
summary of the variables is presented in Figure 1.

The groundwater stress indices proposed in the litera-
ture can be grouped into the following classes, having
similar conceptual foundations and operational aims:

a. Flux-based indices, which evaluate the relationship
between recharge and abstraction utilizing the
hydrological balance;

b. Storage-based indices, which are based on measured
or estimated changes in stored groundwater volume;

¢. Hybrid indices, which integrate hydrological fluxes
and stored volumes with additional environmental
or socio-economic aspects.

Indices based on water flux balance or stored volumes
rely on hydrogeological modeling and description of
the physical processes, while hybrid indices may also inte-
grate socio-economic, ecological, and governance-related
aspects. The following paragraphs provide a synthetic
description of the indices classified in these three catego-
ries. Table 2 provides an overview of their classification,
formulas, and conceptualization in graphical form.

3.1. Flux-based indices

This category of indices relies on the hydrological bal-
ance and represents an intuitive approach to quantify
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Table 1. Variables used in the presented groundwater stress indices.

Symbol Variable Dimension Description
Q Withdrawals [Raml Human withdrawals from aquifer systems, via pumping wells, artesian wells,
q Y pumping
or natural springs, for civil, agricultural, or industrial applications.

R Groundwater recharge L7 Total recharge (from precipitation, surface water bodies, leaks from potable
water supply system or irrigation network, managed aquifer recharge
(MAR), flux incoming from adjacent aquifers).

Rnar Natural recharge L7 Natural recharge (from precipitation, surface water bodies, flux incoming from
adjacent aquifers); it does not consider the human contribution to recharge

Rirr Recharge from irrigation L7 Recharge due to infiltration of water whenever irrigation operations exceed
the physiological needs of the vegetation/crops. It does not consider the
contributions of runoff and evaporation.

Rsys Recharge from losses in L7 Losses in the water distribution system and sewage collection networks.

distribution/collection systems

L Leaks L1’ Anthropic unintentional recharge, given by the sum of Rigg and Rsys.

MAR Managed aquifer recharge L7 Anthropic intentional recharge (e.g., using infiltration basins).

C Consumption L3177 The amount of water withdrawn, exploited by the civil, agricultural, and
industrial sector and that is not returned to the groundwater system. e.g.,
the water is embedded into the goods or is released into the atmosphere
or surface water bodies after the multiple processes it undergoes.

E GW contribution to the L7 Contribution of groundwater bodies to the preservation of the environmental

environmental flow flows (e.g., river baseflow) and to the support of groundwater-dependent
ecosystems (e.g., forests).

GWg Renewable groundwater storage 2 The porous volume saturated by the infiltrated water coming from annual
recharge. It corresponds to the highest threshold of water volume that
humans can withdraw without exceeding recharge.

GWnr Nonrenewable groundwater 2 Groundwater volume cumulated over a long time period. At the human time

storage scale it appears nonrenewable.

AGWSA Groundwater storage anomaly L't Trend in the anomaly of groundwater stock, evaluated by means of
gravimetric satellite measurements (GRACE).

GWex Exploitable groundwater storage L7 Amount of groundwater that can be exploited from the aquifer system. The

efinition of the threshold depends on technical, economic, legislative, an
(L3 definiti f the threshold d d technical ic, legislati d

environmental conditions. It can be expressed as an annual volume to be
consistent with GWg.

The table summarizes their symbol, name, dimension and, finally, their description.

groundwater stress. Their structure is based on the
“withdrawal-to-availability” ratio, with numerous varia-
tions regarding how “withdrawals” and “availability” are
defined.

The “withdrawals” (the numerator) are defined,
depending on the indicator, considering either the
properly called withdrawal (i.e., total abstracted water,
Q); or the net consumption (i.e., the fraction of with-
drawn water exploited in human activities that is not
returned to the natural systems, C); or the net with-
drawal (i.e., the abstracted water net of leaks, Q-L).
Leaks may in turn be defined including both losses in
the water distribution system and sewage collection
networks (Rsys) and excess irrigation (Rjgg), or only one
of them, depending on the authors.

Similarly, “availability” is variously defined as the
natural recharge alone (Rya7); or as the total recharge
(R), i.e., including both natural recharge (Ryat), leaks (L)

and artificial recharge of the aquifer system (MAR); or
as the total recharge net of environmental flows (R-E).

