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Safe and just Earth system boundaries (ESBs) for surface water and
groundwater (blue water) have been defined for sustainable water
management inthe Anthropocene. Here we assessed whether minimum
human needs could be met with surface water from within individual
river basins alone and, where this is not possible, quantified how much

groundwater would be required. Approximately 2.6 billion people live in
river basins where groundwater is needed because they are already outside
the surface water ESB or have insufficient surface water to meet human
needs and the ESB. Approximately 1.4 billion people live in river basins where
demand-side transformations would be required as they either exceed the
surface water ESB or face a decline in groundwater recharge and cannot
meet minimum needs within the ESB. A further 1.5 billion peoplelivein river
basins outside the ESB, with insufficient surface water to meet minimum
needs, requiring both supply- and demand-side transformations. These
results highlight the challenges and opportunities of meeting even basic

human access needs to water and protecting aquatic ecosystems.

The global water cycle and, in particular, surface water and ground-
water flows (blue water) have been greatly impacted during the
Anthropocene'. Natural blue water flows, to which aquatic biota are
evolutionarily adapted, underpin the health of freshwater ecosystems
that, in turn, provide a range of ecosystem services to communities
worldwide’. Freshwater wetlands provide a range of high-value ser-
vices, including cleansing polluted water and recharging groundwater
aquifers’, and mangroves are vital to the livelihoods of many coastal
communities in the tropics*. Inland fisheries, including aquaculture
production, that depend on freshwater flows’ contribute over 40%
of the world’s capture finfish fisheries®, and over 70% of the world’s
coastal and estuarine fish catch comes from species that rely on fresh-
water flows to oceans’.

Alteration of surface water flows through water withdrawals and
consumptive uses, driven primarily by irrigation for agriculture and
the widespread proliferation of dams®, has had considerable impact
on aquatic and terrestrial ecosystems worldwide, putting natural
systems and their provision of ecosystem services at risk’. Substantial
declines in groundwater, driven by climatic variation and overuse by
agriculture and water supply’, have led to widespread land subsid-
ence, deterioration of groundwater-dependent ecosystems, reduced
surface water flows and increasing costs of water extraction". Saltwater
intrusion into coastal aquifers and reductions in water quality from
groundwater pollution also reduce water availability for domestic
and agricultural use®. The broad range of biophysical impacts from
alterations to blue water flows are often disproportionately felt by
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Table 1| Population in each continent living in river basins where human needs at different access levels cannot be met with
surface water alone, while remaining within the safe and just ESBs

Access levels (litres per Global Africa Asia Australia Europe North America  South America
person per day)

Domestic, level 1(501) 699 (0.09) 147 (0:11) 523 (0.1) <1(0.004) 4(0.01) 21(0.03) 4(0.01)
Domestic, level 2 (1001) 950 (0.12) 204 (0.15) 670 (0.14) <1(0.004) 20 (0.03) 25 (0.04) 31(0.07)

All needs, level 1(2931) 2,329 (0.29) 355 (0.26) 1,639 (0.35) 3(0.15) 161(0.22) 110 (0.17) 61(0.14)

All needs, level 2 (4061) 2,619 (0.33) 409 (0.30) 1,723 (0.36) 9(0.42) 241(0.33) 167 (0.26) 69 (0.16)

Domestic access levels account for personal water use in the home, and ‘All needs’ levels account for household water use as well as blue water required for food and energy production and
household infrastructure. Population numbers are in millions, and numbers in parentheses show the proportion of the total population globally and within each continent.

vulnerable communities owing to the loss of access to water and the
ecosystem servicesit delivers®,

Anattempt to quantify the maximum allowed human alteration of
the global hydrological cycle onland was carried out as part of the plan-
etaryboundary framework, defining the global freshwater boundary
asthelimit of human withdrawals for consumptive blue water use. This
was a proxy for the alteration of both green (soil moisture generat-
ing evaporation and transpiration flows) and blue water partitioning
(safeguarding a minimum level of environmental water flows)".
Recently, green water alterations were added to the planetary bound-
ary assessment, and it was concluded that human shifts of soil moisture
exceed the maximum range of variability over the recent Holocene,
suggesting that green water alterations are today outside of the safe
operating space'®. These shiftsingreen water flow alter moisture recy-
cling fromland, affecting atmospheric rivers and downwind rainfall. As
50% of terrestrial rainfall on average originates from green water flows
(the remaining from the ocean), these shiftsimpact future rainfall and
blue water flows". The urgency of recognizing that humanity is altering
the source of allblue and green water—precipitation—through climate
change and shifts in moisture recycling has been recently highlighted'®.

Building onthe previous planetary boundaries for water, safe and
just Earth system boundaries (ESBs) for surface water and groundwater
have recently been proposed” to provide guidance on these critical
issues, drawing on defined needs for minimum access to water** and
the principles of Earth systemjustice®. Earth systemjusticeis defined
hereasintragenerational (between today’s countries, communities and
individuals), intergenerational (between past, present and future gen-
erations) and interspecies (between people and nature) and includes
both distributional and procedural justice?. In this context, the safe
andjust ESBsfor blue water were defined to protect aquatic ecosystems
and the services they provide®.

Flow-ecology research has identified the importance of critical
components of the natural flow regime, including the timing, quantity
and quality of water flows?. The general findings from this research
were used to define the safe and just ESBs for surface water at the
river basin scale as +20% alteration of monthly flows, leaving 80% of
monthly flows unaltered for the environment'**, The safe and just ESB
for groundwater was defined as an average annual drawdown from
bothnatural and anthropogenic causes no greater than average annual
recharge, to ensure there was no decline in aquifer depth®. These
sub-global ESBs were defined for individual river basins and aquifers.
Tomeet them at the global scale requires 100% of all land surface areas
to be within the sub-global ESBs.

