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Abstract. The effectiveness of population policy in reduc- future development pathways, even if these countries were
ing the combined impacts of population change and climatenot able to contribute significantly to greenhouse gas (GHG)
change on water resources is explored. One no-policy sceemission cuts due to economic constraints. However, for the
nario and two scenarios with population policy assumptionsEuropean region, the population living in water-stressed re-
are employed in combination with water availability under gions is almost 20 times lower than that in the lower latitudes.
the SRES scenarios Alb, B1 and A2 for the impact analysis. For countries with high population momentum, the pop-
The population data used are from the World Bank. The riverulation policy scenario with fertility-reduction assumptions
discharges per grid of horizontal resolutionOdffe obtained gained a maximum of 6.1 times the water availability in
from the Total Runoff Integrating Pathways (TRIP) of the Niger and 5.3 times that in Uganda compared with the no-
University of Tokyo, Japan. Unlike the population scenariospolicy scenario. Most of these countries are in sub-Saharan
utilized in the SRES emission scenarios and the newest repAfrica. These countries represent 24.5 % of the global pop-
resentative concentration pathways, the scenarios employedation in the no-policy scenario, and the scenario with
in this research are based, even after 2050, on country-levdértility-reduction assumptions reduces it to 8.7 % by 2100.
rather than regional-level growth assumptions. This scenario is also effective in reducing the area under ex-
Our analysis implies that the heterogeneous pattern of poptreme water stress in these countries. However, the policy
ulation changes across the world is the dominant driver ofscenario with assumptions of population stabilization at the
water stress, irrespective of future greenhouse gas emissiongplacement fertility rate increases the water stress in high-
with highest impacts occurring in the already water-stressedatitude countries. Nevertheless, the impact is low due to the
low latitudes. In 2100, Africa, Middle East and parts of Asia high per capita water availability in the region. This research
are under extreme water stress under all scenarios. The seis expected to widen the understanding of the combined im-
sitivity analysis reveals that a small reduction in popula- pacts of climate change in the future and of the strategies
tions over the region could relieve a large number of peopleneeded to enhance the space for adaptation.
from high water stress, while a further increase in population
from the assumed levels (SC1) might not increase the num-
ber of people under high water stress considerably. Most of
the population increase towards 2100 occurs in the alreadyt Introduction
water-stressed lower latitudes. Therefore, population reduc-
tion policies are recommended for this region as a method>lobal water resource assessments project grim futures,
of adaptation to the future water stress conditions. PopulaWith increased water stress in many parts of the world

tion reduction policies will facilitate more control over their (Vorosmarty et al., 2000; Arnell, 2004; Amell et al., 2011;
Murray et al., 2012). Arnell (2004) projects 36.5-57.2 % of
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the population to be in water-stressed countries (runoff lesgprojection (United Nations, 2011a) gives a declining global
than 1000 ri/capita/year) in 2085 as a result of only pop- population in the second half of the century, the National
ulation increase, while in 1995, it was only 2.0%. How- Research Council (NRC, 2000) has found only a 1 in 1
ever, Arnell et al. (2011) project the same to be 43% inthousand probability that the global population will decline
2100. Even though for some regions such as Asia climatdrom 2030 to 2050, in contrast to the UN low scenario (Lee,
change alleviates water stress to a certain extent (Arnell e2011). However, the UN and IIASA scenarios explicitly as-
al., 2011; Murray et al., 2012), for Asia and Africa the ef- sume that the population growth will not change course due
fect of population change to increase water stress cannot b feedback from negative environmental or climate change
overlooked. Adaptation measures to reduce the severity ofmpacts (Lee, 2011). Therefore, to address these needs, we
the impacts, therefore, are a must. Population policy (Dasxplore the impacts of a global population projection that re-
Guptaetal., 2011; United Nations, 2011b) and climate policysults in a total global population similar to that of the UN
interventions (Clarke et al., 2009; Moss et al., 2010), earlyhigh population projection (United Nations, 2011a) in 2100,
warning systems, effective risk communication between de-as a result of country-level growth assumptions even after
cision makers and citizens, sustainable land management arR050. The climate change impact addressed here is the po-
ecosystem management and restoration (IPCC, 2012) anential decrease in per capita water resources. The effective-
among the adaptation measures with high potential benefitmess of population control policies adopted by a few coun-
However, few studies have specifically quantified the effectstries to reduce the combined impacts of population and cli-
of changes in population (Curtis and Schneider, 2011; IPCCmate changes globally and regionally is also explored, by the
2012). Nevertheless, societal development trends play signifmeans of two other major population scenarios that assume
icant roles in climate change adaptation compared with speeountry-level population policy. Population control is an ef-
cific climate policies (Vorosmarty et al., 2000; Van Vuuren fective way to reduce the current trend of energy exploitation
et al., 2010). Furthermore, the global population projectionsand the harmful environmental impacts of sprawling urban-
utilized in the new representative concentration pathwayszation (Koutsoyiannis et al., 2009). Here, population poli-
(RCPs) and other emissions scenarios (IPCC, 2000, EMFeies are tested as one of the possible low-regrets measures
22 cited in Van Vuuren et al., 2010; Riahi et al., 2011) (IPCC, 2012) to reduce the effects of combined population
have uniform regional growth assumptions after the yearand climate changes. A sensitivity analysis is carried out in
2050 (Arnell, 2004; Van Vuuren et al., 2010; Riahi et al., order to understand the relative influence of the climate and
2011). Therefore, their use in climate impact assessmentpopulation drivers of water stress.

