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Abstract Climate change and socio-economic development increase variations in water
availability and water use in the Pearl River Basin (PRB), China. This can potentially result
in conflicts over water resources between water users, and cause water shortage in the dry
season. To assess and manage water shortage in the PRB, we first explored two water
availability and three water use scenarios. Next, four different strategies to allocate water were
defined. These water allocation strategies prioritized upstream water use, Pearl River Delta
water use, irrigation water use, and manufacturing water use, respectively. The impact of the
four strategies on water use and related economic output was assessed under different water
availability and water use scenarios. Results show that almost all the regions in the PRB are
likely to face water shortage under the four strategies. The increasing water demand contrib-
utes twice as much as the decreasing water availability to water shortage. All four water
allocation strategies are insufficient to solve the water scarcity in the PRB. The economic
losses differ greatly under the four water allocation strategies. Prioritizing the delta region or
manufacturing production would result in lower economic losses than the other two strategies.
However, all of them are rather extreme strategies. Development of water resources manage-
ment strategies requires a compromise between different water users.
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1 Introduction

Water is essential for human survival and all activities (Oki and Kanae 2006). However, fresh
water resources are unevenly distributed in time and space, which causes serious water
shortage in many parts of the world (Piao et al. 2010). In addition, population growth and
socio-economic development have exponentially increased global water use during the last
few centuries. This intensified the competition over water resources between different regions
and sectors (Liu et al. 2017). Solutions to water stress problems depend not only on water
availability, but also on water management and allocation (Biswas 2004). However, water
management and allocation faces major challenges due to climate change and socio-economic
development (Alcamo et al. 2007).

The Pearl River is the third largest river in terms of drainage area in China (Fig. 1). It
mainly flows through Yunnan, Guizhou, Guangxi, and Guangdong provinces, and enters the
South China Sea through the Pearl River Delta (PRD). The Pearl River basin (PRB) is situated
in a subtropical monsoon climate zone. About 80% of the streamflow occurs during the wet
season. Highly uneven spatial and temporal distribution of streamflow has caused seasonal
water shortages in the basin. In a previous study, we showed that discharge during the dry
season is likely to reduce because of climate change (Yan et al. 2015). Without any interven-
tions, reduced future low flows may further aggravate seasonal water shortages in the PRB.

Socio-economic development and water use differ greatly across the PRB regions. The
PRD is the world’s largest urban region (World Bank 2015), accounts for 12% of the total area
of the PRB. In 2000, the PRD used 17.2 billion m® water, accounting for 29.9% of the total
water use of the PRB. The upstream basin, however, consists of the poorest regions in China
(Jalan and Ravallion 2000). Guizhou (the part within the PRB that uses water from Pearl River
tributaries) is 50% larger in area than the PRD, but only used 12% of the PRD’s total water use
in 2000 due to limited socio-economic activities (PRWRC 2001).

However, the poorer upstream regions have started catching up the delta since Chinese
government launched the “Western Development Program” in 1999, which aimed to boost the
socio-economic development in western China (Lai 2002). The program substantially
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Fig. 1 Location of the Pearl River Basin. The PRB mainly covers 4 provinces (Yunnan, Guizhou, Guangxi,
Guangdong) in southern China. The Pearl River Delta (PRD), which is located in Guangdong province, is the
largest urban complex in the world consists 11 important cities, include Hong Kong and Macau (Hong Kong and
Macau are not include in the present study)
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accelerated the economic growth, and increased water use of the upstream provinces (PRWRC
2015). This has resulted in reducing streamflow in the Pearl River, and reduced water supply to
the delta (Zheng et al. 2016). In 2014, the total water use in the Pearl River basin is 61.2 billion
m?>, of which 28.8% was used by the PRD. Compared to 2000, the absolute water use in the
PRD increased by 0.41 billion m?, but its ratio dropped about 1.1%. During the same period,
water use in Guizhou increased by 0.25 billion m?, and the proportion of water used in
Guizhou also had an increase of about 0.15% (PRWRC 2015). Water use in the delta is likely
to gradually increase in the near future (Yao et al. 2017), while the upstream parts of the PRB
would require more water for its future development. This could result in water use conflicts
between upstream and downstream regions.