The framework of ESBs canbe used to operationalize and quantify
intragenerational justice in terms of preventing exposure of people to
significant harm”. Protecting surface water and groundwater systems
while providing water for a broad set of human needs represents a
considerable challenge for Earth system justice'®?.. This concernis par-
ticularly acuteinimpoverished and water-scarce regions that already
face challenges in meeting the basic needs of local populations owing
to water shortages, poor water quality, highly inequitable access,
water being diverted to other uses or acombination of these?*. These

areas are often disproportionately affected by increasing climate vari-
ability”. Ingeneral, providing a minimum level of access to resources
for all people can be achieved through reduction and reallocations of
resource consumption, especially to the most vulnerable and those
without access, as well as transformational changes in technology,
governance and other key drivers®.

Defining aminimum access level towater is aninherently fraught
but important exercise given the importance of water to survival and
well-being?. A study?’ estimated two minimum levels of blue water
access needs for well-being, including daily domestic water use, energy
production, infrastructure for housing and mobility, and the blue water
footprints of key crops (293 | per person per day (level1) and 406 I per
person per day (level 2)). Although not fully addressing all dimensions
of justice, defining access for the blue water share of human needs
offers a benchmark for comparison in meeting the basic well-being
of all humans while maintaining a safe Earth system. A water scarcity
assessment thatidentifies where these needs canbe met while respect-
ing the safe and just ESBs, and where they cannot, is a critical step to
keep all humans within a safe and just corridor®.

Herewe conductaset of river-basin-scale analyses of the blue water
ESBs defined ina previous study” using the estimated minimum access
levels for blue water”, under the modelling assumption that human
needs are met only from local sources (that is, within the river basin).
The results of these analyses extend the analyses of a previous study®
to identify where minimum human needs for blue water could be met
while respecting the safe and just ESBs, and where demand-side and/or
supply-side transformations would be required to achieve this. We com-
bineglobal modelled dataon surface water and groundwater availability,
between 2000 and 2020, with estimated basic human access needs for
blue water, for domestic use and food and energy production. Because
surface water tends to be the first (and cheapest) source of water appro-
priated for human needs, we identify where we can and cannot respect
the safe and just ESBs on an annual basis if all people have equal access
only to the minimum levels of water described above, from within their
respective river basins. For river basins where local surface water alone
isinsufficient to meet minimum needs without transgressing the surface
water ESB, we estimate the proportion of annual groundwater recharge
thatwouldbe required to meet this access shortfall. We also show where
the annual groundwater recharge rate is itself in decline, highlighting
how climatic variability (shifting overall vapour flows and generating
more extreme events) and land system change (affecting moisture recy-
cling) areamplifying the challenges of staying within the ESBs. Finally, we
examine the current status of surface water alteration and identify the
different types of supply- and demand-side transformation, including
redistribution, needed to return to or stay within the ESBs for surface
water while meeting human needs (fromlocal blue water resources only).
Supply-side transformations to find external sources of blue water would
berequiredinbasins where human needs cannot be met by local sources.
Demand-side transformations to reduce the volumes of blue water use
wouldberequired where there are sufficient blue water resources, but the
river basinis currently outside the ESBs. These analyses are conducted at
theriver basin scale and summarized by continentand at the global scale.
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Fig.1|Surface water deficits and the groundwater required to meet them.
a, The distribution of daily per capita deficits for all water needs (level 2) in each
continent for river basins where these needs cannot be met by surface water
flows alone. The top and bottom partitions of the grey boxes show the first and
third quartiles, respectively, and the median is shown as a black line inside the
box. The upper whiskers show the maximum values for each continent, and the

Proportion of annual
groundwater recharge »

1004 7 ! 0.05-0.1 =

lower whiskers are 1.5 times the interquartile range below the first quartile. The
numbers of catchments in each continent are shown across the top of the graph.
b, The proportion of groundwater recharge that would be required to meet the
deficitin eachriver basin. River basins with no shading in b are those where there
should be sufficient surface water to meet all needs at access level 2 (406 | per
person per day).

Results

As expected, our results show that it would be challenging in many
regions of the world to provide even basic access to water for all people
from their local river basin while meeting the safe and just ESBs for
surface water. We find that there is sufficient surface water availability,
based on unmodified flows, to meet water access needs at domestic
level 2 (100 | per person per day) for 88% of the world’s population
while remaining withinthe safe and just ESB for surface water (Table 1).
However, 2.6 billion peoplelive in river basins with insufficient annual
surface water flows to provide level 2 access for all needs (406 | per
person per day) and still remain inside the ESB (Table 1). This group
represents one-third of the global population, with the majority living
in Asia (1.7 billion). Despite the large number of people living under
such circumstances, this represents only 5% of all river basins globally
(Supplementary Table 2).

Meeting the safe and just ESB for surface water in regions that
are relatively dry or have dense populations (for example, much of
Africa, parts of Asia, and Australia) would create median daily per capita
deficits close to 406 | based on level 2 access for all needs (Fig. 1a).
In some parts of the world, these deficits could be met from a rela-
tively low proportion of the average annual groundwater recharge,
includingriver basinsinsouthern Africa (for example, the Orange and
Limpopo basins), where less than 5% of the average annual recharge
would be needed (Fig. 1b). However, in many of the drier and more
populous regions, for example, in eastern China, this would require 50%
or more of the average annual groundwater recharge (Fig. 1b). The spa-
tial patterns of current surface water flow alteration and groundwater
decline are consistent with these findings (Supplementary Table1and
Supplementary Fig.1).