It is therefore evident that the combinations of with-
drawals and availability can be many, driven by differ-
ent conceptual approaches to the definition of
groundwater stress, and can lead to quantitative results
that differ significantly. Moreover, it is worth evidencing
that the reliability of the estimates of the different com-
ponents can vary significantly, since some of them are
directly or indirectly measured (e.g., total withdrawals
can be estimated using databases of water abstraction
licenses and datasets combined with statistics) and
others are estimated through hydrological models (e.g.,
the environmental flows).

An overview of a selection of flux-based indices pro-
posed in the literature is provided in the first part of
Table 2. The Withdrawal To Renewable water (WTR)
index is the most diffuse one, and can be considered a
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Figure 1. Graphical summary of the variables used in the groundwater stress indices presented in this review. Note that the recharge is
represented both as an incoming flux (R) and as the equivalent renewable groundwater storage (GW¢) saturated by the annual recharge.
The latter adds up to the long-term nonrenewable groundwater storage (GWyg), represented in a darker shade of blue. The exploitable
groundwater (GWgx) is represented, conventionally, as a fraction of the GWz to comply with sustainable extraction. The other variables
are: withdrawals (Q); groundwater contribution to the environmental flow (E); consumption (C); managed aquifer recharge (MAR); natural

recharge (Rnat); leaks (L); recharge from irrigation (Rigg); recharge from losses in distribution/collection systems (Rsys).

translation of the Water Scarcity Index (WSI) for ground-
water resources, being defined (Table 2) as the ratio of
the total anthropogenic groundwater withdrawals (Q)
over the renewable groundwater resources, namely
total aquifer recharge (R). Given the broader meaning
of renewable groundwater, the availability (denomin-
ator) is not strictly the natural recharge but involves all
components, such as recharge from irrigation, leaks,
and MAR, unless differently specified. WTR allows the
quantification of the pressure on the available ground-
water and, only indirectly, on the ecosystems that rely
on it. When withdrawals equal the renewable supply,
WTR tends to 1 and the system is in equilibrium; WTR
values greater than 1 imply that withdrawals exceed
recharge, leading to aquifer depletion; values lower
than 1 suggest that the exploitation is being conducted
in a sustainable way, at least from a quantitative point
of view, resulting in an increase in the stocked
resource.

The Consumption To Renewable water (CTR) index
estimates groundwater stress as the ratio of the
(ground)water consumption (C) to the total recharge
(R) [26]. The adoption of the consumption C, instead of
the total withdrawals Q, indirectly includes the different
roles played by human sectors in the (ground)water
cycle: agriculture, industry, and households, which are
the most water-demanding sectors, respectively return
about 40%, 90% and 95% of their water withdrawals to
the water cycle, with a significantly different impact on
the medium- and long-term balance. Consequently, the

CTR index could as well be interpreted as a proxy of
water use efficiency.

The Aquifer Stress Index (AQSI) [18] and the
Groundwater Stress (GW Stress) index proposed by
the International Groundwater Resources Assessment
Centre [27] both subtract the environmental flow (E) to
recharge at the denominator. E includes the outflows
of groundwater to its dependent ecosystems (such as
stream baseflows, wetlands, and springs), and the share
of groundwater evapotranspired by vegetation, and
consequently these two indices acknowledge that the
amount of water necessary to ensure the ecological
integrity should not be considered a resource available
to human activities. Conversely, the two indices differ
in the approach adopted to define withdrawals, and
consequently recharge: AQSI assumes that the recharge
contributing to the renewable resource is given by
natural recharge (Ryat) and excess irrigation (Rgg), while
GW Stress takes into consideration the total recharge
(R), but defines withdrawals net of the leaks (L). The
comparison of these two indices is a good example of
how conceptually similar approaches (namely, consider-
ing environmental flows not available for human con-
sumption, and taking into consideration return flow
due to leaks) may result in substantially different for-
mulations of a stress index, and consequently in differ-
ent quantitative results when the two indices are
applied.

Other indices have been proposed by Tabarmayeh
et al. [17]. Among them, it is worth mentioning the
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Table 2. Summary of the presented groundwater (GW) stress indices.

