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Water balance of global aquifers revealed by
groundwater footprint
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Groundwater is a life-sustaining resource that supplies water to
billions of people, plays a central part in irrigated agriculture
and influences the health of many ecosystems1,2. Most assessments
of global water resources have focused on surface water3–6, but
unsustainable depletion of groundwater has recently been
documented on both regional7,8 and global scales9–11. It remains
unclear how the rate of global groundwater depletion compares to
the rate of natural renewal and the supply needed to support
ecosystems. Here we define the groundwater footprint (the area
required to sustain groundwater use and groundwater-dependent
ecosystem services) and show that humans are overexploiting
groundwater in many large aquifers that are critical to agriculture,
especially in Asia and North America. We estimate that the size of
the global groundwater footprint is currently about 3.5 times the
actual area of aquifers and that about 1.7 billion people live in areas
where groundwater resources and/or groundwater-dependent
ecosystems are under threat. That said, 80 per cent of aquifers have
a groundwater footprint that is less than their area, meaning that
the net global value is driven by a few heavily overexploited
aquifers. The groundwater footprint is the first tool suitable for
consistently evaluating the use, renewal and ecosystem requirements of groundwater at an aquifer scale. It can be combined
with the water footprint and virtual water calculations12–14, and
be used to assess the potential for increasing agricultural yields
with renewable groundwaterref15. The method could be modified
to evaluate other resources with renewal rates that are slow and
spatially heterogeneous, such as fisheries, forestry or soil.
The ecological footprint and the water footprint are powerful,
popular and complementary tools for planning, education and public
awareness, but their methodologies are fundamentally different13. The
ecological footprint is the land area (in km2) required to sustain a
population16, whereas the water footprint is the volume (in m3 yr21)
of freshwater required12. The ecological footprint directly defines the
ecological impact of human consumption by comparing the available
bioproductive area to the area required for the consumption of specific
goods and services. The water footprint tracks the volume of virtual
water used by a population, where virtual water is the volume of
freshwater used to produce a commodity, good or service along the
various steps of production13,14,17. The water footprint quantifies the
components of virtual water: green water (soil water), blue water
(surface water and groundwater) and grey water (polluted water).
However, until recently18 the water footprint was not able to assess
the impact of our water consumption on natural stocks and flows19
because it generally focused on the volumes of water required without
quantifying the volume of water available. The groundwater footprint,
as proposed here, is complementary to the well-established water footprint method and can be used to assess the impact of our groundwater
consumption on natural stocks and flows. Here, we apply the groundwater footprint methodology globally to regional-scale, hydrologically
active aquifers20 (see Supplementary Information for a definition). The
focus of the method is currently on groundwater quantity rather than

quality, which is a conservative assumption that results in smaller
groundwater footprints for aquifers affected by groundwater contamination. The groundwater footprint method can be applied to a variety
of scales and contexts like the ecological footprint, water footprint and
virtual water concepts12–14.
We define the groundwater footprint as the area required to sustain
groundwater use and groundwater-dependent ecosystem services of
a region of interest, such as an aquifer, watershed or community.
The groundwater footprint (GF) is defined more formally as
GF 5A[C/(R 2 E)], where C, R and E are respectively the areaaveraged annual abstraction of groundwater, recharge rate, and the
groundwater contribution to environmental streamflow, all in units
with dimensions of length/time, such as m d21 (Supplementary Fig. 1).
A (in units of length2, such as m2) is the areal extent of any region of
interest where C, R and E can be defined. The groundwater footprint is
essentially a water balance between aquifer inflows (R) and outflows
(C and E) which can be derived from observations and/or model output. C is derived directly from the use of groundwater at the scale of
interest although actual groundwater abstraction is often poorly
known9,11. R is the long-term natural areal flux into the system plus
the additional recharge from irrigation, and can be derived from geochemical tracer methods or hydrologic models21,22. E is the quantity of
groundwater that needs to be allocated to surface water flow to sustain
ecosystem services, which is most important during low flow conditions23,24. Thus, the groundwater footprint method emphasizes the
contribution of groundwater to the environmental requirements
during low flows, although natural streamflow variability is also
essential to maintaining the environmental integrity of surface water
systems25. Environmental flow requirements for specific aquifers
or watersheds are most accurately determined by detailed hydroecological data and multidisciplinary expert consultation at the scale of
specific aquifers or watersheds24,25. The Supplementary Information
contains the mathematical relationship of the groundwater footprint
to the ecological footprint16 and previous water stress indicators4–6,24,
as well as other forms of the groundwater footprint equation that may
be useful for local calculations with different data sources.
We calculated the global groundwater footprint as the sum of the
groundwater footprints of large aquifers worldwide using spatially
distributed recharge rates and environmental flows derived from
PCR-GLOBWB and gridded groundwater consumption estimates26
(see Methods Summary and Fig. 1). PCR-GLOBWB is a conceptual,
process-based global hydrologic model that simulates the daily water
balance for 1958–2000 at 0.5u resolution (that is, ,50 km at the
Equator) and is validated to GRACE satellite observations and global
streamflow estimates10,22,26. Recharge (R) is the long-term natural
groundwater recharge and additional recharge from irrigation derived
from ref. 10. For global-scale assessment of water resources, low flow
requirements based on consistent hydrologic criteria are useful17.
Therefore, following ref. 24, environmental flows (E) were taken to
be equal to Q90, the monthly streamflow that is exceeded 90% of the
time during the period 1958–2000. We calculated environmental flows
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Figure 1 | Groundwater footprints of aquifers that are important to
agriculture are significantly larger than their geographic areas. Aquifers are
major groundwater basins with recharge of .2 mm yr21 in the global inventory
of groundwater resources20 (see Supplementary Information). At the bottom of
the figure, the areas of the six aquifers (Western Mexico, High Plains, North