The average annual groundwater recharge (2003-2016) tends to
be highestin equatorial regions (Fig. 2a). Nonetheless, there are regions
inhigher latitudes with high annual recharge volumes, such as parts of
Scandinaviaand northern Russia. Adding to the challenges facing drier
and populous regions, the regions that also have relatively low volumes
of groundwater recharge tend to be those where a higher proportion of
therecharge wouldbe required to meet the access levels of water, while
remaining within the safe and just ESB for surface water (Figs.1band 2a).
For example, in central and eastern China, up to 100% of the annual
groundwater recharge would be required, and parts of the Middle East
whererecharge volumes are currently much lower would require 50%.

Compounding these challenges has been a trend of declining
groundwater recharge in some regions, leading to a reduction in the
local-scale safe and just ESBs for groundwater (red coloursin Fig. 2b).

Some of these declines in groundwater recharge are associated with
declining trends in annual rainfall volumes (grey hatching in Fig. 2b
and Supplementary Fig. 2). For example, from 2003 to 2016, declinesin
annual groundwater recharge across the Indian subcontinent of up to
6 million m® yrhave occurred in conjunction with declinesin rainfall
of up to 10 mmyr~ (indicated by the grey hatching over the red pixels
showing the groundwater trend in Fig. 2b). Similarly, large regions of
the South American continent have shown declining groundwater
recharge associated with declining annual rainfall during this period.
Thisis contrasted with regions where groundwater recharge hasbeen
declining without an associated decline in rainfall, such as parts of
eastern Europe and central Africa (indicated by red pixels without any
grey hatchingin Fig. 2b).

We combined the capacity to meet access needs from unaltered
surface flows (Fig. 1), the trend in groundwater recharge (Fig. 2b) and
the current level of surface flow alteration (Supplementary Fig. 1a) to
classify river basins into eight groups where transformations would
be needed to transition back into the safe and just ESB (Figs. 3 and 4).
These categories identify the number of people across the globe and
ineach continent where various transformations would be necessary
to meet all level 2 access needs (406 | per person per day), using blue
water resources from their local river basins only, while meeting the
safe and just ESBs for surface water and groundwater. While some
regions could rely on supply-side transformations by substituting
a portion of surface water use with groundwater use to meet both
access needs and safe and just ESBs, others would require substantial
demand-side transformations.

Thereare almost 2.4 billion peopleliving in river basins where only
relatively modest transformations to water sources would be required
(groups 1and 3; Fig. 4). These locations have sufficient surface water
flows to meet access needs, and flow alterationis not currently exceed-
ing the safe and just ESB. They tend to be those with relatively high
levels of flow, low levels of income and/or low population densities,
such asthe Amazon, Congo and Irrawaddy River basins (Fig.3). The 2.6
billion peopleingroups2andS5liveinriver basins where shifting from
surface water to groundwater use (supply-side transformation) would
provide the means to stay within the surface water ESB (group 2) or to
meet access needs without exceeding the surface water ESB (group 5;
Fig. 4). These include large river basins such as the Parana, Zambezi
and Yangtze, in group 2 (Fig. 3), as well as smaller rivers in drier parts
of the world where the proportion of groundwater required to meet
minimum access needs s relatively low, such as the Tana River inKenya
and the Orange River in South Africa (Figs. 1b and 3). However, using
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Fig.2| Groundwater recharge volumes and trends. a, Average annual
groundwater recharge volume derived from GRACE”, representing the safe and
just volume of groundwater that can be drawn down annually (including natural
groundwater discharge and anthropogenic extraction). b, The trend in annual
recharge volume between 2003 and 2016, showing where annual recharge is

declining (red areas) or increasing (blue areas). Grey hatching in b shows where
there has been an associated decline in annual rainfall. Light grey hatching
shows regions where declines have been below the 10th percentile (<5.5 mmyr™)
while darker grey hatching shows where declines in rainfall have been above this
threshold.

supply-side transformations would be more difficultin group Srivers
where the proportion of groundwater that would be required to meet
theaccessneeds of dense populations and agricultureis relatively high,
such as the Yellow and Indus Rivers (Fig. 1b).
Therearel.4billionpeoplelivinginriver basins where demand-side
transformations would be needed to meet the safe and just ESB for
surface water (groups 4 and 7; Fig. 4). These include the Mekong and
Niger River basins (Fig. 3) that are currently outside the safe and just
ESB for surface water, despite having sufficient surface water flows to
meet access needs, while groundwater recharge has been declining
(group 4). Group 7 river basins are currently within the surface water
ESB but do not have sufficient surface water flows to meet access needs,
and groundwater recharge has been declining. The remaining 1.5 bil-
lion people live in river basins where a mix of transformations would
berequired as thereisinsufficient surface water to meet access needs
and the level of flow alteration is already beyond the ESB for surface
water (groups 6 and 8). Those living in group 6 river basins, which
include the Yellow and Indus Rivers (Fig. 3), could potentially increase
groundwater use as annual recharge has not been declining in recent
years. However, groundwater recharge has been declining in group
8river basins, which include the Chao Phraya River (Fig. 3), probably
necessitating more substantive transformations in water use.

