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Environmental flow limits to global groundwater

pumping
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Groundwater is the world’s largest freshwater resource and is
critically important for irrigation, and hence for global food
security! . Already, unsustainable groundwater pumping exceeds
recharge from precipitation and rivers?, leading to substantial
drops in the levels of groundwater and losses of groundwater
from its storage, especially in intensively irrigated regions’~’.
When groundwater levels drop, discharges from groundwater
to streams decline, reverse in direction or even stop completely,
thereby decreasing streamflow, with potentially devastating
effects on aquatic ecosystems. Here we link declines in the levels of
groundwater that result from groundwater pumping to decreases in
streamflow globally, and estimate where and when environmentally
critical streamflows—which are required to maintain healthy
ecosystems—will no longer be sustained. We estimate that, by 2050,
environmental flow limits will be reached for approximately 42 to 79
per cent of the watersheds in which there is groundwater pumping
worldwide, and that this will generally occur before substantial
losses in groundwater storage are experienced. Only a small decline
in groundwater level is needed to affect streamflow, making our
estimates uncertain for streams near a transition to reversed
groundwater discharge. However, for many areas, groundwater
pumping rates are high and environmental flow limits are known to
be severely exceeded. Compared to surface-water use, the effects of
groundwater pumping are markedly delayed. Our results thus reveal
the current and future environmental legacy of groundwater use.
During dry seasons or times of drought when surface water is insuf-
ficient to meet human water demands, groundwater often sustains peo-
ple and ecosystems'. With a growing world population and continuing
economic development, our freshwater resources are under simulta-
neous threat from increasing human water consumption and human-
induced climate change, the latter of which will lead to more frequent
and severe droughts®. Already, groundwater is widely exploited,
increasingly at rates that exceed recharge from rain and rivers over
longer time periods and larger areas, leading to substantial and per-
sistent drops in levels of groundwater and losses of groundwater from
its storage (called groundwater depletion)®~’. Groundwater storage
can recover only when pumping decreases or more groundwater is
recharged from precipitation, rivers or engineered managed aqui-
fer recharge (MAR) systems. About 70% of the pumped groundwa-
ter worldwide is used to sustain irrigation and is important for food
security, as groundwater is used to maintain agricultural production
during short- and long-term droughts®*. When the groundwater level
drops, pumping costs increase, potentially resulting in a rise in food
prices. When wells run dry, local and possibly larger-scale food security
can be threatened’. It is expected that over the coming decades global
food demands will rise further and food production will compete for
space and water resources with crops used as biofuels, increasing the
dependency on groundwater globally and highlighting the central place
of groundwater resources within the food-water-energy nexus'®!!.
In addition, declining groundwater levels induce land subsidence,

affecting infrastructure and increasing flood risks in coastal cities'.
Last, declining groundwater levels reduce the groundwater dis-
charge that is essential for sustaining river flows, lake levels, springs,
groundwater-fed wetlands and related ecosystems, especially during
droughts'?'®. The net result is a slow desiccation of the landscape, with
the progression largely hidden by precipitation variability. The effect of
groundwater pumping on groundwater discharge is our primary focus.
The expected increase in groundwater dependence and the negative
effects related to over-abstraction means we must urgently identify the
limits to global groundwater pumping and determine where and when
these limits will be reached.

In this study, we estimate where and when environmentally critical
streamflow will be reached because of groundwater pumping. Unlike
previous large-scale impact assessments of groundwater depletion™5, we
pay particular attention to the intricate effects of groundwater pump-
ing on interactions between groundwater and surface water through
groundwater discharge and river infiltration. For this assessment
we used a physically based global-scale surface water-groundwater
model'?>"1* (GSGM; see Methods). We simulated groundwater heads
and head-dependent groundwater fluxes globally at a high resolution.
We have used the best currently available datasets for the model param-
eterization of, for example, aquifer transmissivity and surface-water
depth, and tested the model sensitivity for different values of these
parameters (see Methods).

More specifically, we consider that streamflow reaches its envi-
ronmental flow limit for the first time as a result of groundwater
pumping when the threshold of environmentally critical streamflow
is crossed for at least three consecutive months for two consecutive
years. Environmentally critical streamflow is defined as the 90th per-
centile over five years (10% exceedance) of groundwater discharge®.
This approach focuses on the dependence of ecosystem functions and
services on streamflow under low flow conditions, when the contribu-
tion of groundwater discharge to streamflow is largest. By comparing
the ‘natural’ and human-influenced results, we can exclude environ-
mental flow limits that are reached as a result of climate-driven drought
events' alone (see Methods).

The GSGM simulations cover the period 1960-2100, using previ-
ously published climate reanalysis products!” and gridded human water
demands’ as model input between 1960 and 2010. For 2011-2100 we
assume a ‘business-as-usual’ scenario in which industrial and domestic
water demands, as well as irrigated area, remain constant after 2010.
Irrigation water demands change only as a result of climate change. For
climate change, we assume the RCP 8.5 emission scenario and use the
driest, wettest, and average climate projections in terms of future global
precipitation change'® to represent climate change uncertainty. The
maps in the main Figures show the results of the average scenario (that
is, HadGEM2-ES) (for results of other climate scenarios see Extended
Data Fig. 1).