Classification Groundwater stress index Formula Reference Graphical scheme
Flux-based indices
fla
WTR Withdrawal To Renewable (ground)water % [25] R= GW
flc
CTR Consumption To Renewable (ground)water % [26] R= GW
o fe
0 Rirr = W
AQSI AQuifer Stress Index W [18] Ryar =
T 1
Q-1L
GW Stress  GroundWater Stress F 271 R= GW
o
WTNR Withdrawal To Natural Recharge R£ [17] Ryar=> GW
NAT
rl e
S RO-Q0) o o T Tew
NSE Nonrenewable Storage Extraction M 71 GWNR{ GW
GWrr—o
Storage-based indices  SGI Standardized Groundwater level Index Normal scores transform [28] H v V- v
Tacwsa
AGWSA
RGS Renewable Groundwater Stress 2 [13] R= GwW
)
GWSA; j — GWSA; V : v \N v V
GGDI GRACE Groundwater Drought Index — =7 [29], [30]
OGIWSA,j
o
0 GWex{[_________
Hybrid indices WTE Withdrawal To Exploitable groundwater oW [15] GW
EX
JICII
GF Groundwater Footprint A% [16] R=> GW

® Note that in the table i and j count, respectively, the years and the months.
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Withdrawal To Natural Recharge (WTNR) index, a con-
servative variation of WTR that considers only the natu-
ral components of the recharge (Rnat): WTNR
approaching 1 suggests that natural recharge alone is
sufficient to counterbalance the withdrawals, whereas
values greater than 1 imply that uptakes exceed the
renewable groundwater supply. This makes WTNR par-
ticularly useful to assess scenarios in which the return
flows, due to leaks of the water supply system (L) and
irrigation (Rigg), are reduced or canceled due to network
improvements or changes in irrigation practices. It is
also worth citing the Nonrenewable Storage
Extraction (NSE) index, which quantifies the impact of
abstractions on the nonrenewable storage (GWyg) over
a period of interest, and can be used to visualize tem-
poral trends of groundwater stock, expressed as a per-
centage of the initial nonrenewable stock (GWygr
at t=0).

The flux-based approach bypasses the challenge of
estimating the total groundwater volumes: natural
fluxes are computed thanks to hydrological models
and/or direct measurement of environmental variables,
whereas water uptakes, leaks, consumption, and
exploitable flow rates are determined from databases,
direct measurements, or water permits. As a general
rule, flux-based indices are highly sensitive to the
assumptions used in estimating the fluxes that are not
measured directly, in particular the recharge. Several
studies adopt long-term average recharge values
derived from hydrological models (e.g., MODFLOW or
SWAT), empirical relationships, or water table fluctu-
ation methods, each introducing substantial uncer-
tainty [9,31].

Flux-based indices are often employed to obtain an
evaluation of the current groundwater stress, but they
can also be used to observe temporal trends, to iden-
tify sustainable or unsustainable use of the resource,
and to predict the future stress of the aquifer system
under study, coupling for example hydrological and cli-
mate models to forecast future recharge and with-
drawals under different climate change scenarios, and
integrating them with projected water demand.

3.2. Storage-based indices

Unlike flux-based indices, which rely on fluxes (typically
abstraction and recharge), storage-based indicators
assess groundwater stress through observed or inferred
changes in aquifer volume. These indicators reflect the
cumulative effect of abstraction over time and can be
particularly useful in identifying long-term trends and
irreversible depletion by evaluating how the index
varies on an annual or seasonal basis. They typically
rely on either direct measurements (e.g., groundwater
level time series) or remote sensing data, most notably
from GRACE satellite missions.

The Standardized Groundwater level Index (SGI)
was proposed to emphasize anomalies in the ground-
water level time series [28]. It is computed by applying
a non-parametric normal scores transform to the
groundwater level at the monthly scale, following the
same approach adopted for the Standardized
Precipitation Index (SPl), commonly employed in
hydrology [32]. SGI therefore represents the average
rate of decline in water table depth, normalized to a
reference threshold or time window (Table 2). As a
result, drought periods are characterized by negative
SGI, with increasing intensity as the values decrease.
The SGI shows a correlation with the SPI, eventually
with a time lag, and its alarming values are found to
coincide with documented droughts. SGI is very often
used in combination with other hydrological standar-
dized indices [33,34], and it was successfully adopted
also for future predictions under climate change sce-
narios [35]. Note that SGI results vary depending on the
length of groundwater level time series if the monitor-
ing period covers few years [36], while the influence of
seasonal fluctuations, particularly for shallow aquifers
with limited extent, is still under debate [28,37].

The SGI has been widely used in research since it
was proposed thanks to the simplicity of its computa-
tion. However, its integration into groundwater man-
agement policies and regulatory frameworks remains
limited, primarily because of the low density of moni-
toring wells—especially in low-income countries or
regions where environmental monitoring is not a gov-
ernance priority and incentives to expand monitoring
networks are scarce.