Discussion
We have conducted an analysis of the safe and just ESBs for blue water
inthe context of minimumaccess needs of populations. Indoing so, we

identified the river basins where basic water needs for all people could
be met with surface water from within the river basin while staying
within the safe and just ESB, supporting about two-thirds of the world’s
population. In the river basins where this would not be possible, we
showed what proportion of groundwater recharge would be required
tomeet basic water needs and stay within the surface water ESB. We also
showed that many parts of the world currently face declining ground-
water recharge, illustrating the challenge of meeting the basic water
needs of humansin achanging climate. In synthesizing this information
with the currentlevel of surface flow alteration (Supplementary Infor-
mation), we identified where additional demand- and/or supply-side
transformations could be mobilized to meet equal levels of minimum
access needs for all humans and stay within the safe and just ESBs.
Our findings build on previous research on water scarcity by inte-
grating the blue water required to provide minimum access to basic
human needs while staying within the safe and just ESBs for blue water,
based on environmental flow requirements. The outcome will differ
fromthose of previous water scarcity assessments that have used lower
environmental flow requirements or derived human needs using other
methods. Ithasbeenargued that the approach used here for the surface
water ESB is too stringent for water scarcity assessments®®; however,
there is growing evidence that surface flow alterations beyond this
level substantially impact aquatic ecosystems and the services they
provide”. Many previous water scarcity studies used indices such as
populationand existing cropland distribution to define the blue water
requirements for people®®. Others used the food production required
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Blue-shaded river basins have
enough surface water to meet
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Fig. 3| Classification of river basins in the context of the ESBs. The eight groups of river basins as defined by the status of their surface water and groundwater with

respect to the safe and just ESBs (Fig. 4).

Is there sufficient surface water
to meet all needs and stay
within the surface water ESB?

Is groundwater recharge

volume stable over the deyl?r:ing
period 2003-2016?
Is the surface water ESB N Y
currently exceeded? © es
Group 1 Group 2
Global 1,719 (0.22) 1,802 (0.23)
Africa  220(0.16) 344 (0.25)
Asia 1,180 (0.25) 918 (0.19)
Australia 11(0.5) 0.2 (0.01)
Europe 145 (0.2) 195 (0.27)
North America 68 (0.11) 206 (0.33)
South America 88(0.2) 138 (0.31)
Transformations: supply side °

Transformations: demand side

Fig. 4 | Populations in each group of river basins. Populations living in different
river basins, classified according to (1) whether there should be sufficient
(unaltered) surface water flows to meet all needs at access level 2, (2) whether
groundwater recharge is stable or has been declining over the period of record
and (3) whether we are inside or outside the surface water ESB on an annual

basis based on current surface water flows (Supplementary Fig. 1a). Populations

Yes

No
Declining Not Declining
declining
No Yes No Yes No Yes
Group 3 Group 4 Group 5 Group 6 Group 8
662 (0.08) 866 (0.11) 854 (0.11) 960 (0.12) 578 (0.07)
244 (0.18) 28 (0.02) 195 (0.14) 213 (0.15) 20 (0.01)
245 (0.05) 747 (0.16) 374 (0.08) 549 (0.12) 544 (0.11)
7(0.35) 0.016 (0.0003) 2(0.07) (o] (o]
128 (0.18) 36 (0.05) 23(0.03) 19 (0.16) 6(0.01)
17 (0.03) 53 (0.08) 150 (0.24) 41(0.06) 2(0.003)
21(0.05) 2(0.005) 109 (0.25) 39 (0.09) 6(0.01)
[ ] [ ] [ ]
[ [ ] [ ] [ ]

are estimated globally and by continent. Population numbers are in millions,

and numbers in parentheses show the proportion of the total population,
globally and within each continent, in each group. Blue dots indicate the type of
transformations that are probably required to meet minimum access needs while
meeting the safe and just ESBs. See Figs. 1-3 and Supplementary Fig. 1a for the
full-size versions of the maps on the left.

for a healthy diet for all people to determine blue and green water
requirements®>°, and including both water sources is increasingly
recognized as anintegral component of water scarcity assessments™.
While our study focused on blue water only, we included additional
demands on blue water to meet basic human needs for food, infra-
structure and energy. The inclusion of such a broad range of blue
water demands in concert with ecologically defined ESBs points to
the potential demand- and supply-side transformations that may help
river basins move inside the ESB.

Demand-side transformations could include a transition to less
water-intensive foods and other products that are produced in the

local river basin for domestic consumption and export®. They could
also include improvements in the efficiency of water use within the
river basins including reducing leakage in urban water distribution
systems, and particularly in agricultural production, which accounts
forapproximately 70% of flow alterations globally*’. There is substantial
uncertainty inglobal estimates of irrigation efficiency®*, and observed
improvements have not always been accompanied by reductions in
water use, indicating that transformative policies, such as progressive
pricing on water use, need to be accompanied by suitable regulatory
frameworks and improved water accounting®. Nonetheless, there
are still many opportunities for further improvements in irrigation
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efficiency around the world but particularly in river basins in south
Asiaand sub-Saharan Africa®® thatare currently exceeding the surface
water ESB. Demand-side improvements such as these can also reduce
some of the supply-side challenges.

Supply-side transformations for domestic water supply could
include atransition to different sources of water, such as local ground-
water, safely treated recycled water or inter-basin transfers from more
water-abundant river basins (providing that the source basin would
remain within the ESBs and the risks to biodiversity from accidental
translocation of invasive species are managed effectively). Supply-side
transformations to meet basic food needs with reduced surface water
and groundwater demand could include greater reliance on the agri-
cultural use of green water, which is the water that is naturally avail-
able in the root zone (noting that the planetary boundary for green
water may have already been transgressed'®), and other sources such
asrecycled water to reduce alteration of local blue water flows. Inevi-
tably, these transformations come with economic, environmental
and social costs and risks, such as the increased costs of groundwater
pumping and the subsequent risk of overuse of subsurface waters™.
Moreover, such changes will have to grapple with existing property
rights regimes to water in many parts of the world*® that allocate water
resources to landowners, permit holders and contractual parties but
may stand in the way of redistributing water from one use to another,
to those without access and from one user to another. Guaranteeing
procedural justice, which highlights the inclusion of all stakeholders,
including Indigenous peoples, and consideration of ecosystem needs
forinterspecies justice” in such transformations will be key.