Our results show that environmental flow limits caused by ground-
water pumping have already been reached for a substantial number of
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Fig. 1 | Estimated first time environmental flows have been or will

be reached globally, and evaluation of results and model sensitivity.

a, The first time at which environmental flow limits have been, or will be,
reached, by year, averaged per sub-watershed (using the sub-watershed
level of the HydroBASINS dataset?®). b, Global distribution of estimated
first times at which environmental flow limits have been, or will be,
reached. The histogram shows the estimates using the average climate
input (HadGEM2-ES). Cumulative frequency is plotted for all three
climate inputs used (coloured lines), and for the two runs with different
parameter values resulting in the minimum and maximum number

watersheds (currently estimated as approximately 15%, 17% and 21%
for the wettest, average and driest climate projections, respectively) and
are likely to be reached for more than half of the watersheds before the
end of 2050 (Fig. 1a, b; approximately 42%, 58% and 79%). Globally, the
estimated first times at which environmental flow limits will be reached
peak at around 2030 (Fig. 1b). Regions that have already reached their
environmental flow limit are mainly found in the drier climates of
the world, where discharge is small and irrigation depends more on
groundwater®!?. In general, environmental flow limits have not yet
been reached for regions with lower groundwater pumping and/or
higher streamflow, where streamflow is less dependent on groundwater
discharge, or where additional recharge from irrigation helps to main-
tain groundwater discharge to streams (Fig. 1a). Hotspots of ‘early
limits, which were reached before 2010, are found for groundwater
depletion hotspots (Extended Data Figs. 2, 3) such as the High Plains
aquifer, part of the Central Valley aquifer, parts of Mexico, and the
Upper Ganges and Indus basins. However, a considerable number of
watersheds where environmental flow limits have been reached are
found outside the estimated depletion hotspots, such as in the north-
east USA and parts of Argentina. In the near future, before 2050, new
regions that are reaching their environmental flow limit will develop;

of watersheds reaching their environmental flow limit (see Methods;
grey lines, with minimum conductivity values and showing average
and maximum river depth). ¢, Evaluation of this study’s estimations
for the first time at which environmental flow limits have been reached
(simulated) and ‘observed’ environmental flow limits estimated from
streamflow observations for 42 stations in Kansas, USA. The violin
plot shows the distribution of the data, the bottom and top of each

box represent the 25% and 75% quantiles, and the line inside each box
represents the median.

in particular where the pressure on groundwater resources will increase
owing to projected drier climate conditions that will cause an increase
in irrigation water demand, such as in southern and central Europe
and part of Africa.

A one-at-a-time sensitivity analysis showed that varying model
parameters (hydraulic conductivity and surface-water depths) or using
different climate models changed the number of watersheds and tim-
ing of environmental limits reached (see Methods). However, both the
timing of the peak (around 2030) and the spatial distribution of water-
sheds that reached their environmental flow limit do not differ much
between the different runs. This shows that the results we present are
robust to uncertainties in parameters and climate models. Currently,
environmental flow limits are reached for 10% to 23% of the water-
sheds under different parameter settings (by the end of 2050 this is
16% to 53%; Fig. 1b, Extended Data Fig. 1). The cumulative frequency
distributions of the estimated first times at which environmental flow
limits are, or will be, reached for the runs with different sensitivity are
shown in Fig. 1b.

We compared our global-scale results to watershed-scale estimates
of the first time environmental flow limits are reached for watersheds
that undergo substantial pumping and for which observed streamflow
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Fig. 2 | Estimated head decline, caused by groundwater pumping, associated with reaching the environmental limit. Estimated head decline is shown

in metres.

records exist for periods long enough to estimate environmen-
tally required streamflow and the impact of groundwater pumping
(see Methods). Although rare, we found these data for Kansas, USA
(Fig. 1c) and a few other watersheds in several countries in different
climate zones (Extended Data Fig. 4). Global-scale estimates show
similar frequencies and distribution of timing to catchment-scale
estimates.

We find that the declines in groundwater level (estimated over
1960-2100 and for average climatology) that are associated with reach-
ing the environmental flow limit for the first time are unexpectedly
small (Fig. 2). Only a very small decline in groundwater level is needed
to alter streamflow. This makes our estimates uncertain for streams
that are near the transition from gaining to losing flow. However, for
many areas, groundwater pumping for irrigation has been extreme
and environmental flow limits are very likely to have been exceeded.
The small head declines also indicate that, for many regions, envi-
ronmental flow limits are reached before substantial groundwater
depletion occurs.

This difference in timing (spatially and temporally) between reaching
environmental flow limits and groundwater depletion can be explained
by the complex dynamics of the effects of groundwater pumping on
groundwater—surface water interactions (see Methods; Fig. 3). The
effects of pumping on groundwater levels and streamflow vary widely
depending on the groundwater-surface water regime. When the
groundwater body and stream are still connected, river infiltration con-
strains the drop in groundwater levels and thus groundwater depletion.
However, groundwater discharge may have already decreased markedly
at this point (Fig. 3b, c). When the groundwater body is disconnected
from the stream, a further decrease in groundwater levels occurs when
pumping continues and substantial groundwater depletion is experi-
enced (Fig. 3d). Unlike surface-water use, which immediately affects
streamflow, the effect of groundwater pumping on streams can be
substantially delayed (of the order of months to decades; for example,
Fig. 3b), turning unsustainable groundwater withdrawals into a ‘ticking
time bomb’ for streamflow.

From Extended Data Fig. 2 we also note that there are regions that
are notable depletion hotspots in terms of head decline, but where envi-
ronmental flow limits are not (yet) reached, such as the north China
plain and the southeastern part of the Ganges basin. This difference
in pattern might be partly explained by long delays between the start
of pumping and the maximum effect on streamflow (Fig. 3b, c), but
are more likely to be due to a disconnection between the riverbed and
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groundwater levels (Fig. 3d), when the influence of head declines on
streamflow is much smaller.

Although groundwater depletion estimates change under different
climate projections, using a ‘business-as-usual’ scenario (Extended
Data Fig. 1a), the spatial patterns and global distribution of the esti-
mated first time at which the environmental flow limit is reached are
similar (Fig. 1b, Extended Data Fig. 1b, c). However, a higher or lower
number of watersheds exceed environmental flow limits for dryer or
wetter climate input, respectively.

Our estimated depletion rates and the estimated first time that envi-
ronmental flow limits are reached are likely to be optimistic, as they
do not take into account projected increases in groundwater demand
due to population growth or economic development in the emerging
economies of the world". In addition, our analysis did not include sur-
face-water withdrawals, which also have an effect on river low flows°,
We estimate that for 60% of the watersheds with substantial groundwa-
ter pumping, surface-water withdrawal is also substantial (exceeding
0.01 m® per m? per year) and environmental flow limits are likely to
not be reached by groundwater pumping only.