(Arnell, 2004; Shen et al., 2008; Arnell et al., 2011; Murray

et al.,, 2012) masks vulnerabilities as a result of popula-

tion growth below the regional scale. Most of these studies

(Arnell, 2004; IPCC, 2000; Riahi et al., 2011) employ either 2 Methodology

the United Nations population projections or those of the In-

ternational Institute of Applied Systems Analysis (IIASA). 2.1 Population scenarios used

The projected global populations in 2100 vary significantly

among the various projections. The EMF-22 scenarios uti-A scenario that projects the global population to be
lize a population projection of 8 to 10 billion in 2100 (cited 15.7 billion in 2100 (SC1, Fig. 1a) was employed without any
in Van Vuuren et al., 2010), whereas the recent RCP pop-assumptions regarding additional population control policies
ulation projections vary from approximately 8 to 12 billion directed at tackling climate change for any country. This sce-
(Van Vuuren et al., 2010; Riahi et al., 2011). However, the nario closely agrees with the UN’s high population projec-
2100 population projections used in the previous SRES scetion (United Nations, 2011a) of 15.8 billion in 2100. How-
narios (IPCC, 2000) vary from 7 billion under the A1 and B1 ever, only the decadal trends in the historical annual popu-
storylines to 15 billion under the A2 storyline (IPCC, 2000). lation growth rate (1961-2010) data (World Bank, 2012) at
Although more recent literature provides more downwardthe regional level (for the countries in the three World Bank
projections for 2100 (Van Vuuren and O’Neill, 2006), the income categories: high, middle and low income) were ex-
most recent World Population Prospects 2010 revision proplored to derive the future trends. Although the concurrent
vides a different picture, with slight upward revisions of its scenarios used in climate research utilize regionally uniform
2008 version. The high variant projects a global populationpopulation growth rates (Arnell, 2004; Van Vuuren et al.,
of 15.8 billion, whereas the medium and low variants project2010) after 2050, this study assumes regional trends in the
values of 10.1 and 6.2 billion, respectively (United Nations, annual population growth rate. Distinctive trends were de-
2011a). The reasons for this upward shift are the confirmedived regionally for trends in the annual population growth
evidence of the decreasing prevalence of HIV/AIDS amongrate in the high-, middle- and low-income countries (World
the third world populations and the slow progress of the fer-Bank, 2012). The year 2010 was taken as the base year
tility decline in sub-Saharan Africa compared to the pre-for population projections, whereas the base year for this
vious expectations (Lee, 2011). Even though the UN lowanalysis was assumed to be 2000. Therefore, every scenario
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Fig. 1. (a) The population policy scenarios utilized in the study. SC1 does not assume any population policy to reduce climate change impacts.
SC2 applies fertility-reduction policies to countries where the annual population growth rate in 2010 exceeds 2.5 %. SC3 additionally assumes
that by the time the countries reach the replacement fertility rates, there will be no policy to keep populations stabilized at ze(b)jJrbeth.