Transforming blue water use among different supplies and needs
in river basins that are already outside the ESBs will most probably
require a mix of supply- and demand-side transformations. In many
basins, supply-side transformations to use more groundwater may
help meet the surface water ESB; however, in doing this, they may risk
transgressing the groundwater ESB. The ESB for groundwater does not
prescribe avolume of extraction that can occur, only that total annual
drawdown should not exceed long-term average annual recharge. This
necessitates local-scale monitoring, missing in many regions, to deter-
mine levels of extraction, given the groundwater recharge from the
previous year. Meeting this boundary should ensure that extraction of
groundwater does not further alter surface water flows, ariskin regions
where return flows from extraction are low*’, and complements a pre-
viously defined presumptive standard for groundwater extraction*°.

The analyses in this study focus on demand for blue water that
arises from within local catchments, which is water for domestic use
andasaninputinthe production of goods that takes place in the same
catchment. We did not integrate virtual (also termed embodied)
blue water flows, which are movements between locations through
the export and import of products derived from and containing
blue water*'. Many water-scarce regions import food produced in
water-abundantregions to supplementlocal production*’. Analyses of
blue water flows show that around 15-30% of water used in agricultural
productionis exported to other river basins and countries®. Thisis very
unevenly distributed, with arelatively small number of countries and
agricultural products accounting for alarge proportion ofinternational
virtual water trade**. Although virtual water movement may result in
blue and green water savings at the global scale®, it can contribute
substantially to the alteration of flows in some parts of the world**. As
such, transformations based onvirtual water trade tobring ariver basin
inside the ESBs, such as a transition away from water-intensive exports,
may not necessarily solve problems of water scarcity elsewhere.

Transformations via virtual water trade will be critically important
inlarge cities, where safe and just allocations of blue water are unlikely
tobe sufficient to meet minimum access needs*® and local agricultural
productionis very limited. Such transformationsinevitably come with
inherent costs, which arelikely to be incremental and require strategic
development in the local context". Local-scale assessments can help

identify suitable potential transformations that canaccommodate the
costs of water supply based on water availability and infrastructure
costs. For example, our analysis shows that Beijingisinariver basinin
the highly populousregion of the North China Plain where thereisinsuf-
ficient surface water to meet minimumaccess needs from thelocal river
basin while remaining within the ESB. The basinis already outside the
surface water ESB and groundwater recharge has been declining. This
suggests that the integration of supply-side and demand-side transfor-
mations would be required to live within the safe and just ESBs while
meeting the needs of the population. A recent optimization showed
how a different allocation among various water sources, including
local surface water and groundwater, inter-basin transfers and virtual
water, could be used to meet the demand of the different sectors in
the city while minimizing costs of water supply*®. Approaches such as
these canbe applied with the additional constraints of the safe and just
ESBs for blue water to identify avenues to meet access needs without
transgressing the ESBs; however, to ensure just as well as safe outcomes,
they must be grounded in principles of Earth system justice”.

Thebasis of the total blue water requirement for accesslevelsland2
is household water consumption, irrigation required for agriculture,
water required for household energy production and water embodied
inhouseholdinfrastructure (Table 2)*°. Absent from these calculations
are other important water demands that are necessary to improve
incomes and livelihoods, such as water use for agricultural exports,
manufacturing and industry, educationand hospitals. As such, we have
under-estimated the number of river basins that do not have sufficient
water available to meet minimum access needs and remain within the
ESBs. River-basin-scale decision-making on water use and supply must
accommodate awider array of needs such as energy production, which
caninvolve substantial flow alteration under hydroelectric schemes*,
as well as treatment of poor water quality that effectively reduces
water availability and impacts aquatic ecosystems. These additional
human needs, along with the extent to which current flow alterations
have already led to a global water crisis®, emphasize the importance
oftransformations to water supply and demand. Achieving the practi-
cal, basin-scale transformations discussed here will require adramatic
shiftinthe way waterisvalued, with transformations to the policy and
regulatory frameworks that govern water™.

Meeting the safe and just ESBs for alldomains of the Earth system
is going to be challenging, and blue water offers a unique challenge
giventhatitis essential to human survival and the current inequalities
inaccess to water. The ESBs for blue water were developed to protect
the Earth system and the ecosystem services that aquatic ecosystems
provide to humans. Meeting them will require radical and systemic
transformations of human systems, including renegotiation of inter-
national water-sharing agreements as well as education of the public
and policymakers, to ensure that the basic needs of all people can be
metand that thereis water available for sustainable development. This
isincreasingly pressing given the ongoing challenges to Earth system
stability including projected population growthand increasing urbani-
zationand the hydrologicalimpact of climate change and subsequent
impact onaquatic ecosystems. Nonetheless, it is essential to ensuring
asafeand just future for all people and the planet’s blue water systems.

Methods

We have used a series of analyses to operationalize the safe and just
ESBs for blue water. The first was to quantify, based on the estimates
of minimum access needs from a previous study”, whether we have
sufficient surface water flows to meet the minimum water needs of
all people relying on local surface water alone and help them escape
poverty. The second was to quantify what proportion of groundwa-
ter recharge we would need to draw on to meet human needs while
respecting the surface water ESB. The third was to quantify the trend
inannual groundwater recharge and annual rainfall volumes to identify
regions where the trend of annual groundwater recharge isin decline.
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Table 2 | Minimum water needs defined by a previous
study?° to maintain a dignified life and to escape from
poverty

Water demand metric Litres per capita Litres per capita

per day per year
Domestic, access level 1(dignity) 50 18,250
Domestic, access level 2 100 36,500
(escape from poverty)
All needs, access level 1(dignity) 292.85 106,890
All needs, access level 2 405.67 148,069

(escape from poverty)

Finally, we combined the first and third of these analyses with a
global-scale quantification of where we are already outside the ESBs
for surface water to derive the classifications of each river basin accord-
ing to the different types of supply-and demand-side transformation
that may be necessary.

