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Abstract. Population growth will in many regions increase the pressure on water resources and likely increase
the number of people affected by water scarcity. In parallel, global warming causes hydrological changes which
will affect freshwater supply for human use in many regions. This study estimates the exposure of future population to severe hydrological changes relevant from a freshwater resource perspective at different levels of global
mean temperature rise above pre-industrial level (1Tglob ). The analysis is complemented by an assessment of
water scarcity that would occur without additional climate change due to population change alone; this is done
to identify the population groups that are faced with particularly high adaptation challenges. The results are
analysed in the context of success and failure of implementing the Paris Agreement to evaluate how climate
mitigation can reduce the future number of people exposed to severe hydrological change. The results show that
without climate mitigation efforts, in the year 2100 about 4.9 billion people in the SSP2 population scenario
would more likely than not be exposed to severe hydrological change, and about 2.1 billion of them would be
faced with particularly high adaptation challenges due to already prevailing water scarcity. Limiting warming to
2 ◦ C by a successful implementation of the Paris Agreement would strongly reduce these numbers to 615 million
and 290 million, respectively. At the regional scale, substantial water-related risks remain at 2 ◦ C, with more than
12 % of the population exposed to severe hydrological change and high adaptation challenges in Latin America
and the Middle East and north Africa region. Constraining 1Tglob to 1.5 ◦ C would limit this share to about 5 %
in these regions.

1

Introduction

Within the 2030 Agenda for Sustainable Development of
the United Nations (United Nations, 2015), “access to clean
water and sanitation” is one of the 17 sustainable development goals (SDGs). For other SDGs, such as “zero hunger”
and “affordable and clean energy”, access to sufficient water resources is a precondition (International Council for Science, 2017). Already today, more than 2 billion people live
in countries where total freshwater withdrawals exceed 25 %
of the total renewable freshwater resource (United Nations,
2017). Population increase and economic development are

expected to further increase pressure on water resources leading to enormous challenges for water resource management
to maintain or increase water supply. Climate change potentially aggravates this challenge in some regions by altering
precipitation patterns in time and space, increasing atmospheric demand, or accelerating glacial melt, to name just
a few. Such changes can lead to a reduction in total physical
water availability, but also a change in the flow regime, which
may lead to more frequent or more severe drought events
or an increased risk of flooding (Döll and Schmied, 2012).
All these changes affect water supply management and will
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make meeting the demand and achieving SDGs more costly
or impossible.
As of April 2017, 194 countries responsible for > 99 %
of global greenhouse gas emissions have signed the Paris
climate agreement that aims at “holding the increase in the
global average temperature to well below 2 ◦ C above preindustrial levels and pursuing efforts to limit the temperature
increase to 1.5 ◦ C above pre-industrial levels” (UNFCCC,
2015). However, the Intended Nationally Determined Contributions submitted by countries so far are insufficient to
achieve this goal, probably leading to a median warming of
2.2 to 3.5 ◦ C by 2100 if no further efforts are taken (Rogelj et al., 2016). With the announced withdrawal of the US
from the agreement and all major industrialized countries
currently failing to meet their pledges (Victor et al., 2017),
even a more extreme warming cannot be ruled out. It is therefore timely to assess the climate change impacts associated
with a success (limit warming to 1.5 or 2 ◦ C) and a failure
of the Paris Agreement (exceeding 2 ◦ C). The purpose of this
study is to provide such an assessment for the water sector
by systematically quantifying hydrological changes relevant
from a freshwater resource perspective at different levels of
global warming between 1.5 and 5 ◦ C above pre-industrial
levels in steps of 0.5 ◦ C. The most extreme level of 5 ◦ C
thereby marks an upper boundary consistent with the median
warming for a scenario without climate policy (3.1–4.8 ◦ C;
Rogelj et al., 2016).
Unlike most global assessments of climate change impacts
on water resources, which have employed a measure of water stress like the water crowding index (WCI; Falkenmark,
1989) or the withdrawal-to-availability ratio (WTA; Raskin
et al., 1996), here we analyse hydrological changes relevant
from a water resource perspective directly. This allows us to
focus on climate-induced hydrological change alone (unobscured by the effects of population change) and to include
aspects of hydrological change important from a water resource perspective other than mean annual discharge (MAD),
on which both WCI and WTA are based. In order to gain
a detailed and comprehensive understanding of changes in
the water sector, this study analyses climate impacts with respect to a decrease in mean water availability, growing prevalence of hydrological droughts, and an increase of flooding
hazards. To estimate these hydrological changes, three key
metrics are used to assess flow regime changes: (i) MAD,
(ii) the average number of drought months per year (ND),
and (iii) the 10-year flood peak (Q10). Severe hydrological
change is defined as crossing a critical threshold (defined below) for at least one of these key metrics. By combining these
changes with spatially explicit population projections consistent with shared socio-economic pathways (SSPs; Jones and
O’Neill, 2016), the number of people exposed to severe hydrologic changes is estimated for each level of 1Tglob .
However, looking at the total number of people affected
by severe hydrological change provides only limited insights
into the consequences of severe hydrological change and the
Earth Syst. Dynam., 10, 205–217, 2019

challenges for adaptation. These are greatly determined by
the underlying population-driven water-scarcity level; that
is, when options for supply-side management are exhausted
or become too costly under water-scarcity conditions, the
focus of water management has to shift towards demand
management (Falkenmark, 1989; Ohlsson and Turton, 1999).
Thus, adaptation to severe hydrological change under already
water-scarce conditions will also have to involve demandside management strategies to prevent negative social and
economic consequences. Because demand-side options are
complex and their implementation is faced with behavioural,
economic, political, and institutional obstacles (Kampragou
et al., 2011; Russell and Fielding, 2010), adaptation to severe hydrological change is more challenging under already
water-scarce conditions. To account for this aspect, we apply
the WCI to estimate the future population pressure on water resources under the assumption of no climate change and
jointly analyse climate-induced severe hydrological change
and population-driven water scarcity.
2
2.1