Arabian, Persian, Upper Ganges and North China plain) are shown at the same
scale as the global map; the surrounding grey areas indicate the groundwater
footprint proportionally at the same scale. The ratio GF/AA indicates widespread
stress of groundwater resources and/or groundwater-dependent ecosystems.
Inset, histogram showing that GF is less than AA for most aquifers.

at the basin scale and the associated groundwater requirement
expressed as a uniform fraction of total recharge (see Methods
Summary and Supplementary Fig. 2). This basin-scale fraction was
then multiplied with the grid-based recharge to obtain E. We derived
grid-based groundwater abstraction, C, for the year 2000 (ref. 26; see
Supplementary Information) and subsequently aggregated the fluxes
C, R and E over hydrologically active regional aquifers20 to calculate
their groundwater footprint. Aggregation at the scale of regional
aquifers is justifiable given the resolution of the input data while
naturally integrating lateral groundwater flow that might occur due
to abstraction wells.
Figure 1 is, to our knowledge, the first spatially explicit comparison
of groundwater use, availability and environmental flow for aquifers
globally. We acknowledge that each of the regional aquifers has
significant internal heterogeneity and that groundwater extractions

often acutely affect smaller regions within aquifers, although we partly
account for this heterogeneity by using the highest available resolution
of regional aquifers20 as the basis for aggregation. A few aquifers with
well-documented histories of groundwater depletion have large
groundwater footprints (for example, the Upper Ganges, High
Plains, North China plain and Central Valley7,8,27,28; Table 1). A
number of other aquifers with large groundwater footprints (for
example, the Persian, Arabian and Western Mexico aquifers) are not
as well documented, although evidence of groundwater depletion in
these aquifers is discussed in non-peer-reviewed literature (see
Supplementary Information). It is instructive to compare the ratio of
groundwater footprint (GF) to aquifer area (AA), which is a groundwater stress indicator (see Supplementary Information). GF/AA . 1
indicates where unsustainable groundwater consumption could affect
groundwater availability and groundwater-dependent surface water

Table 1 | Properties of aquifers with the largest groundwater footprints
Aquifer

Country

Upper Ganges
North Arabian
South Arabian
Persian
South Caspian
Western Mexico
High Plains
Lower Indus
Nile delta
Danube basin
Central Mexico
North China plain
Northern China
North Africa
Central Valley
Other aquifers
All aquifers

India, Pakistan
Saudi Arabia
Saudi Arabia
Iran
Iran
Mexico
USA
India, Pakistan
Egypt
Hungary, Austria, Romania
Mexico
China
China
Algeria, Tunisia, Libya
USA

GF (106 km2)

AA (106 km2)

GF/AA

26.1 6 7.5
17.3 6 4.7
9.5 6 3.6
8.4 6 3.7
5.9 6 2.0
5.5 6 2.0
4.5 6 1.2
4.2 6 1.5
3.1 6 0.8
2.4 6 0.8
1.8 6 0.5
1.8 6 0.6
1.4 6 0.6
0.9 6 0.3
0.4 6 0.2
38.6 6 10.8
131.8 6 24.9