We used the two levels of access to blue water® required for basic
human needs. These estimates were based on daily domestic water use
and water required for energy, infrastructure for housing and mobility,
and the blue water footprints of key crops to meet basic needs for food.
Thetwo levels of daily domestic water use considered here are aminimum
(50| per person per day) required to maintain basic dignity (not just
survival) and a slightly higher level (100 | per person per day) required
to escape from poverty. These were derived from the intermediate and
optimal level of access for daily domestic needs, including sanitation,
defined by the World Health Organization?”. Including the blue water
requirements to meet access needs for food, energy and infrastructure®
increases this to 293 | per person per day (level 1) and 406 | per person
per day (level 2). Billions of people do not have access to this basic level
of water, but many others use much more, with the global average water
usearound1,500 I per person per day”’. Meeting all water requirements
for domestic, industry, food (adequate diet of 2,500 kcal per person per
day) and energy equally for allwould require more than twice this volume,
butnote that this would be derived fromacombination of blueand green
sources'®. Here we analyse the blue water component only.

We converted the two levels of daily water needs® to total annual
per capita volumes of water required for basic human needs (Table 2,
adapted from a previous study?®’). The two access levels of ‘all needs’
represent the demand onthe hydrological cycle and include the same
domestic needs and the volume of water required to produce food,
energy and infrastructure at the two access levels. See ref. 20 for the
fullmethodology used to derive these numbers.

1. Surface water flows to meet minimum human needs

We compared the volume of water that was available under the
safe and just ESB at the river basin scale with the different volumes of
water to meet human needs.

The daily per capita water needs were converted to spatially
distributed gridded annual volumes by multiplying the demand met-
rics by a distributed population dataset for 2020°? and then summed
overriver basins. Long-term mean annual discharge and available sur-
face water discharge at the basin mouth are used to define integrated
water flows for the river basins. Where the annual alteration budget
under the ESB for surface water was greater than the per capita water
needs for the resident population, we determined that it is possible to
meet human needs from water within that river basin while meeting the
ESB. Where the annual alteration allowed under the ESB was less than
the per capitawater needs for the resident population, we determined
that it is not possible to meet human needs from water within that
river basin while meeting the ESB, creating a ‘safe water deficit’. For
the purposes of this analysis, we made no assumptions around water
storage capacity or monthly alteration levels that would be required
to meet these human needs.

2. Groundwater for meeting human needs

Inriver basins where we cannot meet safe water needs with surface
water from within the basin, we may be able to rely on groundwater
recharge to meet these needs. To quantify the extent to which ground-
water recharge would be required, we converted safe water deficits for
‘Allneeds’ at access level 2 to a proportion of the total annual ground-
water recharge. We summed groundwater recharge volumes over river
basins for these basin-level calculations. We calculated the proportion
of groundwater needed to meet the safe water deficits astheratio of the
‘safe water deficit’ and the ‘average annual recharge volume’.

3. Estimating groundwater recharge volumes in decline

We identified pixels, and then river basins, where groundwater
recharge volume was in decline by quantifying the annual recharge
inagiven pixel and then quantifying the trend in the annual recharge.
Attheriver basin scale, we calculated the average trend of all pixelsin
eachriver basin to define the status of whether recharge has been in
declineinthatbasin or not. We accompanied this with similar analyses
of annual rainfall volumes to identify where declining groundwater
recharge volumes are associated with declining annual rainfall.

4. River basins outside the surface water ESB

We identified river basins that are already outside the safe and
just ESB for surface water by comparing modelled observed (altered)
monthly flows with modelled pristine (unaltered) monthly flows. We
calculated 20% of the long-term mean annual pristine flows at grid
cells throughout global river networks as a spatially distributed vol-
ume of annual alteration that is within the safe and just ESB, leaving
80% of annual flows unaltered to protect aquatic ecosystems and
the ecosystem services they provide. To quantify the extent to which
river flows are outside the safe and just ESB in a given river basin, we
first calculate the number of monthsin ayear when the contemporary
altered flows are more than20% different from pristine flows using the
long-termmeangridded discharge data. We then represent these data
as the proportion of months in a year with more than 20% difference
for each grid cell in the global river networks. For the purposes of the
spatial analyses, we defined ariver basin as being outside the safe and
just ESBwhen the long-term mean observed total annual discharge at
theriver mouth was more than 20% different fromthe long-term mean
pristine total annual discharge'. We used total annual discharge for
this analysis for comparison with the groundwater ESB, which is on
anannual time step.

We identified regions that were outside the safe and just ESB for
groundwater by comparing thelong-termtrendingroundwater storage
volumes. Regions where the average annual drawdown exceeded the
average annual recharge showed an ongoing decline in groundwater
storage and were defined as being outside the safe and just ESB for
groundwater.