Where groundwater level monitoring data are
scarce, or when groundwater stress is evaluated at
regional or national scale, an alternative approach is to
use indices based on satellite gravimetry measurements
combined with hydrological models [13]. On one hand,
satellite gravimetry and, particularly, the GRACE mis-
sions conducted by the US National Aeronautics and
Space Administration (NASA), provide mass anomalies
over time in a given region, which are associated to
the total water storage change in the area of interest.
On the other hand, hydrological models (such as the
Global Land Data Assimilation System—GLDAS [38])
estimate surface water, snow, and soil moisture contri-
butions to the time series of the total water stock,
which can be used to depurate non-groundwater con-
tribution from mass anomalies, thus leading to an esti-
mation of the temporal variation of the groundwater
stock, better known as GroundWater Storage Anomaly
(GWSA). As a result, the GWSA trend can partly remedy
the lack of direct field measurements of groundwater
levels, particularly when the studies involve large areas
with limited monitoring. Conversely, the main limitation
of this approach is the coarse resolution of the satellite
data, currently /4 of a degree [39]. As a result, applica-
tions to small-scale catchments are inhibited and a
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variety of downscaling methods are being proposed
[40-42].

Among groundwater stress indices based on satellite
gravimetry, it is worth mentioning the Renewable
Groundwater Stress (RGS) Index and the GRACE
Groundwater Drought Index (GGDI). The RGS is the
direct application of GRACE data to the WTR index as
the withdrawals, at the numerator, are quantified by
the GWSA. In contrast, the GGDI is very similar to the
SGI, but it is based on the GWSA. The GGDI time series
is computed (Table 2) by subtracting from each value
of the GWSA monthly time series the mean for that
same month calculated over all the available years, nor-
malized to the standard deviation for that month calcu-
lated again over the years [29,30]. As a result, the GGDI
is dimensionless and drought levels are identified for
values lower than —0.50.

Compared to flux-based indices, storage-based
approaches offer the advantage of capturing the actual
response of the aquifer systems, rather than relying on
estimates of recharge often derived from models.
However, GRACE data are currently limited to relatively
coarse spatial resolution, making them unsuitable for
local-scale applications [39]. Moreover, the indirect der-
ivation of groundwater storage from water mass
anomalies may introduce significant uncertainty, espe-
cially in areas where the other water storage compo-
nents included in GLDAS or similar models (e.g., snow
or surface water) fluctuate seasonally and spatially with
great variability, and therefore may not be fully
described by such models [42]. All in all, storage-based
indicators can be considered particularly suitable for
large-scale assessments and for evaluating cumulative
impacts over a medium or long time scale. Their
robustness could be improved, for example, by inte-
grating satellite data with ground-based monitoring,
where possible, as proposed by some authors in recent
years [43].

3.3. Hybrid indices

In order to integrate multiple aspects of the sustainabil-
ity of groundwater exploitation, in the last few years
several authors have proposed composite indices that
combine hydrological, ecological, socio-economic, or
regulatory variables. This trend reflects a growing rec-
ognition of the fact that groundwater stress is not only
a physical phenomenon but also the result of socio-
economic pressures and management practices [16,44].
These indices offer a more comprehensive picture of
groundwater sustainability, but they are often more
complex to compute and interpret compared to the
most  traditional flux-based and storage-based
approaches. Nevertheless, hybrid approaches represent
a more holistic view in groundwater stress assessment,
especially in contexts where governance aspects are as

significant as hydrological ones. The literature on
hybrid indices is expanding quickly, and we highlight
two representative examples here.

The Withdrawal To Exploitable groundwater (WTE)
index, proposed by J. Vrba and A. Lipponen [15], repre-
sents an extension of the classical WTR. In WTE, the
recharge (R) is replaced by the exploitable ground-
water: the quantity of groundwater that can be with-
drawn according to technical, economic, legislative, and
environmental conditions over a reference period—
typically, over one year (GWex). The definition of this
last variable depends on the technologies available on
site, the socio-economic capabilities, and the legislation
in force (e.g., the definition of the permitted with-
drawals, also according to the degree of sensitivity to
environmental protection). To allow the quantitatively
sustainable exploitation of the resource, GWgx should
be smaller or, in the worst-case scenario, equal to the
recharge (R). For instance, drinking water utilities could
apply the WTE to compare their permitted withdrawals
to the recharge, thereby enabling the monitoring of
their supplies and the development of mitigation and
adaptation strategies to safeguard the needed ground-
water to guarantee the service to the population they
serve.