Saltwater intrusion may further aggravate water conflicts between upstream and down-
stream regions. To reduce saltwater intrusion, local authority launched the “Key Reservoirs
Operational Project for Pearl River Basin” policy to reduce saltwater intrusion by releasing
additional water from upstream reservoirs (Xie 2007). The implementation of this policy
reduced salt intrusion to some extent, but required large amounts of fresh water from upstream,
where water resources were already insufficient in some regions (Cai et al. 2011). Further
implementation of this policy may exacerbate the already existing water scarcity in the
upstream part of the basin.

Competition for water not only exists between upstream and downstream regions, but also
exists between different water use sectors. The two major water use sector in the PRB are
irrigation and industry. Irrigation water use accounted for 57% of total water consumption in
2000, but only 46% in 2014 (PRWRC 2001; PRWRC 2015). Meanwhile, the industrial water
use increased by 3 billion m® (from 18% in 2000 to 22.7% in 2014).

Although it is clear that competition for water will increase in future, the extent of the
problems, the economic impacts and possible strategies to reduce competition are still unclear.
To address this knowledge gap, we focus on three different research questions:

1. How severe are water shortages during the dry season in the PRB under future climate
change and socio-economic development?

2. How do the water shortages affect economic development in the PRB?

3. Can water allocation strategies alleviate competition over limited water resource in the
PRB?

To answer these questions, we develop future water use scenarios using the Shared Socio-
economic Pathways (SSPs) framework (O’Neill et al. 2015). Future water availability scenar-
ios, consistent with the Representative Concentration Pathways (RCPs) (van Vuuren et al.
2011) are adopted from our previous study (Yan et al. 2015). These scenarios are used to assess
the impact of different water allocation strategies on future water shortage in the dry season.

The novelty of this paper is to present an approach to integrate water supply and use
management in a changing and complex environment. In recent years, many countries paid
more attention on water use management, for example, China’s most stringent water resources
management for water quantity and quality control (Ge et al. 2017). However, adapting to
future water shortage requires considering both supply and use. Through assessing the
combined effects of climate change and socio-economic development on water supply and
use, and identifying water allocation strategies to alleviate competition over limited water
resources in the PRB, this study represents an important contribution to integration of supply
and use management. Additionally, multiple globally-consistent regional climate change and
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socio-economic development scenarios are developed and used to explore future water
shortage in the PRB under different water allocation strategies in this paper. These regional
scenarios provide a useful tool that works across different disciplines and different sector of
society, and merging different spatial and temporal scales.

2 Methodology
2.1 Water Availability and Water Use Scenarios

Future water availability scenarios are adopted from our previous study (Yan et al. 2015). The
scenarios are generated using the variable infiltration capacity (VIC) hydrological model
combing five global climate models (GCMs) under RCP4.5 and 8.5. The five GCMs used
are CNRM-CM5, EC-EARTH, HadGEM2-ES, IPSL-CM5A-LR, and MPI-ESM-LR. These
GCMs can well represent future climate change in the PRB (Wang and Chen 2014). See Yan
et al. (2015) for details on the hydrological modelling and the development of the future water
availability scenarios.

Development of the water use scenarios follows the method in Yao et al. (2016), which
links region-specific historical trends and future development targets with China’s national
SSPs scenarios (Supplementary material 1). When we refer to “SSP scenarios” below it
indicates the sub-basin scenarios developed for this study, rather than the original SSP scenario
descriptions (O’Neill et al. 2015).

2.2 Water Allocation Strategies in the PRB

Four different water allocation strategies are defined. The first two strategies reflect the
competition between upstream regions and the Delta, and the others are two economic-
driven strategies that reflect the competition between different water use sectors. All four
strategies assume that all the requirements for domestic and environmental water use are
fulfilled. Domestic water use includes urban residential water use, urban public water use, and
rural residential water use. Environmental flow is calculated using a simple Tennant method
(Pastor et al. 2013). Additional water to prevent saltwater intrusion is not included in the
environmental flow calculation in this study.
The four strategies are:

1. upstream-prioritized (UP) strategy. The upstream region preferentially uses the amount of
water as projected under water use scenarios. If its projected water use is larger than
projected water availability, the upstream region would take all the available water in this
region.