We have focused on the environmental flow limit, but the successive
depletion of groundwater resources will eventually hit physical and
economic limits as well. The economic limit, which is assumed to be
reached when pumping groundwater is no longer profitable, depends
on many factors, such as labour and material costs, type of aquifer,
energy costs, required pumping capacity and crop prices. It is safe to
say that the economic limits to global groundwater pumping have
not yet been reached, considering that in the Indian Punjab province
farmers are currently abstracting groundwater from depths?! of over
40 m and some agricultural wells in the USA are close to 300 m deep®.
Apparently, revenues still exceed pumping costs in these cases. Also, as
indicated in this study, only a limited water level drop is needed to reach
environmental flow limits, suggesting that, in general, it is very likely
that environmental flow limits will be reached before any economic
limit is encountered.

Given that healthy streamflow regimes are essential for aquatic eco-
systems and provide an invaluable ecosystem service, environmental
groundwater requirements should be part of any water-resource assess-
ment at the global scale. The insights provided by this study could be
used as a starting point for more detailed continental- to regional-scale
studies to ensure sustainable and efficient groundwater use as much as
possible, especially for regions in which detailed regional-to-continental
studies have not been carried out.
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Fig. 3 | Effect of groundwater pumping on groundwater discharge,
groundwater storage change, reaching environmental critical
streamflow and possibly regime changes. a, A natural gaining stream.
b, Left, limited pumping rate (g;), reducing groundwater discharge (GD).
At first, groundwater is taken out of storage. Middle, eventually a new
equilibrium is reached where all pumped water comes from reduced
groundwater discharge and evaporation. Right, streamflow is reduced
and environmentally critical streamflow can be exceeded, but the stream
is still gaining. ¢, Left, higher pumping rates (g,), reversing groundwater
discharge. Middle, more groundwater is taken out of storage, but again
anew equilibrium is reached. Right, pumping instead results in surface

Online content

water infiltration. d, Left, even more intense pumping rates (g3), leading
to a disconnection of the groundwater and surface water systems. Surface
water infiltration reaches a maximum, independent of groundwater depth.
Middle panel, groundwater is persistently taken out of storage leading to

a continuous lowering of the water table at a faster rate if pumping rates
are higher than surface water infiltration and diffuse recharge over the
depression cone. Right panel, further declines in groundwater level will
not affect streamflow further. Left and middle panels of a-d are modified
from United States Geological Survey (USGS) publications®*?*. E, rate of
evapotranspiration.
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METHODS

Groundwater-streamflow interaction under groundwater pumping. Figure 3
provides a schematic overview of groundwater-streamflow dynamics affected by
groundwater pumping. Figure 3a shows the natural situation of a gaining stream, in
which groundwater discharge contributes substantially to streamflow. Figure 3b-d
schematically shows the effect of wells with increasing pumping rates, assuming
the same hydrogeological environment. The left and middle columns are typical
groundwater impact model conceptualizations®*?3, while the right-hand images
are the ‘next step’ we have made in this study, linking groundwater and surface
water systems.

Figure 3b shows a pumping regime in which the pumping rate (g;) is limited.
Just after pumping starts, the principle source of water to a well comes out of
groundwater storage of the porous medium. As time passes, the groundwater table
starts to develop a gradient towards the pumping well and part of the ground-
water recharge—that otherwise would have supplied water to the stream—now
contributes to the pumped water (Fig. 3b, left). Consequently, groundwater
discharge to the stream is reduced. Also, evapotranspiration (E) from groundwater-
dependent vegetation will decrease owing to falling groundwater levels. The deeper
the groundwater table falls, the larger the contribution of reduced groundwater
discharge and reduced evaporation (which, together with increased recharge, is
‘increased capture’) to pumped water becomes, until a new equilibrium is reached
where all pumped water comes out of capture (Fig. 3b, middle) and groundwa-
ter levels stabilize again. Figure 3b, right shows the impact of limited pumping
(1) on groundwater discharge to the stream (solid line). When pumping starts,
the groundwater discharge is not affected directly, because most of the pumped
groundwater comes out of storage (Fig. 3b, middle). However, as time progresses,
groundwater discharge starts to decrease. Here, in the case of limited pumping
rates, groundwater discharge will remain positive and the stream will remain a
gaining stream, albeit with lower discharge rates.

If the pumping rate is higher (¢,, Fig. 3¢), groundwater levels drop further, evap-
oration is further reduced, and groundwater discharge may shift to surface water
infiltration, making the stream a losing stream (Fig. 3¢, left). The contribution of
recharge from infiltrating river water increases with falling groundwater levels,
as long as the groundwater level and rivers are connected. Also, in this case with
higher pumping rates, a new equilibrium may be reached, in which all pumped
water comes from streamflow infiltration and decreased evapotranspiration
(Fig. 3¢, middle, right). The scenario illustrated in Fig. 3¢ is a typical example in
which groundwater abstraction already markedly affects streamflow but does not
yet lead to major losses in groundwater storage, and hence groundwater depletion.

If the pumping rate is even higher (g3, Fig. 3d) and groundwater levels drop
below the river bed, groundwater becomes disconnected from the stream. This
situation can be seen as a critical threshold, as the stream recharge rate remains
almost constant when groundwater levels drop further, which induces an acceler-
ation of groundwater decline and successive reduction of evaporation. This can be
readily seen by calculating sensitivities of the infiltration flux to surface water and
groundwater levels using Darcy’s law in Fig. 3¢, d. Denoting I the infiltration flux
from the stream, s the surface water level and 4 the groundwater level, it follows that
in the case of a connected stream (Fig. 3¢) the infiltration flux is equally sensitive
to s and h: 0I/Os = 01/Oh = constant, whereas in the case of a disconnected stream
(Fig. 3d) we have 0I/9s oc 1/h and 91/0h o< s/h?.