regional population growth for the countries where the SC2 (dotted line) and SC3 (center line) policies are applied. The solid lines show the
populations under the no-policy scenario, SC1. For the thicker lines, please refer to the bold secondary vertical axis in billions.
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population growth rate for heavily indebted poor countries in
2010 is 2.56 % and for sub-Saharan Africa only is 2.49 %; ‘
World Bank, 2012). SC1 assumes an above-replacement-
level fertility for these countries even until 2100, and it is the
SC2 (or SC3) population policies that reduce them to near-
replacement fertility (or replacement fertility in SC3). Trends
in the population growth rate similar to that of China at var- Fig. 2. The historical annual population growth rates in China (data
tries based on their income category (World Bank 2012)_peri0ds were assumed to be driven by the fertility-reduction policy
The effectiveness of the fertility-reduction programs was as-eds: Hi, Ml:and L11in the annual growth rate under scenarios
. Lo SC2 and SC3 for the selected countries in the respective income

sumed to decrease with decreasing income of the country; . S ; ) :

. . . ; . _“Categories of high income, middle income and low income (World
China is a country with more than 30yr of experience in g, 2012).
fertility-reduction policies in the form of family planning '
programs in combination with other incentive and disincen-
fuve prograr.ns.(Peng, .2.011)' Although, its _one-chlld policy 2.2 Future water availability scenarios used
is open to limitless critique, the same policy has been more

flexible in rural China (Peng, 2011). Therefore, it is a good A . .
example of policy-driven population growth trends. SC3 as_Water availability due to climate change was considered un-
X qer emissions scenarios Alb, B1 and A2. However, only re-

sumes that by the time the countries reach the replaCemer}lewable water resources were considered for the analysis
fertility level, they have policies to keep the populations sta- ysIs.

bilized at that level, apart from the assumptions in SC2. The discharges per grid of horizontal resolution“Oifam

However, the global impacts of scenarios SC2 and Scsf/k‘e?s-:—tomgﬁl%wg w;igrgggggséhmagz g(-rll—eRIP;e)n?ifatITe;/glii-
do not differ greatly according to Fig. 1. Even the no-policy Y P y

scenario, SC1, assumes that populations will reach near:31ble water for use in the respective grids. Validation of the

replacement fertility levels for the countries with lower pop- TRIP data can be found in Oki et al. (2001) and Oki and

ulation growth rates (lower than 2.50% in 2010) by 2100, Sul\?léi??a?r?d surface models (LSMs) tend to underestimate
simulating small, above-zero population growth.

runoff in higher latitudes (Oki et al., 1999) because of the in-
sufficiency of the forcing data and also partly because of the
shortcomings of the physics considered in the LSMs (Oki

g
[=}

Population growth rate (%)

©
wn

0.0

: - T T i
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

www.hydrol-earth-syst-sci.net/17/4429/2013/ Hydrol. Earth Syst. Sci., 17, 442844Q 2013