Global surface water hydrology

We derived the pristine and altered monthly river flow datasets from
the water balance model (WBM) river discharge outputs® at a 6 min
grid-cell resolution using the TerraClimate high-resolution dataset of
monthly climate forcings™ for the period 2000-2020 using Python
version 3.9.7. River basin delineation and flow routing configurations
are defined by the WBM 6 min topological river network used to estab-
lishlocal discharge and river flow*. The pristine and altered WBM runs
use the same climate forcings for the2000-2020 time period, but the
altered runs use human alterations to the water cycle, including water
extraction for irrigation and large reservoirs as an indicator of flow
alteration. As the WBM disturbed model runs do not include smaller
alterations not associated with dam operations, such as direct extrac-
tion for stock and domestic water, we may under-estimate the extent
to which a given basin is outside the surface water ESB. Nonetheless,
the modelled long-term mean contemporary global annual discharge
0f 38,000 km*under this scenariois consistent with other results from
the literature®-°,
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Long-term mean monthly discharge is calculated for the modelled
pristine (non-human impacted) and altered (human impacted) dis-
charge from the WBM over the 2000-2020 time domain to determine
the extent of altered flow. The analysis is limited to only the perennial or
actively flowing river extents by applying a3 mm yr™ upstream monthly
average runoff exceedance threshold* occurring for at least 10 years
out of the 2000-2020 time domain. We also mask out upstream
headwater areas (smaller than 250 km?) that have modelledirrigation
depths below the median irrigation depth for small headwater cells
(3.6 mmyr™). This mask is applied to eliminate noise in the modelled
dataassociated with very low irrigation and discharge values in head-
water grid cells. The river network and river basin extents, including
the continent definitions, are given by the WBM*>*, with the naming
convention taken from the Global Runoff Data Centre Major River
Basins of the World*®. We used QGIS version 3.38.8 for mapping and R
version 4.2.1and Excel 365 to summarize the data tables.

Global groundwater dynamics

Hydrological measurements of volumetric changesin aquifer storage
arecritical in assessing groundwater status, but these measurements
are considerably limited in several regions of the world'™. Given that
theaquifersinsomeregionsare typically not monitored, global-scale
assessments of baseline aquifer volumes are difficult. To circumvent
this, the Gravity Recovery and Climate Experiment (GRACE®) mission
hasbeen used to track changesinseveral large aquifer systems around
the world®°. In this study, changes in groundwater were quantified
using the GRACE data covering the period 2003-2016 (data files are
accessed at http://www2.csr.utexas.edu/grace/RLO6_mascons.html).
GRACE measures monthly changes in terrestrial water storage (TWS),
which is the sum of soil moisture, groundwater, surface water, snow
water and canopy storage and is expressed as:

TWS = SMS + GWS + SWE + SWS + CS (1

where SMS is the soil moisture storage change, GWS is the change in
groundwater storage, SWE is the change in snow water equivalent,
SWSis the change in surface water storage (that is, inland surface and
reservoir storage) and CS is the water storage change in canopy. To
quantify GWS, equation (1) was rearranged such that SMS, SWE and CS,
which are model-derived outputs from the Global Land Data Assimila-
tion System (GLDAS) Noah Land Surface Model L4 v2.1 (ref. 61), were
subtracted from TWS. Hydrological outputs (for example, SMS, SWE
and CS) obtained from model simulations may be characterized by
large uncertainties owing to inadequate in situ data for calibration
and parameterization, as well as the presence of strong interannual
and seasonal variability in surface reservoirs and snow- and ice-cap
storage in some regions. In some regional groundwater studies, the
effects of interannual changes in surface water component, such as
those from major lakes and reservoirs, are significantly strong and have
been reasonably managed and removed from the GRACE-observed
TWS using data reconstruction and synthesized kernel functions®>®,
However, aglobal-scale groundwater processing protocol or the isola-
tion of surface water footprint from the GRACE hydrological water col-
umn using model simulation is rather impracticable and not feasible.
Alternatively, the water storage components (SMS, SWE, SWS) inequa-
tion (1) have been captured in the WaterGAP Global Hydrology Model
(WGHM)®*, and directly subtracting these WGHM outputs from TWS
will resultin groundwater changes. The uncertainties in these WGHM
water storage components are unknown and arguably could amplify
the estimated groundwater changes from TWS, especially in regions
where WGHM outputs performed poorly (for example, refs. 60,63).
To cushion the effect of such errors and uncertainties that may be
propagated from this approach, much of the regions with substantial
inland surface water storage changes (for example, Caspian Sea, Black
Sea, Lake Victoria and other significant water bodies) were masked out

(regions with no groundwater signal). In addition, uncertainties caused
by residualice and snow cover fromareas (for example, Patagonia, Alaska,
the Himalayas, the Swiss Alps) with large variations were minimized by
masking such regions using the world distribution of glaciers and ice-cap
extents (geospatial data layer showing boundaries of such glaciers). This
decisionacknowledges the higher uncertaintiesin the simulations of these
quantities by the GLDAS model. Furthermore, someglaciers are smalland
maybe obscured, butabufferzone of 1°was created to help flagand remove
suchglaciers. Overall, thegroundwater estimation process hereisbased on
thewater budgetapproach, which hasbeenwidely usedin GRACE-derived
groundwater storage studies (for example, refs. 65,66). There are several
GRACE-TWS products available from different providers, but the TWS data
used in our study are a mass concentration (mascon) product (GRACERL
06 version 02) obtained fromthe Center for Space Research. These mascon
productsare preferred toother GRACE solutions (for example, those based
onspherical harmonics) as they exhibit less signal leakage and a posteriori
filtering is unnecessary as the mascon product relies on geophysical con-
straints to suppress noise in the data (for example, ref. 67).