To facilitate the communication of anthropic pres-
sures on natural capital, a set of footprint indicators
has been developed. Indeed, the Groundwater
Footprint (GF) [16] represents the widely recognized
application to groundwater of the classical water foot-
print (WF), which quantifies the amount of virtual water
used by a population to produce goods, commodities,
and services along their production chain. Gleeson
et al. [16] argued that the WF does not account for
water availability and, therefore, does not provide infor-
mation about the consumption of natural stocks and
flows. Conversely, the GF evaluates the anthropogenic
footprint on groundwater resources, defined as the
area (A) required to sustain a given level of ground-
water abstraction (Q), accounting for recharge (R) and
environmental flow (E). If the ratio GF/A is greater than
1, the footprint exceeds the actual recharge area, the
aquifer is considered under stress, and the exploitation
of groundwater is unsustainable, with consequences on
its dependent ecosystems. If GF/A > 1, fossil ground-
water mining (i.e., depletion of groundwater that was
recharged under past climatic conditions) could be
occurring.

The GF is recognized as an effective indicator thanks
to its scientific robustness and communication clarity
[45], and is particularly suitable as a support for deci-
sion making in groundwater exploitation. It was suc-
cessfully employed, for example, to evaluate the
benefits of corrective measures, such as the implemen-
tation of artificial recharge, for shifting the exploitation
of the aquifer to sustainable conditions [46] and to per-
form global assessments of aquifer stress [16].



CRITICAL INSIGHTS IN ENVIRONMENTAL SCIENCE AND TECHNOLOGY ‘ 9

Several variations of the GF have been proposed
over the past decade to address specific applications
and contexts. One example is the integrated
Groundwater Footprint (iGF) [47], which incorporates
groundwater quality as an additional component, offer-
ing a more comprehensive approach that promotes the
protection of groundwater. In this formulation, the GF
is adjusted by a factor weighted according to the
extent of contamination. However, this version is con-
siderably more data-demanding and requires a detailed,
site-specific understanding of contamination plumes.
Another variant, the crop-specific GF, is particularly
suitable in regions where agriculture is the predomin-
ant groundwater user [48]. This formulation integrates
fine-scale data on crop water requirements, as well as
coefficients that account for irrigation efficiency and
the proportion of irrigated land dependent on ground-
water. Consequently, it enables the identification of the
most groundwater-intensive crops and the aquifer areas
under greatest stress.

4, Discussion and conclusions

The assessment of groundwater stress has evolved sig-
nificantly over the past two decades, reflecting advan-
ces in hydrogeological understanding, the development
of new monitoring approaches and data-processing
techniques, and a growing need for robust and mean-
ingful methods to quantify current water availability
and stress, providing at the same time reliable projec-
tions in future scenarios, particularly in the context of
negative effects of climate change. A diverse set of
indices has emerged, ranging from simple water-flux
balance formulations to satellite-derived anomaly indi-
ces and integrated hybrid approaches that account for
hydrological and socio-economic components. These
groups of indices are based on significantly different
methodological frameworks and are designed for appli-
cations at different spatial scales and with varying
objectives.

Simple flux-based indices continue to be widely
applied due to their clarity in the formulation and ease
of application, especially in the context of regulatory
and policy studies. However, their static structure often
fails to capture the complexity of groundwater dynam-
ics and makes them poorly suited for temporal trend
analysis or future projections. The WTR index is still the
most widely applied in groundwater assessments, due
to its simple yet meaningful conceptualization, limited
data requirements, and straightforward implementation.
Nevertheless, the availability of GRACE data greatly pro-
motes the research on satellite gravimetry for ground-
water-related studies, particularly for evaluating global
trends in sustainable (or unsustainable) aquifer exploit-
ation [49]. Among the indices based on satellite gravim-
etry, the GGDI is the most commonly used, also thanks

to its relative ease of implementation. However, despite
providing an integrated and dynamic perspective,
GRACE-based approaches remain limited by their coarse
spatial resolution and reliance on models for the esti-
mation of non-groundwater contributions.