Methods
Population scenarios

For the estimation of future population affected by severe hydrological change and to calculate WCI, we use spatially explicit population projections from Jones and O’Neill (2016,
2017). These are based on the SSP national population projections (KC and Lutz, 2017) and have been downscaled
making additional assumptions on urbanization consistent
with the respective SSP storyline. The five SSP storylines are
designed to cover a broad range of future socio-economic development pathways with plausible future changes in demographics, human development, economy, institutions, technology, and environment (O’Neill et al., 2017). However,
they do not account for the impact of climate change on development pathways. For this study we only use the population projections of the SSPs. The analysis focuses on the
middle-of-the-road scenario SSP2 (with a total population of
9.0 billion in 2100), but we use the other scenarios (with a
total population between 6.9 and 12.6 billion in 2100) to test
the sensitivity of our findings to different population scenarios.
2.2

Climate scenarios

In order to systematically assess climate change impacts on
freshwater resources, we use the PanClim climate scenarios described in Heinke et al. (2013a). The dataset consists
of 8 different scenarios of 1Tglob obtained with the MAGICC6 model (Meinshausen et al., 2011) based on greenhouse gas emissions that result in a range of warming levels above pre-industrial (∼ 1850) conditions from 1.5 to
5.0 ◦ C in steps of 0.5 ◦ C in 2100 (2086–2115 average). For
each 1Tglob pathway, the local response in climate variwww.earth-syst-dynam.net/10/205/2019/
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ables is emulated for 19 different general circulation models
(GCMs) from the Coupled Model Intercomparison Project
Phase 3 (CMIP3) ensemble using a pattern-scaling approach.
In so doing, normalized climate anomalies (changes per
1.0 ◦ C of 1Tglob increase) of temperature, precipitation, and
cloud cover for each month of the year in each 0.5◦ × 0.5◦
grid cell are obtained by linear regression between time series of climate variables and the corresponding time series
of 1Tglob . The unexplained variance of these linear models
is in the same order of magnitude (temperature and cloud
cover) or only slightly larger (precipitation) than inter-annual
variability in the pre-industrial control run without anthropogenic forcing, indicating that most of the climate change
information is captured by the obtained patterns. The normalized climate anomalies are used to calculate local climate anomalies for any given 1Tglob relative to the year 2009
(when 1Tglob was 0.9 ◦ C above the pre-industrial level).
These local climate anomalies were then applied to monthly
reference time series of local climate that represent average
conditions and variability in 2009.
A total of 152 climate scenarios (8 1Tglob pathways × 19
GCM patterns) for the period 1901–2115 are obtained. Up to
the year 2009, time series are based on mean air temperature
and cloud cover from CRU TS3.1 (Harris et al., 2014) and
precipitation from the Global Precipitation Climatology Centre’s (GPCC) full reanalysis dataset version 5 (Schneider et
al., 2014). The reference time series for the period 2010–
2115, to which climate anomalies are applied, is created from
the historic datasets by random resampling with replacement.
Further details on the climate scenarios have been described
by Heinke et al. (2013a).
2.3

Impact model

For assessing the impacts of climate change on the hydrological cycle, we employ the LPJmL Dynamic Global Vegetation Model version 4 (LPJmL4) that simulates the growth of
natural vegetation and managed land coupled with the global
carbon and hydrological cycles (Schaphoff et al., 2018a, c).
The model has been extensively evaluated showing good performance in representing the global hydrological cycle (Rost
et al., 2008; Schaphoff et al., 2018b). LPJmL has been widely
applied in water resource assessments (Gerten et al., 2011;
Jägermeyr et al., 2016; Rockström et al., 2014; Steffen et al.,
2015).
For the simulations conducted here, the model is first run
without land use for a spin-up period of ∼ 5000 years using pre-industrial atmospheric CO2 concentrations and climate data from 1901 to 1930. This is followed by a second
spin-up of 390 years up to 2009, during which atmospheric
CO2 concentrations and climate vary according to historical
observations, and constant land use of the year 2000 is prescribed (Fader et al., 2010). All 152 scenario simulations are
initialized from this state, assuming constant land use over
the whole simulation period and atmospheric CO2 concentrawww.earth-syst-dynam.net/10/205/2019/
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tions consistent with the respective 1Tglob scenario (Heinke
et al., 2013a). All simulations are performed without direct
anthropogenic intervention on freshwater resources (water
withdrawals and dam operation) as their effects are assumed
to be captured by the WCI.
In addition to the 152 1Tglob scenarios one additional simulation for the period 2010–2115 is carried out using the reference climate data without any anomalies applied and with
constant atmospheric CO2 concentrations of the year 2009.
This simulation represents a no climate change setting for
which transient time series with inter-annual variability (but
without a general trend) are produced. This scenario is used
as the reference simulation for the comparison with the other
climate scenarios. Because the sequence of dry and wet years
is identical in all scenarios and the reference case, any differences between the scenarios and the no-climate-change reference simulation can be attributed to global warming. Within
this paper we analyse the 30-year time period from 2086
to 2115 in which the average temperature increase equals
1Tglob .
2.4