2. delta-prioritized (DP) strategy. In this strategy, the upstream regions release additional
water to the Delta, which can satisfy irrigation and manufacturing water demand in the
Delta. We had planned to satisfy water demand of the Delta first, and optimized the
remaining water resources between different upstream regions. However, transferring
water from downstream to upstream region over a long distance is very difficult to
implement (Zhong 2004). Therefore, the DP strategy is simplified. In the new DP strategy,
we assume that each upstream region releases the same absolute amount of additional
water to the Delta.
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3. irrigation- prioritized (IrrP) strategy. In this strategy, the overall agricultural profit of the
PRB is maximized using an open source framework for many-objective robust decision
making (OpenMORDM) developed by Hadka et al. (2015). The plan with the highest
agricultural profit is selected as the IrrP strategy.

4. manufacture-prioritized (ManP) strategy. This strategy is also generated by the
OpenMORDM. The difference between the IrrP and ManP strategy is that the ManP
strategy pursues the highest manufacturing profit.

Both the IrrP and ManP strategy are generated by the OpenMORDM. The OpenMORDM
is a useful tool to help decision makers for adaptive water management in river basins (Hadka
et al. 2015). Two objectives and three constraints are used in the OpenMORDM to evaluate the
performance of the newly generated plans. The two objectives are to maximize profits from
agricultural and manufacturing water use:

fir'r_proﬁt — max(—\S|T ( ﬂilz?’:JWUi,j Xij 11‘)> (1)
1 M <N MWUI‘_J‘*YI‘_J‘
.fman_prqﬁt = max(|s|T (Zj:lZi:l m (2)

where fi,- proie a0d fiuan progie represent profits from agricultural and manufacturing water use,
100 million international $2005. M is the number of months from 2010 to 2050, N represents
numbers of regions in the PRB, IWU; ; and MWU, ; are the projected irrigation and
manufacturing water use in the i region at time j, million m®, MSWl,g,, is the manufacturing
structural water use intensity in the base year 2010, m>/1000 international $2005, X, and Y,
represent the percentage of irrigation and manufacturing water use, which are used by the i
region at time j, /; represents irrigation index, S represents the set of all sampled climate
scenarios. T represents the number of years during 2010-2050.

Three constraints are used, which are the actual irrigation and manufacturing water uses
should be less than the total projected irrigation and manufacturing water uses, and the total
water use of all water use sectors should be less than the water availability of the PRB given as
follow:

IWU i1, 23N WU, X ; (3)

MWU a1 ;=N \MWU, j+Y; (4)

Ororat jZX0 ENVj + L DOM j + Y IRR; <X + 3" \MAN, ;Y =" | RET; (5)

where Q.41 ; represents water availability in the PRB at time j, IWU, .., ; and MWU 4,
; represent the projected total irrigation and manufacture water use of the whole basin at
time j. ENV; ; and DOM,; ; represent environmental flow and domestic water use of the
i™ region at time j respectively, RET; ; is the amount of water returned by the i™ region at

time j, million m>.
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2.3 Water Shortage in the PRB

Water shortages under the four water allocation strategies are estimated for each region during
the dry months when projected water use is higher than water availability. As the purpose of
this study is to quantify how severe the water shortage is during the dry season, more attention
is paid to the drier climate change scenario (RCPS.5), for which water shortages are likely to
be more severe.

For the UP strategy, water shortage of each region is calculated according to Egs. 6 and 7.
Equation 6 is developed for regions without upstream region, for example, Yunnan.

WD, = Y1 | (AW, ~WU,,) /T

fO0 WD, >0 (6)
Won = { WD,,, WD,, < 0

where WD,, is the monthly mean difference between water availability and water use for a
upstream region during 2010-2050, WS,, represents the monthly mean water shortage for the
upstream region, m represents each month during a year (from January to December), AW, ,
and WU, , are water availability and water use for month m in year ¢, T represents the number
of years during 2010-2050. The unit of WD,,, WS,,, AW, ,, and WU, , is million m’.
Equation 7 is developed for regions with upstream region(s), for example, Guangxi.

WD, =YL (XX EWpix + AW, ~WU,,,,) /T

_ 0 7WDm > 0 (7)
WSn = { WD,,, WD,, < 0

where EW,, , , represents excess water from upstream region x for month m in year ¢, million
m’.