Moreover, if the pumping rate becomes higher than the maximum stream infil-
tration rate and higher than the recharge over the depression cone (as often the case
in areas with predominantly groundwater dependent irrigation), the excess rate
of pumping will come out of storage. As a result, groundwater levels will continue
to decline and groundwater storage will be persistently depleted (Fig. 3d, middle),
while further lowering of groundwater levels has only a limited effect on infiltration
from the stream (Fig. 3d, right).

The actual response time for the groundwater levels to reach a new equilib-
rium in the scenarios shown in Fig. 3b and Fig. 3¢ depends on hydrogeological
properties and the dimensions of the aquifer and boundary conditions (that is, the
well location and pumping rate, river levels and precipitation surplus) and can be
years to decades?. Given that groundwater withdrawal for irrigation often occurs
in semi-arid areas with little to no precipitation surplus during the growing sea-
son?, the regime shown in Fig. 3d is prominent for these regions and progressive
groundwater depletion is the rule. In many regions of the world, groundwater
is pumped from deeper (semi-)confined aquifers'*. Under confined conditions,
groundwater-streamflow interaction occurs only for larger rivers that are deep
enough to penetrate the confining layer or move slowly through the confining
layer. Moreover, because the storage coefficients of (semi-)confined aquifers are
much smaller than the specific yield of phreatic aquifers, head declines in (semi-)
confined aquifers are much larger than the declines in phreatic aquifers. The
complex dynamics shown in Fig. 3 and the added complexities that occur in the
case of confined aquifers illustrate that, in order to correctly simulate the effects
of groundwater pumping on streamflow in general and environmentally critical
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flows in particular, dynamic coupling between surface water and groundwater in
the model is imperative.

Extended Data Fig. 5 shows maps of the occurrence of the different types of

groundwater—surface water interactions of the USA for 1964 and 2004 under natu-
ral conditions and under conditions including human water withdrawal (Extended
Data Fig. 5a). The spatial patterns, as expected, show predominantly gaining
streams in the wetter east and in valleys close to mountain areas, disconnected
streams in the dryer west and south, and losing and a small area of intermittently
disconnected streams in the transition zones. It is difficult from the spatial pat-
tern to detect any differences in time, or between the runs with water withdrawal
and without withdrawal (the ‘natural’ runs). Therefore, Extended Data Fig. 5b
shows time series of changes in total area covered by the various interaction types
from 1960 to 2005 (as five-year averages). These time series show a slightly rising
trend in total area with gaining streams, which is likely to be caused by increased
rainfall. Otherwise, the introduction of water withdrawal increases the total area
containing losing streams and intermittently disconnected streams at the expense
of the total area containing gaining streams. Differences between the natural run
and the run including water withdrawal do not increase much over time because
irrigation water withdrawal was already substantial before the 1960s in this part of
the world, as is also evident from the timing of reaching environmental flow limits
(Fig. 1). Differences between the natural run and the one with water withdrawal
are very small for the continuously disconnected streams because they do not
permit surface water withdrawal and groundwater withdrawal does not change
the classification of these streams.
Global-scale surface water-groundwater model and model runs. We used a
physically based GSGM that simulates hydrological processes at 5 arc-minute
resolution (approximately 10 km x 10 km at the equator). The model consists
of the global hydrology and water-resources model PCR-GLOBWB!*!® that is
dynamically (two-way) coupled via groundwater recharge and capillary rise, and by
groundwater discharge and river infiltration to a two-layer global groundwater flow
model based on MODFLOW that simulates lateral groundwater flow; the hydro-
logical model runs at a daily time step, the groundwater model runs at a monthly
time step. The hydrological model includes a water-use module that dynamically
allocates sectoral water demand from irrigated agriculture, industries, households
or livestock, to withdrawal of desalinated water, groundwater or surface water,
based on the availability of these resources'?. Return flows of unconsumed with-
drawn water, flowing back to surface water or groundwater resources, are included
in the estimate of water availability. The model parameterization is based on the
best available global-scale datasets, including hydrogeological information essential
for the aquifer parameterization®®?°. We refer to ref. ! for an extensive description
of PCR-GLOBWB and its parameterization and to refs 14 for a detailed descrip-
tion of the global groundwater model and its hydrogeological schematization.
Details about dynamic coupling between PCR-GLOBWB and the groundwater
model can be found in a previous work>!. Our model is, to our knowledge, the
first to simulate groundwater-surface water interactions dynamically at the global
scale, which is a prerequisite for analysing the effects of groundwater withdrawal
on streamflow discharge. Two important parameters for the calculation of ground-
water—surface water interactions are the river bottom elevation and the river bed
conductance®® (Fig. 3). The river bottom elevation is estimated by subtracting the
estimated channel depth from surface elevation, and the river bed conductance
from the wetted perimeter. The channel wetted perimeter and depth are estimated
by combining Larcey’s and Manning’s formulae, assuming a rectangular channel,
and bankfull discharge calculated from the simulated river discharge***'. For sur-
face elevation we used data from HydroSHEDS? and Hydro1k*2. Model outcomes
have been extensively validated against observed river discharges and heads, and
additionally, in this study, to water table depths, fluctuations and declines, and
timing of environmental flow limits, showing good results'?1>30:31 (see Methods
section ‘Evaluation of simulated groundwater heads, head declines and trends’).