4432 N. K. Gunasekara et al.: The effects of country-level population policy

et al., 2001). Oki et al. (2001) find their runoff estimates to 2.3 Water stress indicator employed
be smaller approximately by a 20 % compared to the previ-
ous studies. Routing runoff using TRIP improves SeasonaFEl'kenmark water stress indicator and the water resources
cycle of river discharge, enhancing the correspondence wittyulnerability indicator (which takes the ratio of water use to
the observed discharge. However, the accuracy of simulate@vailability) are the ones most commonly employed for cli-
discharge depends on the accuracy of the forcing data. mate change impact assessments on water (Vorosmarty et al.,
The river discharge data were averaged over four climate2000; Arnell, 2004; Arnell et al., 2011; Murray et al., 2012).
models, CCSM3, MIROC3.2, CGCM2.3.2 and UKMO, for Both are calculated at the annual timescale, while the spa-
each climate scenario to reduce the effects of regional bifial scales could be the country scale (Arnell, 2004; Arnell
ases to the study. While many global climate models (GCMs)et al., 2011), the watershed scale (Arnell et al., 2011) or
share the incapability of reproducing the Sahelian (Westthe grid scale (Vorosmarty et al., 2000). While the water re-
Africa) dry climate (Christensen et al., 2007) and of ar- source vulnerability indicator reveals the regions with high
eas with complex relief (such as Tibet) (Christensen et al.vulnerability, as a result of high water demands especially
2007) with reasonable accuracy, many of them show refor agriculture, the Falkenmark water stress indicator masks
gionally unique weaknesses in modeling the present/past clithese (Arnell et al., 2011). Nevertheless, Falkenmark wa-
mates in other regions (Wang et al., 2004; Cook and Vizy,ter stress indicator’s intuitive thresholds refer to the require-
2006; Chiew et al., 2009). CCSM3 does not perform well in ments indicated for households, and agricultural, industrial,
the Sahelian region (Africa) (Kamga et al., 2005), and bothand energy sectors as well as the needs of the environment as
CCSM3 and UKMO do not generate the West African mon- well (Rijsberman, 2006) It, therefore, provideS a basis for
soon (Cook and Vizy, 2006). MIROC3.2 and CGCM2.3.2 do distinguishing between climate- and human-induced water
generate the West African monsoon and do model a drier cliscarcity. Therefore, Falkenmark and Widstrand's (1992) wa-
mate, but still the accuracy is low (Cook and Vizy, 2006). In ter stress indicator was employed in the analysis. This indi-
South Asia, MIROC3.2 is the only GCM (from above men- cator defines three levels of water stress: an annual per capita
tioned four GCMs) that shows good agreement in both anWater availability of 0-500 rhyr—* is extreme stress; 500—
nual cycles of precipitation and temperature, with a slight1000#yr—?is high stress; and 1000-1708 yi—* is mod-
overestimation at peaks (Christensen et al., 2007). The onlgrate stress (cited in Arnell, 2004). In addition, an upper tran-
GCM that models the southeastern Australian rainfall is thesition zone of 1700-5000%yr—* was defined to show the
UKMO model (Chiew et al., 2009), while the other three climate—population interactions in the middle to upper lati-
models show low spatial correlation and low variation of an- tudes clearly. Our analysis was performed at the global level,
nual rainfall over the region, with low agreement in the rain- While the effects of policies introduced were investigated at
fall trends (Chiew et al., 2009). Runoff generated by GCMsa finer scale.
should also be affected by the above shortcomings. As our
current study is at the global level, considering the above3 Results and discussion
facts, utilization of a single GCM cannot be justified. There-
fore, the discharge data produced using the outputs of thg 1 gensitivity of per capita water stress to the changes
utilized 4 GCMs — CCSM3, MIROC3.2, (MR') CGCM2.3.2 in the pOpUlation grOWth aSSUmptionS
and UKMO model — were averaged to reduce the effects of

the regional biases of these GCMs to our study. AveragingThe sources of uncertainty regarding the population and cli-
over GCMs is a very simple but common scientific method mate projections are numerous. Uncertainty in the base year
for global-level studies utilizing GCM data (Christensen et population data is due to the unavailability of census records
al., 2007). in some countries or regions in the year of concern. They
The year 2000 was selected as the base year for the analyrave been estimated from the last available censuses (World
sis. The per capita water resources gnr!) were calculated  Bank, 2012). Therefore, uncertainties of the base year popu-
for all combinations of the population and climate scenarios.|ation5 are extreme|y heterogeneous across space. Uncertain-
Although the underlying population scenario utilized for ties in the baseline climate and of the modeling parameters
the SRES A2 projects 15.1 billion people in 2100, similar to add to this. Above all, uncertainty is incomparably large in
the population scenario employed in this study (15.7 billion the future projections. Especially future population prospects
in 2100), the other two projections are lower (IPCC, 2000; of the African continent are highly uncertain, where many
Arnell, 2004) Therefore, the climate scenarios were SeleCte%opmations have not yet gone through transition, which are
to represent the SRES high and low projection storylinesalso characterized by high population momentums and high
(15.1 and 7.0billion). However, as in the EMF-22 scenar- mortalities as well (Lee, 2011). Therefore, a sensitivity anal-

ios (Clarke et al., 2009, cited in Van Vuuren et al., 2010), noysis was done in order to get an understanding of how the
relationship was assumed between the climate scenarios anflput data affect our desired output.

the population scenarios.
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Fig. 3. (a) The population scenarios utilized for the sensitivity analysis. Small perturbatian®.01 were given for the assumed exponential
decadal trends in population growth rates, to result in an upper and lower bound scenario each for the three population scenarios employec
in the analysis(b) The global population under water stress (per capita water avaiab®0 m? yr—1) in the year 2100, SRES Alb, as a

result of the sensitivity scenarios (a). The base year 2000 stress is also shown.