Hydrological change metrics

The focus of this study is on hydrological changes due to
climate change that are relevant from a water resource perspective. “Water resources” refers to “blue” water – the water that can be withdrawn from rivers, lakes, and aquifers,
and which can be directly managed by humans – as opposed
to “green” water, i.e. the soil moisture in the root zone from
local precipitation that can only be used by locally growing
plants (Rockström et al., 2014).
Here we use river discharge as an approximation of the
blue water resource. River discharge is simulated in LPJmL
by means of a linear storage cascade (Schaphoff et al.,
2018a) along a river network defined by the Simulated Topological Network (STN-30p) flow direction map (Vörösmarty
et al., 2000, 2011). The simulated discharge of a grid cell
includes all the water that enters the cell from upstream areas and all surface and subsurface runoff generated within
the cell. Although water is often withdrawn from lakes and
aquifers, no more than the possible recharge to these storages can be withdrawn over a prolonged period. Therefore,
river discharge as computed with LPJmL represents a good
approximation of the total renewable blue water resource
(excluding non-renewable fossil groundwater from aquifers
with very long recharge times).
Three metrics relevant from a water resource perspective,
i.e. mean annual discharge (MAD), the number of drought
months per year (ND), and the 10-year flood peak (Q10), are
calculated for each grid cell for the 8 levels of 1Tglob and
19 GCM patterns. Severe hydrological change is defined as
crossing a critical threshold for at least one of these three
metrics: a greater than 20 % decrease in MAD, an increase
of 50 % in ND, and an increase in Q10 by 30 % (further described below). Based on these results we determine the lowEarth Syst. Dynam., 10, 205–217, 2019
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est level of 1Tglob in each grid cell at which the thresholds
for each of the metrics are transgressed in more than 50 % of
GCM runs (at least 10 out of 19). This transgression in more
than 50 % of GCMs corresponds to the more likely than not
likelihood category used in IPCC AR5 (Mastrandrea et al.,
2011).
2.4.1

Mean water availability

Changes in MAD are used as a measure for changes in
mean water availability, assuming that a substantial decline
in MAD will make it difficult to satisfy existing and future
societal water demands with the existing water supply infrastructure. We define a decrease in MAD by 20 % or more
as a severe hydrological change that requires some form of
management intervention (either on the supply or the demand side). The same threshold was also used by Schewe
et al. (2014) to define severe decrease in annual discharge.
2.4.2

Hydrological drought

The occurrence of prolonged periods of below-average discharge, mostly initiated by inter-annual climate variability, is
referred to as hydrological drought. To provide stable water
supply to society, water supply systems are adjusted to seasonal variability and drought regimes. A substantial increase
in drought periods thus impairs the capability of existing water management infrastructure.
We apply a drought identification method proposed by van
Huijgevoort et al. (2012) to determine which months of a
monthly time series of river discharge are in drought condition. The method is based on a combination of the threshold
level method (TLM) and the consecutive dry month method
(CDM). The TLM method classifies a month as droughtstricken if discharge falls below a given threshold (here the
month-specific discharge that is exceeded 80 % of the time).
However, in ephemeral rivers a method that accounts for the
duration of dry periods is more appropriate since the TLM
would classify all months with zero flow as drought. We
adopt this combination of TLM and CDM from van Huijgevoort et al. (2012) but make some modifications to obtain
a more robust and plausible algorithm. First, a month-specific
discharge threshold is applied to identify drought months according to the TLM method. Then, if the TLM threshold is
zero and the number of drought months in a given calendar month (e.g. January) exceeds 20 %, the CDM is used
to determine which of the months with zero discharge can
be classified as drought months. To this end, the number of
preceding consecutive TLM droughts is determined for each
month with zero discharge in the given calendar month. Finally, a threshold is selected that retains only the months with
the longest preceding dry period so that the total number of
drought months in that calendar month is 20 %. The TLM
and CDM thresholds are determined from the reference simulation representing present-day climate conditions. These
Earth Syst. Dynam., 10, 205–217, 2019

thresholds are then used to estimate the number of drought
months for all climate scenarios. Note that the thresholds are
derived from and applied to the continuous 30-year time series, which allows for the detection of multi-year droughts.
We define an increase in the average number of drought
months per year (ND) by 50 % (i.e. from 20 % to 30 %) as a
severe hydrological change that will require an upgrade of
existing water management systems to maintain a reliable
water supply.
2.4.3

Flood hazard

All water supply infrastructure should be designed to withstand typical flooding events. A flood with a return time of
50–100 years (Q100) is typically used as a reference case
(Coles, 2001). However, spillways of critical infrastructure
such as dams and reservoirs are designed for even more severe flood events, with a return time of 1000 years or more
(Dyck and Peschke, 1995). An increase in the magnitude of
floods poses a serious threat to water management systems
with potentially disastrous consequences.
The magnitude of extreme events with long return periods
is usually derived from much shorter observed time series of
annual maximum floods by fitting a suitable extreme value
distribution (e.g. a Gumbel or generalized extreme value,
GEV, distribution; Coles 2001). The obtained extreme value
distribution is then used to extrapolate the magnitude of flood
events with long return periods. This procedure can also be
used to detect changes in the magnitude or the return time
of such events from two fitted extreme value distributions
(Dankers et al., 2013). However, fitting a GEV distribution to
5-day average peak flow estimates form LPJmL using L moments (Hosking and Wallis, 1995) gave good fits (p value
of Kolmogorov–Smirnov test > 0.9) in only about half of all
cases. In order to estimate the change in flood hazard for all
grid cells, we analyse changes in the magnitude of floods
with a 10-year return time (Q10), which are directly derived
by determining the 5-day average peak flow that is exceeded
in 3 out of 30 years (technically a return time of 10.33 years).
We use the cases where a good fit of the GEV to data
was achieved to assess how well the estimated changes in
directly derived Q10 can be used as a proxy for changes in
events with a higher return time (Q100 or Q1000) derived
from GEVs. Because the overall goal is to detect a severe increase in Q100 or Q1000, we estimate how many false positives and false negatives occur when a threshold of 20 %
or 30 % increase, respectively, in Q10 is used. False positives are defined as increases in Q10 by more than 20 % or
30 %, which does not coincide with an increase in Q100 or
Q1000 by at least 10 %; false negatives are defined as an increase in Q100 or Q1000 by more than 50 %, which do not
coincide with an increase in Q10 by at least 20 % or 30 %.
For Q100, we find that a threshold of 20 % for Q10 produces 6.3 % and 4.7 % of false positives and negatives, respectively; a threshold of 30 % produces 2.6 % and 11.0 %
www.earth-syst-dynam.net/10/205/2019/
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of false positives and negatives, respectively. For Q1000 the
figures are much higher with 15.9 % (10.7 %) of false positives and 33.8 % (47.0 %) of false negatives for a threshold
of 20 % (30 %) for Q10. This demonstrates that Q10 can be
used as proxy to detect severe changes in Q100 with reasonable accuracy but not to detect severe changes in Q1000.
We give the avoidance of false positives a higher priority to obtain conservative estimates of flood hazard increase.
Therefore, we choose an increase in Q10 by 30 % as a threshold to detect a severe increase in flooding hazard that needs to
be addressed by investment in enhancing flood resistance of
water supply infrastructure or by changing reservoir operation schemes to increase the safety buffer for flood protection
(at the cost of storage capacity for water supply). However, it
needs to be kept in mind that this indicator only detects about
half of the increases in Q1000 by more than 50 %, which can
be particularly harmful to water management infrastructure.