We ran the GSGM with past and future climate forcing (over 1960-2010 and
2011-2100, respectively); once with groundwater and surface water withdrawal
and once without (a natural run). For the period 1960-2010 we used the WATCH
forcing dataset'” for the meteorological input of the model and gridded sectoral
demand data’ (from irrigation, industry, domestic and livestock) to estimated
water withdrawals. We projected future water withdrawals by assuming a ‘business-
as-usual’ scenario, in which industrial and domestic demands, as well as the
extent of irrigated areas, stay unchanged after 2010, and where irrigation demands
increase or decrease as a result of climate change only. We used CMIP5 RCP8.5
as an emission scenario (the worst-case scenario) and tested sensitivity to cli-
mate input by running the GSGM using the results of three global climate models
(GCM:s) as provided by the Inter-Sectoral Impact Model Intercomparison Project
ISIMIP (https://www.isimip.org/) and bias-corrected using the WATCH forcing
dataset!s. We selected the wettest (GFDL-ESM2M), average (HadGEM2-ES)
and driest (MIROC-ESM-CHEM) model outcomes in terms of projected future
global precipitation change. The ‘business-as-usual’ scenario reduces uncertainty


https://www.isimip.org/

LETTER

associated with projections of future population growth, socio-economic devel-
opment and technological development that opts for more sustainable water use.
Similarly, the ‘business-as-usual’ scenario provides a more positive view of the future
world than what may be expected, as we omit future increases in water demand
and withdrawal resulting from population growth and economic development.
Calculation of environmentally critical flow and environmental flow limits. To
calculate the first time that environmental flow limits have been, or will be, reached
necessitates estimating the environmentally critical streamflow threshold as well
as frequency criterion of how often streamflow can cross the threshold before the
environmental flow limit is reached.

We ran the GSGM with past and future climate forcing; once with groundwater
and surface water withdrawal and once without (a natural run). For the natural
run, the environmentally critical streamflow threshold was estimated for every grid
cell and year (1965-2099) as the Q90 of monthly groundwater discharge apply-
ing a five-year window over the past five years. The Q90 is used as a low-flow
index and indicates the groundwater discharge needed to sustain a minimal flow
required for aquatic habitats?; it means that for 90% of the months (that is, 54 of
the 60 months in the five-year window) groundwater discharge is above low-flow
conditions. Next, we estimate the timing of environmental flow limits reached by
evaluating simulated monthly groundwater discharges against the estimated Q90s.
To separate out limits reached by changes in climate only (and not by pumping)
we estimated the timing of environmental flow limits reached both for the natural
run and human-impacted run and removed the limits that were reached in both
the natural and human-impacted runs to exclude the limits that could not be asso-
ciated with pumping. We defined the timing of reaching the environmental flow
limit as the moment in time at which monthly groundwater discharge falls 10%
below the natural Q90 for at least three months a year (in general the summer
months/dry months of the year), for at least two consecutive years. The value of
10% was based on previous environmentally required streamflow criteria®. The
three months criterion was based on a simple probability calculation (three months
in a row represents a probability of about 0.01); a statistically significant alteration
that is likely to suggest a regime change. The two consecutive years criterion is
motivated by the assumption that at least two dry years, with increased ground-
water pumping, are needed before water management strategies are changed. We
also refer to Fig. 3b, right for an explanation of the time the environmental flow
limit is reached. The width of the moving year window used to estimate the Q90s
and the required number of consecutive years of exceedance, were subjected to
sensitivity analysis (see Methods section ‘Model sensitivity to the definition of
environmental flow requirements’).

For visualization of the results at the global scale, we averaged the timing of

the reached environmental flow limits per grid cell over the sub-watershed levels
defined by the HydroBASINS database (level 7)?*. For the estimation of the per-
centage of watersheds that have exceeded the environmental flow limit we included
all watersheds with an average groundwater withdrawal (over 1960-2099) exceed-
ing 0.01 m® per m? per year.
Evaluation of simulated groundwater heads, head declines and trends. We first
evaluated observed versus simulated hydraulic heads at the sub-watershed scale
(Extended Data Fig. 6). The observation dataset® provides time-averaged head
observations of 1,603,871 stations worldwide. These observations were averaged
over the sub-watersheds and compared to the simulated averages. It should be
noted that, in general, the observed data are biased towards river valleys, coastal
regions and regions where productive aquifers occur. At the sub-watershed level
this means that, in general, observations are made for regions of lower eleva-
tion (and thus lower hydraulic heads) and higher-elevated regions are under-
represented in the observations. Additionally, we estimated groundwater depletion
from the simulated groundwater declines and aquifer specific yields and/or storage
coefficients (similar to ref. '%; Extended Data Fig. 2).

Second, we evaluated interpolated reported head declines over three well mon-
itored, heavily exploited aquifers; the Central Valley and High Plains aquifers in
the USA3 and the Upper Ganges and Indus basin, India* (Extended Data Fig. 3).

Third, we compared water table observations for the High Plains and Central
Valley aquifer systems (https://www.usgs.gov/mission-areas/water-resources)
to the model results (Extended Data Fig. 7). Observations were included in the
analysis if at least two observations per year were available covering at least five
years within the period 1960-2010. For the Central Valley, 105 wells (of 120) were
included, covering 17 sub-watersheds (of 20); for the High Plains aquifer 276 wells
(of 910) were included, covering 28 sub-watersheds (of 44). Well data were clus-
tered over the sub-watersheds and, per well, average heads, standard deviations
and head decline were calculated, and also averaged over the sub-watershed level.

The scatter in Extended Data Fig. 6a shows that simulated hydraulic heads
match the observed values reasonably well (R? = 0.86). The residuals (the differ-
ences between the observed and simulated heads) are large for some catchments
but are small in many other catchments, and are proportional to the magnitude
of the simulated head. The largest residuals are found in the catchments where

the simulated head values are large. These are predominantly mountain catch-
ments where the simulated groundwater level is deep, groundwater—surface
water interaction is limited and no groundwater withdrawal occurs. The smallest
residuals are obtained for catchments where the simulated head values are small.
These represent low-lying catchments with alluvial aquifers, where groundwater
tables are shallow and groundwater pumping will affect groundwater discharge.
Extended Data Fig. 6b shows a histogram of the relative residuals and Extended
Data Fig. 6¢ the global spatial distribution of relative residuals at the catchments
scale. Approximately 65% of the watersheds have a relative error between -20%
and 20%, and 83% between -50% and 50%.