The estimated annual recharge volume used in this study was based
on the time series of groundwater anomalies. For each groundwater
pixel, annual recharge was calculated by quantifying the difference
between the maximum groundwater depth in a given year and the
shallowest observation of the preceding year (Supplementary Fig.
3). The annual recharge depth at each GRACE pixel was converted to
avolume by multiplying the area of the pixel. As such, our estimate of
annual recharge volume is the net of aquifer discharge, recharge and any
groundwater abstraction that may have occurred at a given location.
Accurate assessment of recharge using modelling techniques and chlo-
ride mass balance could be challenging because groundwater recharge
is governed by complex interactions, including the relationship of
climate change (for example, prolonged drought) and human water
abstraction with land surface conditions (for example, increased evapo-
transpiration), geology and differences in water yield, among other
factors. However, we found that our recharge estimates broadly aligned
with some proposed estimates in the literature and other reports®,

Areas categorized as under risk of groundwater stress (that is,
groundwater storage being in decline) were identified by computing
the difference between the estimated annual recharge and drawdown
(SupplementaryFig. 1b). Using the aggregated monthly groundwater
data, drawdown was quantified as the maximum groundwater values of
aspecific yearless the observed minimum values of the following year.
Notably, this drawdown varies in time and space and could be human
or climate driven. The spatial distribution of trends in the time series
of global annual recharge and groundwater storage (Supplementary
Fig.1b) was estimated using the least squares approach.

Trends in annual rainfall volume

The trends (mm yr™) in annual rainfall were based on monthly Global
Precipitation Climatology Centre (GPCC) precipitation data (mm). The
GPCC-based precipitation is one of the widely used gridded rainfall
products because it consists of quality-controlled observational data
from 67,200 gauged stations worldwide®. The GPCC dataare available
ona0.25°spatial resolution and were accessed from the NOAA reposi-
tory (https://psl.noaa.gov/data/gridded/data.gpcc.html). The monthly
grids (spatial and temporal dimensions) of GPCC rainfall were gener-
ated fromthe scientific file format (popularly called Network Common
Data Form) and accumulated to annual values using scripts writtenin
Matlab R2018A version, underpinned by the Mapping and Aerospace
Toolboxes. The least squares approach was then used to estimate
the trends in the time series of the annual rainfall data for the period
between 2002 and 2016, consistent with other dataused in this study.

Methodological limitations
The volumes of water required to meet daily needs include a mix of
consumptive and non-consumptive uses. The blue water footprints
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used to calculate water needs for food production are consumptive
footprints based on net extraction, deducting return flows from
withdrawals, but water access for daily domestic use is based on
withdrawals and does not account for return flows. While this means
that some of this water may be returned to the river and may result
in an inconsistent estimate of the volumes of water extracted from
surface water flows over time, it will result only in an under-estimate
of theimpact of the initial alterations against the surface water ESB.
This is because the surface water ESB is about the extent of flow
alteration, not consumptive use. Alterations of flow are known to have
significant ecological impacts regardless of whether flows return to
the river downstream or at a later time. For instance, the timing and
duration of return flows reaching the channel vary and do not neces-
sarily preventa change to the timing of peak flows and the duration of
low flows due to the initial flow withdrawal (for example, at the river
basin scale’® and at the global scale™). These peak-flow and low-flow
events are often critical flow events upon which aquatic ecosystems
rely’>”*. In addition, we do not include water quality in the surface
water ESB, and it is common for return flows to have lower water
quality without local remediation (for example, ref. 74), which will
alsoimpactaquatic ecosystems. As such, the return flows themselves
are not necessarily a substitute for naturally flowing river flow that
delivers aquatic ecosystem services and we probably under-estimate
theimpact of the consumptive water footprints for food production
because they will come from a higher level of flow alteration than the
consumptive use alone would indicate.

We have conducted this study on an annual basis to align the tem-
poralresolution of the two blue water ESBs. The ESB for groundwater is
defined onan annual basis, that average annual drawdown due to both
natural seasonal declines and anthropogenic extraction should not
exceed average annual recharge. However, the ESB for surface water
is that flow alterations due to anthropogenic causes in a given basin
should not exceed 20% of natural flows each month. Aggregating flow
alterations to an annual time step allowed us to make direct compari-
sons with the groundwater ESB; however, the temporal nature of viola-
tions of the surface water ESB (Supplementary Fig.1a) is not apparent.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The groundwater data were derived from GRACE (http://www2.csr.
utexas.edu/grace/RLO6_mascons.html) and the GLDAS (https://disc.
gsfc.nasa.gov/datacollection/GLDAS_NOAHO025 3H_2.1.html). Annual
rainfall data came from the GPCC precipitation data (mm) available
at https://psl.noaa.gov/data/gridded/data.gpcc.html. The data for
the surface water hydrology were derived from existing published
datasets™”’.

Code availability

The code for the groundwater recharge, rainfall and groundwater
data processing in this paper is available at https://doi.org/10.5281/
zenodo.8361529. The code for surface water hydrology data processing
in this paper is available at https://doi.org/10.5281/zenodo.8343035.
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The groundwater data were derived from the Gravity Recovery And Climate Experiment (http://www?2.csr.utexas.edu/grace/RLO6_mascons.html) and the Global
Land Data Assimilation System (https://disc.gsfc.nasa.gov/datacollection/GLDAS_NOAHO025_3H_2.1.html). Annual rainfall data come from the Global Precipitation
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derived from existing published datasets cited in the manuscript.
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Research sample Global scale river basin analysis, which is the scale of the sub-global Earth system boundaries.
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Data collection Surface water hydrology were generated by Pamela Green who extracted data from the WBM Water Balance Model. Groundwater
hydrology data were generated by Christopher Ndehedehe who extracted the relevant data from the GRACE satellite and the GLDAS
hydrology models.

Timing and spatial scale  The timing of the surface water hydrology data was monthly 2000-2020 (summarised to the annual timestep) and monthly from
2003-2016 for the GRACE data. The surface water hydrology data was generated on a digital river network with pixels at the 6 arc-
minute scale. The groundwater data was generated at a quarter degree scale. These data were then summarised to the river basin

scale as described in the Methods.

Data exclusions No data were excluded.

Reproducibility The underlying source data were compared with other available data sources in the paper by Rockstrom et al. 2023, https://
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