2.5

Grid-based water crowding indicator

In order to determine where transgressions of severe hydrological change thresholds in the three metrics matter most,
we estimate which part of the global population is experiencing water stress in the absence of additional climate
change. We use the WCI originally proposed by Falkenmark (1989) to assess different levels of population pressure on water resources. Originally, the water crowding index was applied at the country scale, which may hide important within-country variations (Arnell, 2004). With improved
spatial resolution of population data and a desire to use natural hydrological units, instead of administrative boundaries,
it has become more common to calculate WCI at the basin
scale (Arnell and Lloyd-Hughes, 2014; Falkenmark and Lannerstad, 2004; Gerten et al., 2013; Gosling and Arnell, 2016).
In this paper, we develop a new calculation procedure to obtain a measure of water crowding that can be calculated and
interpreted at the grid-cell scale. This can then be combined
with the simulated hydrological changes at the grid-cell scale
to estimate hydrological change for different levels of water
crowding.
To calculate the effective population pressure on the total
available water within each grid cell, we treat local (within
grid cell) runoff and the inflow from each upstream cell i
separately. The upstream cells of any given grid cell can be
derived from the STN-30p flow direction map (Vörösmarty
et al., 2000), which is also used to simulate discharge in
LPJmL. While local runoff w0 is assumed to be fully available to the local population p0 , the inflow from each upstream cell wi is equally shared between local population p0
and effective upstream population p 0 i corresponding to that
inflow (Eq. 1).
w 0 = w0 +

N
P
i=1

wi ·

p0
0
pi + p0

www.earth-syst-dynam.net/10/205/2019/
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The obtained effective water quantity w0 is the effective
available water in that grid cell. Relating local population
p0 to w0 yields the effective water crowding index WCI0
(Eq. 2) for the respective cell.
WCI0 =

p0
w0

(2)

Multiplying WCI0 with the total water w (sum of local runoff
and all inflows) gives the effective population p 0 (Eq. 3) that
is required for the calculation of WCI0 in the downstream
cell.
w
p 0 = WCI0 · w = p0 0
(3)
w
Because p 0 of all upstream cells must be known to determine
WCI0 , the calculation for a whole basin starts at the fringes
(in cells with no inflow, i.e. where wi = pi0 = 0) and continues consecutively to the basin outlet.
Five different WCI levels can be distinguished, each characterized by a different degree of water scarcity (Falkenmark, 1989). WCI below 100 people per flow unit (p/fu;
1 fu = 106 m3 year−1 ) are considered uncritical, quality and
dry-season problems occur between 100 and 600 p/fu, and
water stress occurs between 600 and 1000 p/fu. Beyond
1000 p/fu a population experiences absolute water scarcity,
and the level of 2000 p/fu is interpreted as the water barrier beyond which all available water resources are utilized.
With increasing degrees of water scarcity it becomes progressively harder to fulfil societal water demand by supplyside management and coping with absolute water scarcity
has to involve demand-side management options (Falkenmark, 1989). It is reasonable to assume that adaptation to
severe hydrological change under absolute water scarcity
will not be possible by adjusting water supply infrastructure
alone but will also require demand management strategies.
Because of the big behavioural, economic, political, and institutional challenges associated with demand management
(Kampragou et al., 2011; Russell and Fielding, 2010), we assess exposure to severe hydrological change within the population group experiencing absolute water scarcity and within
the population group that does not.
3
3.1

Results
Change in water crowding driven by population
change

Between 1950 and 2010 the number of people that live
with absolute water scarcity (WCI > 1000 p/fu) has increased
more than 6 fold from 295 million (11.7 % of global population) to 1.83 billion (26.8 % of global population) due to
population growth alone. In the same time period, the number
of people beyond the water barrier (WCI > 500 p/fu) within
that group has increased more than 8 fold from 118 million
(4.7 % of global population) to 988 million people (14.5 % of
Earth Syst. Dynam., 10, 205–217, 2019
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Figure 1. Spatial pattern of water crowding in 2010 (a) and in 2100 for SSP2 population (b). Absolute (c) and percentage share of total

population (d) in different water crowding classes from 1950 to 2010 and from 2011 to 2100 in five different SSP population scenarios under
current water availability, i.e. assuming no climate change.