Despite the impressive efforts in the expansion of
this field of research, the overall picture remains frag-
mented. The reviewed literature highlights the absence
of a standardized and universal methodology to assess
groundwater stress. Major obstacles include: heterogen-
eity of groundwater systems, limited data availability,
lack of methodological consensus, unclear definition of
core variables, and diverse data collection and aggrega-
tion practices. Indeed, different approaches to defining
and estimating core parameters introduce uncertainty,
which subsequently propagates into the results of the
indices. For instance, groundwater recharge is com-
puted by Borzi and Bonaccorso [50] by means of a
hydrogeological balance carried out in a geographic
information system, while other studies use a three-
dimensional flow model of the aquifer system (imple-
mented with MODFLOW) to tune groundwater levels
and recharge [31,51]. In contrast, more conventional
methods such as the hydrogeochemical analysis (e.g.,
chloride mass balance) or the Water Table Fluctuation
(WTF) analysis are promoted [52]. WTF in particular has
a relatively standard and easy-to-implement formula-
tion that only requires groundwater level and aquifer
specific yield. Moreover, historical time series allow to
point out long-term climatic effects on recharge [53].

The interpretation and comparability of index results
are further limited by heterogeneous methodologies used
for data collection and aggregation, especially at the local
scale. For instance, the evaluation of return flows or leaks
as part of withdrawals or recharge depends on local envi-
ronmental agencies and guidelines. Hybrid approaches
integrating, for example, satellite gravimetry with physic-
ally based models (e.g., MODFLOW) can partly overcome
these issues, but their robustness is still affected by data
availability and model calibration, which greatly vary
across different regions [41,54]. Consequently, indices that
are expected to provide similar results can in fact produce
substantially different stress classifications when applied
to the same region [55]. For instance, Yang et al. [56] com-
puted a flux-based index similar to AQSI and compared it
with the GF and GWSA. Results showed that the GF under-
estimated the groundwater stress in the study area,
whereas the GWSA and the flux-based index were in
agreement with in situ observations. Such inconsistencies
can limit the impact of these indices on decision-making
processes [17].

Another unsolved issue is the designation of the spa-
tial extent over which these indices should be com-
puted—that is, over the entire aquifer system or limited
to specific administrative borders. In addition, distin-
guishing between unconfined and confined aquifers is
also key for the accurate estimation of recharge and
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consequently groundwater stress, leading to distinct
adaptation actions as the two compartments might be
stressed by different drivers (e.g., shallow aquifer stressed
by abstractions for agriculture and deep aquifer
exploited by industry). A deep knowledge of the hydro-
geology of the systems and their hydraulic connection,
as well as parallel monitoring networks, are necessary.

The literature is evolving toward a more holistic
assessment of groundwater supply vulnerability, where
indices include ecological, environmental, socio-eco-
nomic, and political factors and regulatory constraints
[11,16]. New indices often account for exposure, sensi-
tivity, and adaptive capacity of aquifers in response to
climate change and anthropic pressures, such as tem-
poral trends in recharge and rainfall, sea level rise,
coastal proximity, pollution, surface-groundwater inter-
action, MAR potential, population growth, and educa-
tion about environmental protection [57-60]. This
framework will allow evaluating the hotspots of
groundwater supply vulnerability under different sce-
narios and promoting mitigation actions, as well as
remediation, and climate-adapted solutions such as
MAR. In the near future, indices, in particular hybrid
ones, are expected to reach high resolution and incorp-
orate real-time data assimilation [61].

In the regulatory context, global water stress assess-
ment is well established, and the use of indices such as
the WEI+ and SDG Indicator 6.4.2 can be considered a
relatively common practice. Conversely, to the authors’
knowledge, approaches specifically dedicated to the
assessment of groundwater stress have not been imple-
mented yet, revealing a policy gap.

To address this lack of standardization, we believe
that the policy gap should be addressed by starting
simply. Among available groundwater data, direct
measurements of groundwater level are the most reli-
able, as they avoid all modeling uncertainties.
Therefore, given its ease of implementation, the SGI
could become the first standardized groundwater stress
index to be adopted in policies. Indeed, a dense cloud
of monitoring wells is necessary to ensure homoge-
neous, reliable, and robust monitoring networks.
Undoubtedly, establishing such networks requires a sig-
nificant financial investment, which might represent a
difficult obstacle to the improvement of data availabil-
ity in the coming vyears, especially in low-income
regions. To address this, community engagement and
citizen science initiatives could be the key to accelerate
the process. For instance, at least for unconfined aqui-
fers, existing domestic wells could be incorporated into
participatory monitoring programs, greatly increasing
data availability. As a result, time series (or seasonal
measurements at least) of SGI could be collected and
would allow for concrete actions in groundwater pro-
tection. Starting from here, a gradual shift toward more
comprehensive indices may support more robust
groundwater governance, promoting water reuse and

conservation and preventing overexploitation—for
instance, by implementing changes in irrigation practi-
ces, promoting MAR, or migrating crops with higher
water demand to more resilient aquifers.
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