The estimated cumulative depletion (Extended Data Fig. 3) shows some of the
well known groundwater depletion hotspots?”***’, such as the Upper Ganges and
Indus basin, the north China plain, the Central Valley of California, USA, and the
High Plains aquifer. For the period 1960-2010 our depletion estimates are similar
to estimates for specific aquifer regions where observations are available’***>% and
to indirect estimates following from gravimetric anomalies>’. The global model is
able to capture the spatial pattern of groundwater level decline and recovery well
(Extended Data Fig. 3), although locally head declines can be over- or underesti-
mated. However, simulated head declines are within the same order of magnitude
as the observations. The exceptions are parts of the northern High Plains, where
recovery is underestimated, and parts of the upper Ganges, where head declines
are overestimated. This local mismatch is likely to be driven by the uncertainty in
hydrogeological parameter sets (the subject of previous uncertainty analyses'**°)
and/or the allocation of water demand to groundwater and surface-water resources
(also the subject of previous uncertainty analyses'>!®). These uncertainties in
hydrogeological parameterization and demand allocation are not easy to over-
come yet, as the currently used hydrogeological information comes from the best
available global datasets, but with their own uncertainties. Results are affected by
uncertainties in aquifer transmissivities resulting in uncertainty in estimated lat-
eral flows and specific yields and storage of aquifer systems. This affects estimated
groundwater head locally. Water allocation is, for the most part, driven by surface
water availability, which is mainly driven by climate inputs coming from the climate
model used, with its own uncertainties in estimated precipitation and temperature.

Most important for the timing of the environmental limit is the head decline.

For the Central Valley aquifer, simulated head declines matches to observed
declines well (Extended Data Fig. 7). For the south part of this aquifer, a slight
overestimation of head declines is found, which could lead to an environmen-
tal limit being reached too soon. Water table depths and standard deviations are
captured well by the model, resulting in a R* for water table depths of 0.80 (when
watersheds with only one observation are excluded; 0.60 if all wells are included).
For the High Plains, larger deviations in head declines are present (with a R* for
water table depths of 0.4; Extended Data Fig. 7). For the south, head declines are,
in general, underestimated, possibly leading to an estimated environmental limit
being reached too late. For the middle and north of the aquifer, head declines are
better matched, although the average water table depths are overestimated in the
north by the model. However, as we estimate the environmental flow limit by com-
paring the natural simulation run to the human-impacted simulation run in terms
of decline only (the absolute level is not very important), the uncertainty in water
table depth will probably not affect the estimation of environmental limits to any
appreciable extent (see Methods section ‘Evaluation of groundwater discharge and
environmental flow limits, below). The statistics for the individual wells illustrate
the wide spread in observations, which shows that directly comparing global-scale
models with well data is challenging.
Evaluation of groundwater discharge and environmental flow limits. First, as
observations of groundwater discharge (used for the estimation of environmentally
critical flow as defined in this study) are unavailable, we benchmark our results
against results from a detailed (grid size, 1 square mile = 2.59 km?) and calibrated
regional groundwater model for the Republican River Basin in central USA®
(Extended Data Fig. 8). Both models—the global and the regional model—use
MODFLOW and have similar model structures and setup. The regional model is
assumed to be more accurate locally than the global-scale model and the objective
of this evaluation is to show that, globally, we are able to represent the relevant
processes well enough and able to capture the same trends and anomalies as more
detailed regional-scale calibrated models. As the calibrated model used here did
not provide groundwater discharge at the grid cell resolution nor a natural run,
model results could not be used to estimate environmentally critical streamflow
and the time the environmental flow limits were reached.

Second, we indirectly compared our estimates of the first time environmen-
tal flow limits were reached to streamflow observations. We used estimates of
groundwater discharge by baseflow separation performed on streamflow data for
50 stations in Kansas, USA, where groundwater pumping is the dominant water
use. The streamflow records of these stations covered a period before pumping,
from which we could calculate the Q90 of natural groundwater discharge, after
baseflow separation from the streamflow record. This Q90 was used to evaluate
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the groundwater discharge after pumping, and from this estimate the timing of
reaching the environmental limit was evaluated. Results are presented in the main
text in the violin plots of Fig. 1c, comparing the observed and simulated limits.

Last, as a proxy to the long-term observed time series, we used modelled
groundwater discharges for a limited number of calibrated catchment scale
models**—similar to the sub-watershed size we used to average our results—spread
over the different continents of the world. The calibrated models were run once
with groundwater and surface water abstractions and once without. Thus we could
perform the same analysis as described in this paper. The results are shown in the
scatter in Extended Data Fig. 4a.

Comparing the head declines estimated by a region-specific calibrated model
to our global-scale estimate (Extended Data Fig. 8a) shows that, although there
are some spatial differences, the global-scale model is able to capture the general
spatial patterns and magnitudes well compared to the calibrated model results.
Groundwater discharge to the stream is evaluated at different spatial scales
(Extended Data Fig. 8b). For the full basin, the trend in groundwater reduction is
captured well, and the same holds for the large sub-basins. In the global model we
see more variability owing to the parametrization of the subsurface, the coarser
resolved river network and the uncertainty in the pumping. Such differences may
lead to a different timing for reaching environmental limits (which tends to be
sooner). However, this impact may not be large, because the five-year temporal
window used to estimate the environmental flow limits accounts for the outliers
and/or fluctuation. When we move to the large sub-basins (shown as Regional
basin levels 2 and 3 in Extended Data Fig. 8¢), the global model trend in groundwa-
ter discharge reduction is slightly larger than the simulated trend, possibly leading
to the limits being estimated too soon. The groundwater discharges at the smallest
sub-basin level (shown as Regional basin level 1 in Extended Data Fig. 8c) are
small and did not show significant differences, therefore trends at this level are
not shown.