Jiang and Hardee (2011) show how the UN medium pop-Whatever these reasons be, this eccentricity is caused by very
ulation projections have varied since 1990 until 2006 (seehigh populations occurring at grids where water availability
Fig. 8 of Jiang and Hardee, 2011). The assumptions on whicls low. According to our sensitivity analysis, a small reduc-
the future projections are built have been varying accordingtion in population would release a large population from high
to the physical evidence seen across the populations of corwater stress, while an increase in population might not in-
cern. Building on this, trends of population growth rate were crease the number of people under high water stress consid-
given very small perturbations a£0.01 for high-income erably. People who are already at extreme water stress might
(HI) and middle-income (MI) countries, but low-income (LI) face even dire conditions of water availability. Therefore, this
countries, most of which are African countries, were as-figure gives high imperative to use population policy to re-
signed+0.02. That is, uncertainty was assumed to be non-duce the possibility of catastrophic water stress in the future.
uniform over the different populations. Population projec-
tions were done for SC1, SC2 and SC3 scenarios, to producg »  \ajor drivers of water stress and the effects of
upper and lower sensitivity regions (Fig. 3a) for the scenar- population policy seen at the regional level
ios. To explore the effects on the per capita water stress, the

population living in highly water stressed (per capita Water_l_he effects of the population policies to increase (SC2 — pop-

-1 .
< 1000Pyr) areas was calculated (Fig. 3b). Resuits "€ Jlation reduction policy) or to decrease (SC3 — population

shown for SRES Alb. e . o :
o . ._stabilization) per capita water availability and the combined
Even though the chosen sensitivity ranges are quite dis: ; ;
ffects of population and climate change were explored at

tributed around the middle scenario, the resulting ranges o . . : : ) )
he regional level in two regions (Fig. 4): one in Europe

population fiving in water-stresseq grids are very eccentrlc.and the other on the African continent. The African region
There may be two reasons for this. One is that most popu-

o : " “was chosen to indicate the effects of policy scenario SC2
lation increase occurs in the already water-stressed region

?population reduction), while the European region was in-
as agreed on by many other researchers (Vorosmarty et aIfénded to show the effects of population stabilization in sce-
2000; Arnell, 2004). The other could be the discrepancy be- Pop

. . . ario SC3. Populations living in water-stressed (per capita
tween the underlying population scenario of SRES Alb, anu\r/]vaterg 1000 n#yr-1) grids were found under the popula-

our _population scena_rios used for the analysi_s_(Al scenari%on scenarios and the climate scenarios SRES Alb, B1 and
family uses a population scenario of about 7 billion at 2100).A2 (Fig. 5). In order to investigate the comparative ’effects

The eccentricity might be lower for B1 (underlying popula- . :
) - 4 of the two drivers of water stress — water available and pop-
tion of 10billion at 2100) and for A2 (underlying popula- . . .

ulation — two more scenarios were introduced to model the

tion of 15 billion at 2100, similar to ours of 15.7 billion). The . .
) . . : effects only of population change and only of climate change.
difference of the impacts between the analyses with climate : A X
If the populations living in water-stressed grids (the col-

change and without does not render much difference. This A ; .
. mn charts in Fig. 5) under the three climate scenarios Alb,
might have been caused by the above two reasons as we .
1 and A2 are compared for each region, none of them stands

These will be further explored in the regional-scale analy-out as different from the others, apart from small differences.

sis below and in the spatial analysis of the combined im-__ " .
acts of climate and population changes on WateravailabilityThelr scales and the projected ranges are almost compara-
P ble. Even though for the African region there are very high
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differences in projected populations under stress as a resul
of climate change only and of the combined population and
climate changes (SC1), this is not even visible in the case
of the European region. The effects of the population-only
(under SC1) scenario give the maximum population living in |
water-stressed grids for all the climate scenarios. However,
the combined climate and population scenario gives more
or less the same impact. Therefore, the dominant driver of
water stress in the African region is population, not climate
change. The first two columns show the populations in water-| -:
stressed grids under 2000 populations, but the climate condi-
tions are that of the baseline (2000) and that of 2100. When
these two columns are compared across the three scenarig
for the African region, the impact of A2 scenario is lower
than of Alb or B1, even though they are of similar magni-
tudes. However, A2 is supposed to be the worst-case scerig. 4. The regions for which the smaller scale analysis was carried
nario of the three (Arnell, 2004; Shen et al., 2008). It might out. In the region on the African continent, our research utilized
be because the population scenarios we have used for A1BPPulation reduction policies in scenario SC2. The scenario SC3
and for B1 are different from their underlying family popu- models populathn s.tablllzatlon in some other parts of the world.
lation scenarios (we used SC1 — no-policy scenario giving a' "¢ S€lécted region in Europe addresses this aspect.