global population), so that its share within the group of people living under absolute water scarcity has increased from
40.2 % to 53.9 % (Fig. 1c and d).
This trend is projected to continue in the future under all
five SSP population scenarios (Fig. 1c and d). The total number of people living under absolute water scarcity in 2100
due to population change alone (without any additional climate change) is projected to be higher than today (2010) in
all scenarios reaching 2.16–5.65 billion (31.5 %–44.9 % of
global population), with higher global population being associated with higher absolute and relative numbers of affected
people. The number of people who live beyond the water
barrier is projected to increase to 1.26–3.77 billion (18.4 %–
29.9 % of global population, 58.4 %–66.7 % of population
under absolute water scarcity).
3.2

Severe changes in hydrologic conditions under
different levels of ∆Tglob

Under the majority of climate change patterns within the
range of 1Tglob considered in this study, severe decreases in
mean water availability, severe increases in droughts, and severe increases in flood hazard occur in many abundantly populated regions. We estimate that 4.93 billion people (54.9 %
of global population) would more likely than not be exposed
Earth Syst. Dynam., 10, 205–217, 2019

to severe hydrological change in the SSP2 population scenario if 1Tglob reaches 5 ◦ C by 2100 (Fig. 2a; for other SSP
scenarios see Supplement Fig. S2). Out of these, 1.09 billion, 1.26 billion, and 1.31 billion would more likely than
not be exposed to a severe decrease in mean water availability, a severe increase in droughts, and a severe increase
in flood hazard, respectively (Fig. 2b–d). Note that severe
decreases in mean water availability and severe increases in
droughts often coincide, which leads to relatively large number of people (889 million) being more likely than not exposed to both of these aspects of severe hydrological change.
For 2.15 billion people a transgression of the critical threshold for a mix of the three different aspects of severe hydrological change is projected in more than half of the GCMs.
The pace at which these levels are reached with increasing
1Tglob is not linear and differs for the three aspects of severe
hydrological change. The additional number of people that
become exposed to a severe decrease in mean water availability at each step of 1Tglob first increases and then declines
again, with the by far largest increment occurring between 2
and 2.5 ◦ C. A similar pattern is found for exposure to severe
increase in droughts with the difference that the largest increase occurs between 1.5 and 2 ◦ C. The increment of people
becoming exposed to severe increase in flood hazard is very
small until 2 ◦ C warming and then steadily increases with
www.earth-syst-dynam.net/10/205/2019/
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Figure 2. 1Tglob at which severe hydrological changes occur in more than half of the GCMs (10 out of 19). Bars underneath the maps

indicate population exposed to the respective severe changes for the SSP2 population scenario.

1Tglob . This overall pattern of varying increase in exposure
to severe hydrological change with increasing 1Tglob is very
similar across all five SSP population scenarios considered
here (Fig. S2).
If global warming was limited to 2 ◦ C by a successful implementation of the Paris Agreement, the number of people more likely than not exposed to severe hydrological
change under SSP2 could be limited to only 615 million people(6.9 % of global population; Fig. 2a), protecting almost 9
out of 10 people (87.5 %) from exposure to severe hydrological change compared to a warming by 5 ◦ C. Because exposure to increased flooding hazard remains very low until 2 ◦ C
warming, the majority of the remaining population would be
exposed to severe decreases in mean water availability and
severe increases in droughts (Fig. 2b–d). If warming could
be limited to 1.5 ◦ C the number of people more likely than
not exposed to severe hydrological change could be reduced
even more to 195 million people (Fig. 2a), a further reduction
by more than two-thirds (68.4 %) compared to 2 ◦ C warming.
However, even a partial failure of the Paris Agreement with
an exceedance of the 2◦ target by only 0.5 ◦ C would lead to
an increase in the number of people exposed to severe hydrological change to 1.14 billion (Fig. 2a) – almost a doubling
(84.6 % increase) compared to a warming by 2 ◦ C. The main
contribution to this strong increase comes from increased exposure to severe decreases in mean water availability and se-

www.earth-syst-dynam.net/10/205/2019/

vere increases in droughts, with exposure to severe increases
in flood hazard only playing a minor role at these temperature
levels (Fig. 2b–d). Although the total number differs across
different population scenarios, the percentage of global population that can be protected from exposure to severe hydrological change by ambitious climate mitigation efforts is very
similar across all population scenarios (Fig. S2).

3.3

Severe hydrological changes and water scarcity

To get an indication of the adaptation challenges associated
with the exposure to severe hydrological change, we use the
assessment of future water scarcity due to population change
to distinguish two principal adaptation domains. Coping with
water scarcity conditions (WCI > 1000 p/fu) even without
further aggravation by climate change requires a combination of supply-side and demand-side management measures
(Falkenmark, 1989; Ohlsson and Turton, 1999). Therefore,
water demand management interventions will also have to
play a role in the adaptation to severe hydrological change
under already water-scarce conditions. In contrast, adaptation to severe hydrological change under comparatively
abundant water availability conditions (WCI ≤ 1000 p/fu)
may be achieved by adjusting water supply infrastructure
alone. Although water demand management is generally desirable and may have economic co-benefits (Brooks, 2006),
Earth Syst. Dynam., 10, 205–217, 2019