0.48
0.36
0.25
0.42
0.06
0.21
0.50
0.23
0.10
0.32
0.20
0.23
0.31
0.36
0.07
34.17
38.27

54.2 6 15.6
48.3 6 13.5
38.5 6 14.7
19.7 6 8.6
98.3 6 32.6
26.6 6 9.4
9.0 6 2.4
18.4 6 6.5
31.7 6 7.9
7.4 6 2.6
9.1 6 2.6
7.9 6 2.8
4.5 6 1.8
2.6 6 0.9
6.4 6 2.4
1.1 6 0.3
3.5 6 0.7

The values of GF (groundwater footprint) and GF/AA are the mean and standard deviation of 10,000 Monte Carlo realizations based on independent estimates of recharge and abstraction10. Note that only the 15
aquifers with the largest GF are listed individually. The remaining 768 ‘other aquifers’ are included in ‘all aquifers’. GF/AA is calculated before rounding the GF to one decimal place. AA is aquifer area.
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and ecosystems. The ratio GF/AA is ?1 for the aquifers with large
groundwater footprints mentioned above, indicating unsustainable
groundwater mining, often of fossil groundwater recharged under past
climatic conditions (Table 1). However, the majority of aquifers in the
world have GF , 106 km2 and 80% of aquifers have GF/AA , 1, suggesting that groundwater depletion is not ubiquitous (Fig. 1).
The size of the global groundwater footprint is currently
(131.8 6 24.9) 3 106 km2, or 3.5 6 0.7 times the actual area of
hydrologically active aquifers20. Even if no groundwater is allocated
for environmental flows (E 5 0), the global groundwater footprint is
still (76.5 6 15.7) 3 106 km2 or 2.0 6 0.4 times the actual aquifer area
(Supplementary Table 2). The global groundwater footprint is
dominated by a handful of countries, including the United States,
China, Pakistan, Iran, India, Mexico and Saudi Arabia (Table 1). The
ratio of global groundwater consumption to the difference between
global recharge and global environmental streamflow is ,0.2. High
recharge rates in some ecologically sensitive areas, such as the Amazon,
are included in this calculation but practically cannot be used to
balance overexploitation in arid regions. 1.7 6 0.4 billion people live
in regions with GF/AA . 1, where groundwater consumption could
affect groundwater availability and/or groundwater-dependent surface
water and ecosystems in the future. Approximately 60% of the people29
living in regions with GF/AA . 1 are located in India and China
(Fig. 2a).
The groundwater footprint can be used to assess the potential to
increase agricultural yields with renewable groundwater, or can be
combined with water footprint and virtual water calculations. Foley
et al.15 calculated the global distribution of potential new calories that
could be derived by bringing the world’s agricultural yields to within
95% of their potential for 16 major crops. Crop yields may be limited
by a number of factors, including water or nutrient availability and
management15, but increasing agricultural yields generally leads to
increased water demand. Because groundwater is critical for irrigation
in many agricultural regions, it is useful to assess how the spatial
distribution of groundwater stress (Fig. 1) compares to the potential
for new calories (figure 3 in ref. 15). Figure 2b shows that some areas
with potential new calories coincide with aquifers that are less stressed,
suggesting there is potential that renewable groundwater could be used
sustainably to increase crop yields. However, aquifers that are significantly stressed (GF/AA ? 1) also underlie areas with potential new
calories, and in these regions groundwater cannot be used sustainably
to increase yields. These analyses only consider the groundwater footprint and agricultural yields, and should be placed in a broader socioeconomic context.
We now show how the groundwater footprint can be used to assess
the impact of transferring groundwater consumption between regions:
the Upper Ganges aquifer in northwestern India and Pakistan has the
largest groundwater footprint and a large GF/AA ratio (Table 1), but
the Lower Ganges aquifer has a GF/AA ratio of less than one owing to
low groundwater consumption and high recharge rates (Supplementary Fig. 3). Transferring even a small percentage of the groundwater
consumption of the Upper Ganges to the Lower Ganges leads to a
significant decrease in the combined groundwater footprint and
GF/AA ratio, because the aquifer-scale recharge rate to the Lower
Ganges aquifer is approximately ten times higher than to the Upper
Ganges aquifer (Supplementary Fig. 3). However, even if all the
groundwater consumption of the Upper Ganges is transferred,
the combined GF/AA ratio remains greater than one, indicating that
the current groundwater consumption in the region cannot be made
sustainable by transferring groundwater consumption. In the future,
the groundwater footprint could potentially serve as a metric to assess
to what extent renewable groundwater could be exploited in virtual
water trade schemes.
We stress that all variables used in our calculations, except for area,
are subject to uncertainty. Least known are the environmental
flow requirements, which are dependent on expert consultation and
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Figure 2 | Groundwater stress may be affecting 1.7 billion people and
could limit the potential to increase agricultural production. The ratio GF/
AA is used to differentiate areas with less groundwater stress (GF/AA , 1) and
more groundwater stress (GF/AA . 1). a, Population densities, derived from
the gridded population of the world for year 2000 (ref. 29). Areas that do not
have underlying regional aquifers, or that have very low population density are
shown in white. b, Potential for increased calories (see main text). Some areas
with potential new calories15 coincide with stressed aquifers and some areas
coincide with aquifers that are less stressed. Areas with potential new calories
that are not underlain by a regional aquifer are shown in white.