2100 global population of 15.7 billion for all the three climate

scenarios). But for A2, t_hey are almost the same. Thereforeimpacts on water availability in the European region is very
the very strong population signal seen only in the African small compared to the African region

region is not a result of the discrepancy between the popula- '
tion scenarios used in our research and that used in the SRES3  The spatial distribution of the combined impacts

scenario families, to produce the climate scenarios. The pop-  of climate change and population change on water
ulation under high water stress in 2100 for the European re- availability

gion is more than 20 times lower than that for the African re-
gion. This implies that using a very high population scenarioThe spatial distribution of the impacts of population change
quite different from the underlying population scenarios of under scenarios SC1, SC2 and SC3 for the water availability
the scenario families has made Alb and B1 scenarios highscenarios Alb, B1 and A2 was explored. Global per capita
impact scenarios in terms of water stress, only in the alreadyvater availability (n? yr—1) was calculated for grids with a
water-stressed regions. This will be further elaborated in thenorizontal resolution of 05for the base year 2000 and for
next section, which addresses the spatial distribution of watethe years 2025, 2050 and 2100, using the Falkenmark water
stress over the world. stress indicator. The country-level population scenarios were
In the African region, where this study assumes that popu-disaggregated to the 0.§rid level using population counts
lation reduction policies are in effect (SC2), the policies canper grid data for the year 2000 (corrected for the UN esti-
reduce the populations living in highly water stressed (permates) from the Centre for International Earth Science Infor-
capita water< 1000 n? yr~1) regions up to one-third to one- mation Network (CIESIN, 2010).
fourth. Therefore, for regions with high population growth  Figure 6 shows the per capita water availability from the
and low water availability, it is population change that will combined effects of population and climate changes under
impact the most, not climate change. In fact, climate im-the three climate scenarios in 2100 and how the population
pacts in both the African and the European regions are simipolicy scenarios are beneficial or detrimental to regions ad-
lar in scale (second column “Climate change only” of chartsdressing the impacts of climate and population changes. Fig-
- Fig. 5). ure 6a compares the effect of the no-policy population sce-
Population stabilization policies increase populations bynario (SC1) to the three climate scenarios Alb, B1 and A2
a few million in 2100 (3rd and 4th columns in the charts) in the year 2100. The regions with high extreme water stress
for the European region, increasing populations under wa{per capita water available smaller than 1060m 1) are
ter stress as well. In this region, climate impact and the im-comparable to those of Murray et al. (2012). Nevertheless,
pact due to population increase are similar; implying otherthe grid per capita water resources are not exactly the same
methods such as capacity building and institutional reformsdue to the different data and projections utilized in that study.
might help to increase adaptive capacity of societies. SuciTherefore, the spatial extents cannot be compared exactly to
programs as well might undermine the impacts of popula-that of Murray et al. (2012).
tion stabilization on water availability. However, the scale of
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—1) in the two regions analyzed. The effects
SC3 - population stabilization in some regions while in
Hydrol. Earth Syst. Sci., 17, 442844Q 2013

some others population reduction is applied), and of the climate scenarios SRES Alb, B1 and A2 seen at the local level are investigated.
EU — European region, Af — African region. The population used to calculate water stress for the first two columns is the baseline (2000)

Fig. 5. The number of people living in water-stressed grids (per capita w_aﬂeOOOn?yr
population, while for others 2100 populations were used.

of the population scenarios (SC1 — no policy, SC2 — population reduction policy,
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Fig. 6. The combined impact of population change and climate change for the year 2100 and the effectiveness of the population policy
scenarios in reducing the impacts. The horizontal resolution s (8% Per capita water availability (Fryr—1) in the world. The highest

water stress categories are 0—500, 500—1000 and 1000—£300 h indicating countries where water stress is a major obstacle to human
well-being and development or where water stress occurs regularly (Falkenmark and Widstrand()9&®. ratio of per capita water
availability in 0.5 grids in 2100 to that in the base year 2000.The yellow class (0.8—-1.2) assumes a cha2@ofrom the per capita

water availability of 2000(c) The gain in the per capita water availability given by the fertility-reduction policy scenario SC2 as the ratio
between the per capita water for SC2 to that of S@)1.The gain (blue) or loss (red) in scenario SC3, which applies fertility reduction in
certain countries and stabilizes the total fertility rate at the replacement fertility in certain others, compared to SC1, with the ratio of per
capita water between SC3 and SC1.