212

J. Heinke et al.: Freshwater resources under success and failure of the Paris climate agreement

it faces many political, legal, and behavioural obstacles for
its implementation and may not be practical in all contexts
(Kampragou et al., 2011; Russell and Fielding, 2010).
Under the assumption of no climate change, as much as
3.30 billion people (36.8 % of global population) are estimated to live under absolute water scarcity by 2100 in the
SSP2 scenario. For all aspects of severe hydrological change
and across the whole range of 1Tglob , the proportion of
people more likely than not exposed to severe hydrological
change is much larger in this category than in the rest of the
population (Fig. 3). This asymmetric distribution of impacts
is most pronounced for severe decreases in mean water availability, severe increases in flood hazard, and for severe hydrological change in general (Fig. 3a, c, and d). This finding is
largely independent of the population scenario (Fig. S3 in the
Supplement).
Because of the challenges associated with the implementation of demand-side management interventions, the population already experiencing water scarcity in the absence of
climate change is of primary concern when analysing exposure to severe hydrological change. We estimate that 2.14 billion people (23.9 % of global population) in the SSP2 population scenario would be affected by water scarcity due to population change and more likely than not exposed to climaterelated severe hydrological change if 1Tglob would rise to
5 ◦ C by 2100 (Fig. 3a). Out of these, 538 million (6.0 % of
global population), 500 million (5.7 % of global population),
and 640 million (7.1 % of global population) would more
more likely than not be exposed to a severe decrease in mean
water availability, a severe increase in droughts, and a severe increase in flood hazard, respectively (Fig. 3b–d). For
875 million people, a transgression of thresholds for a mix
of different aspects of severe hydrological change is found
in more than half of the GCMs. A successful implementation of the Paris Agreement that would limit warming to 2 ◦ C
would dramatically reduce the number of people under absolute water scarcity and more likely than not exposed to severe
hydrological change to 290 million (3.2 % of global population). With even more ambitious mitigation efforts sufficient
to limit warming to 1.5 ◦ C warming could further reduce this
number to as little as 116 million people (1.3 % of global
population). For a failure of the Paris Agreement with temperature rising to 2.5 ◦ C (3 ◦ C) this number would rise to 543
(824) million people.
The remaining number of people exposed to severe hydrological change at 2 ◦ C warming, as well as the implications of more ambitious mitigation efforts or a failure of the
Paris Agreement, differs greatly among world regions (Table 1, for countries assigned to each region see Fig. S4).
About 63 % of the 290 million people who live under absolute water scarcity and are more likely than not exposed
to severe hydrologic change at 2 ◦ C warming live in Latin
America (LAM) and the Middle East and north Africa region
(MEA), where they make up more than 12 % of the population in those regions. Another 28 % of the 290 million live
Earth Syst. Dynam., 10, 205–217, 2019

Figure 3. Fraction of SSP2 population in 2100 exposed to se-

vere hydrological change at different levels of 1Tglob (as shown
in Fig. 2) divided over two water scarcity categories: population already experiencing absolute water scarcity (> 1000 p/fu) in the absence of climate change and rest of population (≤ 1000 p/fu). The
total number of people in each class is given on the y axis, and the
fraction of people exposed to severe hydrological change in each
class is given on the x axis. Colour scale for 1Tglob same as in
Fig. 2.

in South Asia (SAS) and sub-Saharan Africa (SSA), but due
to high population numbers in these regions their share remains below 2 %. The high share of population affected by
absolute water scarcity and severe hydrological change in
LAM and MEA is particularly worrying since a failure to
overcome the obstacles associated with the implementation
of appropriate demand management can have negative societal and economic consequences not only for these people but
www.earth-syst-dynam.net/10/205/2019/
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Table 1. Number of people in 2100 for the SSP2 population scenario that would experience absolute water scarcity (> 1000 p/fu) under

present-day climate conditions and be more likely than not exposed to severe hydrological change at different levels of 1Tglob in different
world regions (population in million, percentage of population in region in brackets). Regions are MEA (Middle East and north Africa),
ANZ (Australia and New Zealand), SAS (South Asia), SSA (sub-Saharan Africa), LAM (Latin America), NAM (USA and Canada), EUR
(Europe, excluding Russia), EAS (East Asia), RCA (Russia and Central Asia), and SEA (Southeast Asia).
Total

Population

Population with > 1000 p/fu and exposed to severe hydrologic change

population

> 1000 p/fu

1.5 ◦ C

2.0 ◦ C

2.5 ◦ C

3.0 ◦ C

4.0 ◦ C

5.0 ◦ C

MEA

740

416
(56.2 %)

48.0
(6.5 %)

101.9
(13.8 %)

193.2
(26.1 %)

222.4
(30.0 %)

270.9
(36.6 %)

320.4
(43.3 %)

ANZ

51

27
(52.2 %)

0.0
(0.0 %)

0.6
(1.2 %)

1.5
(2.9 %)

3.7
(7.3 %)

9.6
(18.8 %)

17.8
(35.0 %)

SAS

2282

1005
(44.1 %)

17.1
(0.7 %)

38.7
(1.7 %)

80.7
(3.5 %)

200.8
(8.8 %)

461.8
(20.2 %)

651.2
(28.5 %)

SSA

2395

890
(37.2 %)

16.8
(0.7 %)

42.8
(1.8 %)

113.2
(4.7 %)

191.0
(8.0 %)

371.5
(15.5 %)

575.9
(24.0 %)

LAM

662

230
(34.7 %)

27.7
(4.2 %)

79.8
(12.0 %)

87.5
(13.2 %)

101.0
(15.3 %)

131.3
(19.8 %)

175.2
(26.5 %)

NAM

510

166
(32.6 %)

4.2
(0.8 %)

6.4
(1.2 %)

26.9
(5.3 %)

39.3
(7.7 %)

58.7
(11.5 %)

86.8
(17.0 %)

EUR

579

161
(27.9 %)

0.4
(0.1 %)

14.6
(2.5 %)

31.0
(5.4 %)

42.8
(7.4 %)

70.0
(12.1 %)

90.6
(15.7 %)

EAS

913

253
(27.7 %)

0.1
(0.0 %)

2.4
(0.3 %)