Our timing estimates compare reasonably well with observed timings (Extended

Data Fig. 4), except for one location in Kansas, USA, a UK catchment, and the
Czech catchment. Note, however, that the latter two estimates are only proxies of
real observations and may overestimate the effects of pumping (and thus under-
estimate the time the limit is reached) because they do not include the delay in the
impact of groundwater pumping on surface water discharge that occurs in real
aquifer systems (for example, Fig. 3).
Model sensitivity to parameter settings and boundary conditions. In order to
assess the robustness of our estimate of the first time environmental flow limits
are reached as a result of pumping, we performed a one-at-a-time sensitivity anal-
ysis. Because of the large computation times involved with running the GSGM,
a full Monte Carlo analysis, varying the parameters randomly, is not feasible.
Therefore, we had to limit ourselves to a model sensitivity analysis in which we
separately changed the settings of a few key parameters. As the estimated ground-
water discharge flux is highly dependent on conductivity of the sub-surface and
river drainage level, and additionally on riverbed conductance, we tested how
sensitive our estimates are to these different parameter settings. In order to capture
the full parameter uncertainty, we chose to vary the parameters across a large
range. Eleven runs with different parameter settings were completed (Extended
Data Fig. 9a). Hydraulic conductivities were increased or decreased by one order
of magnitude, drainage levels were increased and decreased by 50% (based on
observed variations in river depth over the USA), and river bed conductance
adjusted by factors of 10 and 0.5. The eleven parameter settings were run under
natural conditions and with water withdrawal for 1960-2010, and the first times
at which the environmental limits were reached was estimated and averaged over
the watersheds. The baseline run, as well as the two sets of parameter values that
resulted in the minimum and maximum number of watersheds with the limit
reached (by 2010), were subsequently run for 2010-2100 using the HadGEM2-ES
GCM and ‘business-as-usual’ water demands. The first time at which environmen-
tal limits have been, or will be, reached was again estimated and the cumulative
frequency shown in Fig. 1b.

Extended Data Fig. 9 shows that, in general, the estimated temporal patterns of
the first time at which the environmental flow limits are reached is similar for all
runs, meaning all runs react to an increase or decrease in groundwater pumping
in the same way. In general, lower conductivities lead to larger head drops, with
smaller cones of depression, and higher conductivities lead to smaller head drops
but with larger cones of depression. Shallower rivers lead to smaller head gradients
and earlier disconnection of the groundwater system and the surface water system,
and deeper rivers lead to higher gradients and a longer connection between the
groundwater system and the surface water system. Decreasing the river conduct-
ance did not substantially change the estimated time of limit reached, increasing
the river conductance lead to smaller head gradients and an earlier disconnec-
tion of the groundwater system and surface-water system. The topology of the
surface-water system, in combination with the spatial heterogeneity of hydraulic
conductivity and the patterns of water use, result in nonlinear responses to changes
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in parameters when calculating the fraction of watersheds affected, as can be seen
by the lines crossing each other in time.

Model sensitivity to the definition of environmental flow requirements.
Whether or not environmental flow limits are reached is also dependent on the
definition of the environmentally critical streamflow and criteria of how often
groundwater discharge is allowed to fall below this threshold (see Methods sec-
tion ‘Calculation of environmentally critical flow and environmental flow limits).

We tested the sensitivity of the estimates of the time the environmental flow

limit is reached to the statistical criteria used. We varied both the estimate of envi-
ronmentally critical streamflow (that is, the Q90 of groundwater discharge as a
five-year or ten-year running average), and the number of consecutive years needed
to reach the environmental flow limit (Extended Data Fig. 10). These results show
that estimates of the first time that the environmental flow limits are reached are
quite insensitive to its statistical definition. When choosing between a five- and
ten-year window to calculate the Q90 we chose a period of five years, as it is more
sensitive to changing pumping rates over time. On the basis of the assumption that
water management tends to be altered when a water shortage is experienced for at
least two years in a row, we use the two-consecutive-year criterion.
Model sensitivity to climate forcing. Estimates of environmentally critical flow
and estimated groundwater discharge are dependent on climate input. Therefore,
the last part of our sensitivity analysis focused on the sensitivity of the estimated
time to reach environmental flow limits to climate forcing. We ran the GSGM using
three GCMs (that is, HJdGEM2-ES, GFDL-ESM2M and MIROC-ESM-CHEM.
The first time environmental limits will be reached was again estimated and the
cumulative frequencies of each model run are shown in Fig. 1b.

Globally (see Extended Data Fig. 1a) we see an increase in the depletion trend
starting around the 1970s, and rapidly increasing between 2000 and 2010. After
2010, the depletion trends first start to decrease for two GCMs (2010-2030), after
which it increases again, but not as rapidly as before. This increase in depletion after
2030 is also reflected in the environmental flow limit peak discussed in the main
text. Differences between the GCM:s are large—showing that, even under fixed
industrial and domestic water demands and fixed irrigated area—climate change,
through increased irrigation demand, may have a major impact on future ground-
water depletion volumes. Overall, depletion is estimated to increase from 4,190 km?
in 2010 to 7,490 km? (5,360-10,042 km?) depending on the climate model used.

Despite the uncertainty in depletion volumes, the spatial patterns (Extended
Data Fig. 1b, c) of the first time at which the environmental flow limits are reached
between the different GCMs are similar (Fig. 1), although with a higher or lower
number of catchments reaching the limits for the dryer or wetter GCMs, respec-
tively.

Data availability

All data needed to evaluate the conclusions in the paper are presented in the
paper (Figs. 1, 2) and are available through the University of Victoria, https://doi.
org/10.5683/SP2/D717CC. Additional model outputs (as part of the sensitivity
analysis and model evaluation presented in the Extended Data) are prohibitively
large to store in a repository but are available from the corresponding author on
reasonable request.