Although A2 is expected to be the worst-case scenariosame SRES population projection as in Alb (7.0 billion in
(Arnell, 2004; Shen et al., 2008), in this case B1 in com-2100), shows a comparatively higher impact on the per capita
bination with the SC1 scenario (15.7 billion in 2100) also water resources than Alb. This result implies that, opposed
shows impacts similar to A2 for the already water-stressedo the assumptions made in the SRES scenarios after 2050
lower latitudes. However, the B1 scenario, which has the(Arnell, 2004; Van Vuuren et al., 2010; Riahi et at., 2011),
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if combined with a more scattered pattern of population3.4 Effectiveness of the population policy in
change across the world, a more convergent, environmen-  reducing the impacts of climate change and
tally friendly emissions scenario can result in a high-impact population change in the policy-applied countries
water stress scenario. This suggests a strong population sig-
nal compared to a very weak climate signal in the lower lat-The combined population and climate changes increase wa-
itudes. The magnitude and the regions negatively affecteder stress steadily in the countries where the population
(< 0.8, Fig. 6b) by the combined climate change and pop-growth rates are high=(2.5%) under the no-policy (SC1)
ulation change differ among the three climate change scenaiscenario.
ios. However, all the three climate scenarios agree with the However, all three climate scenarios, Alb, B1 and A2,
extremely negative impacts to water availability@.5 times  exhibit similar impacts on increased water-stressed areas in
water availability in 2000, Fig. 6b) on the African continent, these countries (Fig. 7). In the extreme (0-5G9m1?) and
the Middle East, Australia and in some parts of Asia. There-high (500-1000 rhyr—1) water stress categories, the highest
fore, the applied fertility-reduction scenario (SC2) addressesmpact is given by the A2 scenario in 2100. The other two
the projected extreme water availabilities. scenarios follow. As seen in Fig. 6a, by 2100 (after 2050)
Figure 6¢ and d show the gain or loss that could occur unthe B1 scenario sometimes gives a higher impact (Fig. 7b
der the fertility-reduction policy scenario SC2 and the effectsand d), whereas Alb surpasses B1 at other times. The most
if it is combined with population stabilization at replacement important outcome is that the effect of population change su-
fertility (scenario SC3), respectively. The scenario SC2 givespersedes the changes in climate scenarios.
the highest gain (Fig. 6¢), with 6.1 times the water resources Being in the regions (Fig. 6c) where 24.5% of the pop-
per capita in Niger, compared with SC1, with the second-ulation is concentrated in 2100, fertility-reduction programs
highest gain of 5.3 times in Uganda. Niger and Uganda arecould be considered a low-regret measure to address future
the countries with the highest momentum for future popu-water stress. However, a comparison of the reductions in
lation increase in sub-Saharan Africa. In 2100, these twathe water-stressed area shows that SC2 and SC3 have par-
countries represent 12.5% of the total population in the re-allel reduction paths, in contrast to the 0-500ym! ex-
gion. The fertility-reduction policy scenario SC2 reduces thistreme water stress category, where SC2 is more effective
figure to 4.5%. The countries with fertility-reduction poli- at reducing the impact under the climate scenarios A2 and
cies (SC2 - Fig. 6c¢) represent 24.5% of the global popu-B1. This result occurs because most of the grids in the 0—
lation in 2100 under the no-policy (SC1) scenario. Under500 n? yr—1 stress category are in the lower latitudes, where
SC2, this figure is reduced to 8.7 %. However, the benefits obnly fertility-reduction policies (SC2) are applied. However,
SC2 far outweigh the losses due to population stabilizationthe SC3-applied areas under each stress category are higher
at replacement fertility (SC3). A decrease in the annual petthan even the no-policy scenario areas simply because the
capita water availability of half (0.5) can be more detrimental SC3 region is larger than the SC2 region (Fig. 6d).
than a twofold increase (Arnell, 2004), especially for regions
with moderate to high water stress (annual per capita wateB.5 The population policy and fertility-reduction
<1700 n¥yr—1). However, the countries negatively affected programs of greater potential
by population stabilization at replacement fertility in SC3 are
all high-latitude countries, including Russia and Eastern Eu-Although this study assumes the effects of population poli-
ropean countries with low water stress (annual per capita waeies of a certain nature, identifying the types of population
ter> 1700 n?yr—1). policies that will result in this form of benefit for a certain
It is clear that any attempt taken to mitigate or adapt tocountry is beyond the scope of the current study. However,
climate change effects in the lower latitude regions with ex-a brief review of the existing policies that exhibit a greater
treme water stress will probably have very little impact on potential for fertility decrease is provided here.
future water stress if those do not focus on reducing the pop- Among the various population policies employed to date,
ulation pressure on water resources. In fact, reducing the popwo emerge as the most effective in facilitating fertility de-
ulation pressure alone might benefit these regions to a greateline: improving access to family planning services and edu-
extent. If the population policies were combined togethercating the high-priority groups consisting of young women
with the technological advancements in water resource manand mothers (O’Neil et al., 2001; Bongaarts and Sinding,
agement gained until present (Koutsoyiannis, 2011), the ef2011; Lutz and Samir, 2011, United Nations, 2011b). For the
fectiveness in reducing extreme water stress could be muchrograms to be successful, improving access to contraceptive
higher. Interestingly, these are the regions that are lower irmethods should accompany education programs, especially
economic strength and therefore are unable to contribute téo eliminate the exaggerated fear of side effects, and fam-
the global greenhouse gas (GHG) emission reductions sigly counseling services, to reduce opposition from spouses
nificantly. Nevertheless, population reduction policy will be (Bongaarts and Sinding, 2011). In fact, this approach has
a robust and independent approach to gain more control ovegsroven to be highly effective even in the most traditional so-
their future development paths. cieties (Bongaarts and Sinding, 2011). Women with higher
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Fig. 7. The effectiveness of the population control policies (SC2 — fertility-reduction policy, SC3 — policy of population stabilization at
replacement fertility) at reducing the area under water stress compared with the no-policy scenario, SC1. The figures consider only the
countries for which the policies were applied (Fig. 3c for SC1 and SC2, Fig. 3d for SC3). The climate scenarios are indicated according to
color: Alb —blue, B1 — green and A2 —red. The lines indicate the population scenarios under each climate scenario: SC1 — continuous lines,
SC2 — dotted lines and SC3 — center lines.