4.4
(0.5 %)

16.5
(1.8 %)

61.7
(6.8 %)

163.3
(17.9 %)

RCA

198

44
(22.1 %)

1.9
(1.0 %)

3.1
(1.6 %)

5.0
(2.5 %)

6.9
(3.5 %)

9.7
(4.9 %)

11.1
(5.6 %)

SEA

642

106
(16.5 %)

0.0
(0.0 %)

0.0
(0.0 %)

0.0
(0.0 %)

0.0
(0.0 %)

12.2
(1.9 %)

48.7
(7.6 %)

World

8971

3298
(36.8 %)

116
(1.3 %)

290
(3.2 %)

543
(6.1 %)

824
(9.2 %)

1457
(16.2 %)

2141
(23.9 %)

for the whole region. More ambitious mitigation efforts that
keep warming below 1.5 ◦ C would reduce the number of affected people by more than half, to 6.5 % in MEA and 4.2 %
in LAM. In all other regions, the share of affected population
would drop below 1 %.
Failure of the Paris Agreement would substantially increase exposure to severe hydrological change in many regions. In 5 out of 10 regions, the number of people affected
by absolute water scarcity and severe hydrological change
at least doubles if the 2 ◦ C target is exceeded by only 0.5 ◦ C
and reaches a share of (almost) 5 % of affected population
in the region in SSA, North America (NAM), and Europe
(EUR). The strongest absolute increase (though not a doubling) in the number of affected people occurs in the MEA
region, where more than one-quarter of the population in that
region would be affected at 2.5 ◦ C warming. Between 2.5 and
3 ◦ C warming, the increases in number of affected people is
strongest in South Asia (SAS), SSA, NAM, and EUR. At
4 ◦ C warming, the share of affected population exceeds 10 %
www.earth-syst-dynam.net/10/205/2019/

in 7 out of 10 regions, with MEA, Australia and New Zealand
(ANZ), SAS, SSA, and LAM being most strongly impacted.
At 5 ◦ C warming, the share of affected population reaches
43.3 % in MEA and 35.0 % in ANZ; exceeds 20 % in SAS,
SSA, and LAM; and exceeds 15 % in NAM, EUR, and East
Asia (EAS). In Russia and Central Asia (RCA) and Southeast Asia (SEA) the share of affected people remains below
5 %, partly due to a low share of population under high water
crowding and less severe hydrologic change.
Although numbers differ among population scenarios, the
overall pattern of where and how much change occurs in the
different regions is consistent across all SSP population scenarios. A comprehensive overview of population under high
water crowding and affected by severe hydrologic change in
different world regions for all population scenarios is given
in Fig. S5.
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Discussion

Our estimate that 26.8 % of global population today live
under absolute water scarcity (> 1000 p/fu) is within the
range of 21.0 %–27.5 % (average 24.7 %) reported by previous studies applying the WCI on river basin level (Gerten
et al., 2013; Arnell and Lloyd-Hughes, 2014; Kummu et al.,
2016). Estimates of future SSP populations living in river
basins with > 1000 p/fu under present-day climate conditions
are given by Arnell and Lloyd-Hughes (2014) who estimate
a range of 39.5 %–54.2 % for the affected global population
across different SSP scenarios. This is considerably higher
than the range of our estimates of 31.5 %–44.9 %; but due to
the lack of other comparable studies, it is not clear whether
these discrepancies are caused by the choice of the hydrological model or by the difference in scale (basin or grid cell) at
which the WCI is calculated. However, using the same hydrological model as in our study, Gerten et al. (2013) estimate that 38.5 % of global population in the revised A2r scenario (Grübler et al., 2007) from the Special Report on Emissions Scenarios would live in river basins with > 1000 p/fu
under current climate conditions, which is close to our estimate of 41.0 % for the SSP3 scenario, to which the A2r
scenario is comparable in terms of total population (12.3 billion compared to 12.6 billion in 2100). In contrast, the corresponding estimate by Arnell and Lloyd-Hughes (2014) is
as high as 54.2 % for the SSP3 scenario, which indicates that
using LPJmL to assess water scarcity generally tends to result in lower estimates of future population affected by water
scarcity.
A direct comparison of hydrological changes estimated
here to previous studies is not straightforward due to the
unique design of this study. Only few global studies have
assessed climate change impacts on water resources as a
function of 1Tglob (Gerten et al., 2013; Schewe et al.,
2014; Gosling and Arnell, 2016), but they typically focus
on changes in MAD and report changes in the number of
people affected by water scarcity. A relevant study for comparison is Schewe et al. (2014), which analyses changes in
MAD obtained from an ensemble of 10 global hydrological
models (GHMs) forced by climate scenarios from five different GCMs. The overall pattern of changes in MAD simulated by LPJmL across 19 GCMs agrees well with results
from Schewe et al. (2014), but exhibits a generally lower
magnitude of changes (see Fig. S6 and Fig. 1 in Schewe et
al., 2014). Thus, MAD changes simulated by LPJmL (both
increases and decreases) tend to be smaller than simulated by
most other GHMs. This becomes even more apparent when
comparing the percentage of people affected by a 20 % decrease in MAD. For a 1Tglob of 2.5 ◦ C (equivalent to an
additional warming of 1.9 ◦ C relative to the control simulation) we estimate a median share of 8.6 % of affected global
population across all GCMs. This is substantially lower than
the median value of 13 % of affected population estimated for
2 ◦ C additional warming by Schewe et al. (2014) and approxEarth Syst. Dynam., 10, 205–217, 2019