detailed hydroecological relationships that are often poorly defined.
However, in our global calculations we kept the environmental flow
conditions constant, as it is primarily a management decision at
regional to national scales and we explicitly incorporated the uncertainty due to recharge and groundwater consumption using a Monte
Carlo analysis with 10,000 realizations (see Methods Summary). In the
future, other data sets, including sub-national groundwater consumption data (Supplementary Fig. 4), could be used, where available, to
calculate the groundwater footprint at different scales or for different
administrative units.
The groundwater footprint is a powerful and hydrologically
grounded tool for groundwater analysis and policy that complements
and extends the ecological footprint, water footprint and virtual water
methods. It is an advance on previous work on groundwater depletion6–8 as it explicitly includes environmental flows, it considers
aquifers as a hydrologically grounded scale of analysis, it is more
intuitive to water managers and the general public than depletion
volumes, and it is based on improved estimates of recharge and
abstraction. As exemplified above, the groundwater footprint refocuses
the discussion to solutions, making it a valuable water management
and policy tool. Practically, it allows short-term water resource
monitoring and management measures to focus on the handful of
aquifers with egregious groundwater footprints rather than dissipating
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efforts across all aquifers. Additionally, the groundwater footprint can
be used to assess the potential to achieve increased agricultural yields
with sustainable groundwater. Also, as satellite-based groundwater
depletion data sets (GRACE) are emerging7,8, the groundwater
footprint offers a useful framework for analysing these global depletion
data sets in a broader framework of groundwater resource use,
availability and environmental flows. Last, because the groundwater
footprint method is flexible and spatially distributed, it could be
modified for other resources whose renewal is slow and spatially
heterogeneous, such as fisheries, forestry or soil.
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METHODS SUMMARY
Global, spatially distributed estimates of the recharge rate, R, were obtained from
the hydrological model PCR-GLOBWB22 using a global permeability map30.
Annual fields were averaged9 to obtain the average recharge rate over the period
1958–2000 with a spatial resolution of 0.5u. Artificial recharge due to irrigation
water was added10. In the absence of global information on environmental flow
requirements, the monthly streamflow exceeded 90% of the time (Q90) was
adopted22. Per basin, Q90 was determined at the basin outlet for the entire simulation period. A basin-wide uniform fraction was computed by which the groundwater recharge contributes to the environmental flow requirement E. Grid-based
annual groundwater abstraction, C, was derived from reported country statistics
for the year 2000 (http://www.un-igrac.org), which were downscaled spatially
relative to the local surface water deficit or total water demand depending on
the situation per country26. The above quantities of R, E and C were aggregated
over hydrologically active, regional aquifers20 to compute the aquifer-scale
groundwater footprint. To account for uncertainty, we made use of the uncertainty
estimates for recharge and groundwater abstraction of ref. 9. E was excluded from
the uncertainty analysis, as it is often defined a priori as a management decision at
regional to national scales. Following ref. 9, a Monte Carlo simulation with 100
independent realizations of R and C returned 10,000 values for the groundwater
footprint for the hydrologically active aquifers, from which the mean and standard
deviation were computed. The groundwater footprints were (1) summed globally
to compare to the actual aquifer area, (2) used to calculate the affected population
numbers using the gridded global population for year 2000 (ref. 29) and (3)
compared to the spatial distribution of potential new calories15. See
Supplementary Information for details on methods and data sets, as well for
additional validation, including regional groundwater abstraction (Supplementary Fig. 4 and Supplementary Table 3).
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