Code availability

The model code used to run the global-scale surface water—groundwater model
is provided through a GitHub repository, https://github.com/UU-Hydro/PCR-
GLOBWB_model/tree/develop/modflow.
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Extended Data Fig. 1 | Model sensitivity to climate forcing.
a, Cumulative groundwater depletion trend (in km?) since 1960
for different climate scenarios. After 2010, the estimate assumes a
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‘business-as-usual’ scenario for water demands and uses three GCMs—
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RCP 8.5. b, ¢, The first time the environmental flow limit is or will be
reached (by year) averaged over watersheds using the sub-watershed
level of hydroBASINS® for the climate scenarios GFDL-ESM2M (a) and
MIROC-ESM-CHEM (b) using RCP 8.5.
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Extended Data Fig. 5 | Distribution of surface water-groundwater stream if the stream is disconnected for at least two years in a row over the
interaction classes for north America as simulated using the physically moving average window of five years. a, Spatial maps of surface water—
based global-scale GSGM. The figure distinguishes four classes: gaining groundwater interaction for July 1964 and 2004 under natural conditions
streams, losing streams, intermittently disconnected streams and and including human water withdrawal. b, Temporal variation of the total
continuously disconnected streams. Results are shown for the month area covered by each surface water-groundwater interaction class. The
of July (generally the driest month of the year, on the basis of monthly thinner continuous lines are yearly values, thicker dashed and dotted lines
discharge) and represent five-year moving averages of river drainage and are the five-year averages.

groundwater levels. A stream is classified as a continuously disconnected
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Extended Data Fig. 6 | Evaluation of observed versus simulated (observed — simulated)/observed. ¢, Global map of relative residuals. All
water table averaged for sub-watersheds. a, Scatter plot; the red line watersheds with no available data are mapped in grey.

shows the 1:1 slope. b, Histogram of relative residuals, calculated as
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Extended Data Fig. 7 | Model evaluation of simulated groundwater compared to simulated results (‘sim avg’). In each plot, the values per well
table depth to well observations for two well monitored aquifer systems  in the watershed are given in grey (well data) and the statistics show the
in the USA. a, b, Location of the wells used for this analysis within the wide spread in observations. The value n indicates the number of wells
Central Valley aquifer system (a) the High Plains aquifer system (b). within the watershed. The watersheds are numbered from north to south
c-h, Averaged water table depths (‘wtd’) (¢, d); standard deviation (‘std’) over both aquifers, indicated by the watershed number (the exact location

of monthly wtd (e, f) and head drops (g, h) were estimated (‘obs avg’) and of the watersheds is not relevant).
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Extended Data Fig. 8 | Inter-scale model comparison. a, b, Comparison
of groundwater head declines (a) and groundwater discharge (GD; b) at
different spatial levels, simulated by a calibrated regional-scale model
(‘calb); results modified from previous work*! using the Republican River
Groundwater Model® and the global-scale surface water-groundwater
model (‘glob.). ¢, The full basin covers the entire Republican River basin,

which is situated in the central-north of the High Plains aquifer, USA.

The larger sub-basins are the level 2 and 3 regional basins that consist of
more level 1 basins. In b, the solid lines present the simulated groundwater
discharge, the dashed lines present the trends of the groundwater
discharge. Groundwater discharge trends simulated by both models are
comparable.
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a
Model Run Name Parameter value Parameter value Fraction limits reached by
conductivity drainage level 2010 compared to Baseline
conductivity(min), river depth(min) bl *0.1 bl *0.5 0.70
conductivity(min), river depth(avg) bl *0.1 bl 1.98
conductivity(min), river depth(max) bl *0.1 bl *1.5 0.69
conductivity(avg), river depth(min) bl bl *0.5 1.06
conductivity(avg), river depth(avg) bl bl 1
conductivity(avg), river depth(max) bl bl *1.5 1.28
conductivity(max), river depth(min) bl *10 bl *0.5 1.00
conductivity(max), river depth(avg) bl *10 bl 1.42
conductivity(max), river depth(max) bl *10 bl *1.5 0.97
Parameter value
river conductance
river conductance (min) bl *0.5 0.99
river conductance (max) bl *10 1.2
b —— conductivity(avg), river depth(avg) conductivity(min), river depth(avg)
25% - conductivity(avg), river depth(min) conductivity(min), river depth(min)
conductivity(max), river depth(max) river conductance(min)
conductivity(max) river depth I(avg) conductivity(avg), river depth(min)
20% 4 — — - conductivity(min), river depth(max) conductivity(max), river depth(min)
river conductance(max)
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Extended Data Fig. 9 | Model sensitivity to parameter settings and
boundary conditions. a, Table showing the different parameter settings
used; varying the sub-surface conductivity, the river depth and the river
conductance by decreasing or increasing the settings of the baseline (‘bI’)
run. The baseline run uses the average parameter settings. b, Frequency
plot of the first time the environmental flow limits are reached under

different parameter settings for 1960-2010. The fractional increase or
decrease of estimated environmental limits compared to the baseline run is
given in the fourth column of the table in a. The runs with the smallest and
largest limits are indicated in bold in the table and presented in blue and

yellow, respectively, in the graph.
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a
Environmental flow Consecutive years Fraction limits reached by
requirements 2010 compared to
Baseline
Q90 over 5 years 1 year 1.04
Q90 over 5 years 2 years 1
Q90 over 5 years 3 years 1.03
Q90 over 5 years 5 years 1.02
Q90 over 5 years 10 years 1.01
Q90 over 10 years 1 year 0.97
Q90 over 10 years 2 years 0.96
Q90 over 10 years 3 years 0.93
Q90 over 10 years 5 years 0.92
Q90 over 10 years 10 years 0.86
b
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Extended Data Fig. 10 | Model sensitivity to the definition of The fractional increase or decrease of the estimated environmental limits
environmental flow requirements. a, Table giving the different compared to the baseline run (Q90 over five years, for two consecutive
criteria of the Q90 windows and consecutive years used to estimate years) is given in the third column of the table in a. Difference in the
the environmental flow limits. b, ¢, Histograms of the limits reached, estimated environmental flow limits are only limited when using different

estimated using the Q90 over five years (b) and the Q90 over ten years (c). criteria.
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