imately represents their lower end of the interquartile range.
This can be attributed to the response of dynamic vegetation
in LPJmL that is not included in most other GHMs (Schewe
et al., 2014).
In summary, the global and regional estimates of population living under absolute water scarcity and being exposed to severe hydrological change obtained from LPJmL
are lower than from most other GHMs. Thus, the estimates
of population affected by water scarcity and severe hydrological change presented in this paper should be regarded as
conservative estimates.
Apart from these uncertainties in model projections, the
results of a global study like ours are necessarily determined by simplifications and generalization in the data analysis. The most important generalization in this study are the
choice of aspects of severe hydrological change and the corresponding critical thresholds. While not all selected aspects
may be relevant in all cases (e.g. where supply is primarily
fulfilled from groundwater), we believe that in the vast majority of cases they reflect important hydrological properties
that are relevant from a freshwater resource perspective. The
respective thresholds may also differ depending on hydrological and other local conditions, and using unique global
values will always produce a number of false positives and
false negatives. However, the selected thresholds are rather
conservative, and thus are expected to produce more false
negatives than false positives. Another aspect is the choice of
the WCI to differentiate population groups in terms of adaptation challenges. This indicator is widely applied because it
only requires data on mean water availability and population
numbers, but it can neither account for hydrological aspects
that limit the utilization of water resources nor for actual per
capita water requirements. Despite these shortcomings of the
WCI, it gives a rough impression of the overall population
pressure on water resources, which is linked to the challenges
to adapt to severe hydrological change. Last but not least, it
is important to note that this study only addresses quantity
aspects of freshwater resources and does not consider water
quality.

5

Conclusions

Future freshwater supply will be affected by population
growth and climate change, which are both subject to uncertainty and heterogeneous distribution patterns. Under all
five SSP population projections considered here, a strong increase in the number of people living under absolute water scarcity in 2100 to 2.16–5.65 billion (31.5 %–44.9 % of
global population) is projected, with higher global population resulting in higher absolute numbers but also larger proportions of global population being affected. Because of the
importance of water demand management for coping with
absolute water scarcity, which is more difficult to implement
than supply management, these parts of the global population
www.earth-syst-dynam.net/10/205/2019/
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will face higher challenges for adaption to severe hydrological change that affects water supply.
If global warming would continue unabated to reach
5 ◦ C above pre-industrial levels in 2100, 4.93 billion people
(54.9 % of global population) in the SSP2 population scenario would more likely than not be exposed to severe hydrological change. Out of those, 2.14 billion people (23.9 % of
global population) would already experience absolute water
scarcity due to high population pressure on water resources,
making adaptation to such changes more challenging. With
a successful implementation of the Paris Agreement limiting global warming to 2 ◦ C, the number of people affected
by severe hydrological change could be reduced to 615 million people (6.9 % of global population), of which 290 million (3.2 % of global population) would already experience
absolute water scarcity. If temperature increase could be limited to 1.5 ◦ C, the number of people exposed to severe hydrological change could be further reduced to 195 million
(2.2 %) and 116 million (1.3 %), respectively. However, only
a partial failure of the Paris Agreement with temperature rising to 2.5 ◦ C would almost double the number of people more
likely than not exposed to severe hydrological change, in
total and among those already experiencing absolute water
scarcity, compared to a 2 ◦ C warming.
Due to the heterogeneous spatial distribution of absolute
water scarcity and severe hydrological change, the proportion of population exposed to severe hydrological change
with increased adaption challenges reaches 12.0 % in Latin
America and 13.8 % in the Middle East and north Africa region even if global warming could be limited 2 ◦ C by a successful implementation of the Paris Agreement. A failure to
overcome the obstacles associated with the implementation
of appropriate demand management can have negative societal and economic consequences not only for these people but
for the whole region. Thus, 2 ◦ C mean global warming cannot be considered a safe limit of warming in these regions.
More ambitious mitigation efforts that would keep warming
at, or below, 1.5 ◦ C could substantially reduce that risk by reducing the share of population exposed to severe hydrological change and with increased adaption challenges by more
than half in these two regions and globally.

details/13/ (CIESIN-CIAT, 2005) and the future scenario population data are available from https://doi.org/10.7927/H4RF5S0P
(Jones and O’Neill, 2017). The STN-30p flow direction map can
be downloaded from https://doi.org/10.3334/ORNLDAAC/1005
(Vörsömarty et al., 2011). The model code of LPJmL4 is publicly
available from https://doi.org/10.5880/pik.2018.002 (Schaphoff et
al., 2018c) or via the GitHub project page https://github.com/
PIK-LPJmL/LPJmL (last access: 5 February 2019). The core output of the analysis in this paper-consisting of historic and future
scenario water crowding estimates as well as hydrological indicators for 19 GCMs an 8 levels of global mean temperature increase
at 0.5◦ resolution-has been made available under a Creative Commons Attribution 4.0 License and is available for download from
https://doi.org/10.5281/zenodo.2562056 (Heinke et al., 2019). All
results presented in this paper are based on this core output. All primary data, model code, model outputs and scripts that have been
used to produce the core output and the results presented in this
paper are archived at the Potsdam Institute for Climate Impact Research and are available upon request.

Code and data availability. The CRU TS3.1 historical climate data are available from http://catalogue.ceda.ac.uk/uuid/
ac3e6be017970639a9278e64d3fd5508 (University of East Anglia
Climatic Research Unit, Jones, and Harris, 2013). The temperaturestratified climate scenarios of the PanClim dataset along with the
matched GPCC historical precipitation data are available from
http://www.panclim.org (Heinke et al., 2013b). Historic gridded
population estimates up to the year 2010 are based on the Gridded Population of the World, Version 3 (GPWv3) Data Collection
(CIESIN-CIAT, 2005), which have been edited and provided by
the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP,
2012; Warszawski et al., 2014). The gridded historical population data are available from https://www.isimip.org/gettingstarted/
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