levels of education have a lower desired fertility (O’Neil et B1 and A2, was considered along with a population scenario
al., 2001; United Nations, 2011b). Therefore, governmentprojected at 15.7 billion in 2100. Two other population sce-
spending on women’s education is an indirect but highly ef-narios evaluated the strength of the fertility-reduction policy
fective strategy for achieving fertility rate decline. Provid- (SC2) and its combination with population stabilization with
ing incentives for women to join the labor force, as im- replacement fertility (SC3) to reduce future impacts on water
plemented by Japan (Samuel, 1966) and by China (Penggesources. Unlike the population growth scenarios utilized in
2011), also gives incentives to women to lower their de-climate research, which use regionally uniform population
sired fertility. However, governments are reluctant to inter- growth rates after 2050, the scenarios in this study assume
fere openly (O’'Neil et al., 2001) with the fundamental repro- trends in the population growth rates regionally, even after
ductive rights of couples and individuals (United Nations, 2050.

2011b). Nevertheless, setting a higher minimum marriage For countries with high water stress (annual per capita
age (United Nations, 2011b), which increases the mothersvater < 1700 n?yr—1), the climate change effects are far
age at first birth, and China’s “one-child policy” (Peng, 2011) outpaced by the population change effects. The fertility-
could be considered instances in which governments interreduction policy scenario assumes policy only for a number
vened in the fertility decisions of individuals. of countries with high population growth rates. Most of these
countries belong to sub-Saharan Africa. These countries rep-
resent 24.5 % of the global population in 2100, a value that is
reduced to 8.7 % under the scenario with fertility-reduction

The effecti f lati i L d policy assumptions, SC2. SC2 reduces water stress in these
e efiectiveness of population policy scenarios in reduc-., iries significantly, although it is most effective at re-

ing combined population change and climate change ImpaC'[ﬁeving the extremely water-stressed (annual per capita water

was explored. The impact considered was increasing water. 500 mByr-1) regions. However, the SC3 policy scenario

stress, measurec_j by t he Falkenmark \{vater stress |_ndex. W@]ightly increases the pressure on water resources for Russia
ter resource availability under three climate scenarios, Alb,

4 Conclusions
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and for a few Eastern European countries, in addition to theéSupplementary material related to this article is

benefits given by the SC2 assumptions. Still, Russia and thavailable online athttp://www.hydrol-earth-syst-sci.net/

European regions remain under low or no water stress. 17/4429/2013/hess-17-4429-2013-supplement.pdf
Nevertheless, the two scenarios do not differ greatly on a

global scale.
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