In the DP strategy, water shortage of the PRD is first calculated using Eq. 6. To provide
enough water resource for the PRD, each upstream region releases the same absolute amount
of water to the Delta. Therefore, new water uses in these upstream regions are the original
projected water uses plus the mount of water released to the Delta. The rest of the calculations
are the same as in the UP strategy. For the IrrP and ManP strategy, new water use for each
region is generated by the OpenMORDM. Water shortage of the whole basin is then calculated

based Egs. 6 and 7.
2.4 Economic Losses Calculation

Economic losses are roughly estimated based on annual water shortage using Eq. 8.

(8)

WS_MAN;
EL=YN T, (WSJRR,;[L + u )

MSW]z()l() X TC[

where WS _IRR; ,and WS MAN; ,represents irrigation and manufacturing water shortage in
the i region in year t, million m’. [, represents irrigation index. MSWh ¢ is the manufacturing
structural water use intensity in the base year 2010, m*>/1000 international $2005. TC, is the
annual technological change rate for the manufacturing factor.
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3 Results
3.1 Water Scarcity in the PRB
3.1.1 Regional Water Use in the PRB

Figure 2 presents different trends of future water use projected for the PRD and the
upstream basin. The PRD’s annual water use peaks around 2030 then curves. By 2050,
the average total water use of the PRD increases by 10% to 22 billion m® from 20 billion
m® in 2010.The upstream basin exhibits a steep increase of total water use in all three
paths. The total water use of the upstream basin increases with more than 50% from 45
billion m* in 2010 to 70 billion m® in 2050. Within the upstream areas, Guangxi and
Guangdong (without the PRD) are the dominant water users, account for 54 and 30%
total water use in 2010 and 43 and 33% total water use in 2050 respectively (Fig. 8 in
Supplementary material 3).

(a) PRD-SSP1 (b) PRD-SSP2 (c) PRD-SSP3
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Fig. 2 Sectorial water use projections for the PRD and the upstream PRB under different scenarios
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3.1.2 Sectoral Water Use in the PRB

The changes in future water use are largely driven by the manufacturing sector, the only sector
where water use increases by 2050, which is responsible for 45% of estimated total water use
in the basin in 2050.

Projections for the domestic and irrigation water use follow a consistent decreasing
trend under all the scenarios across the PRB (Fig. 2). By 2050, domestic water use will
decrease by 37% (PRD) and 19% (Upstream) due to a combination of population change
and technological improvement. Irrigation water use will decrease by 36% (PRD) and
20% (Upstream) due to improved water use efficiency as a result of technological
development, and a reduction of irrigated land. By 2050, the manufacturing sector
dominates the total water use in the PRD, whereas irrigation water use still is a
considerable fraction of the total water use in the upstream areas.

Large differences between the PRD and the upstream area exist due to different scale
of irrigation sector. As the national SSP assumptions indicate, the upstream basin will
continue to show rapid economic growth while retaining most of its irrigated lands. This
results in a continuous increase of water use during the study period. Although the speed
of increase levels off, our result do not show a clear saturation of total water use in the
upstream basin by 2050. The Delta has its own development path, where the sectoral
water use will maximize around 2030 and then gradually decrease. By 2050, the total
water use in the PRD is comparable to the level of 2010.

3.1.3 Water Availability Changes in the PRB

The decadal changes of the water availability in the PRB show a decreasing trend from the
2010s to 2040s under RCP4.5 and 8.5 (Fig. 3a-b). At present about 280 billion m* of water is
available for the upstream and about 47 billion m® is available for the PRD annually. This
means that water use is presently at 25-30% of available amounts in the upstream and at 50—
60% in the downstream region. Under RCP4.5, water availability of the upstream regions and
the PRD reduces by 15.2 and 1.69 billion m® from the 2010s to 2040s respectively. The water
availability under RCP8.5 for each decade is lower than the water availability under RCP4.5
for the whole basin.

3.1.4 Water Shortages in the PRB

Future water availability and water use in dry months projected for the PRB are compared.
The comparison reveals water shortages exist for the period 2010-2050. The average
decadal water shortages of the upstream regions and the PRD show an increasing trend,
which is opposite to the trend of the water availability. The annual average water shortages
for the whole upstream region and the PRD under the assumption that each region in the
PRB is an independent system are shown in Fig. 3c-d. For the PRD, water shortages are
around 500 million m® per year. The upstream region’s total water shortage is twice as much
as the water shortage in the PRD. Results also show that water shortages under RCP8.5 are
much higher than water shortages under RCP4.5 for the whole basin under all the SSPs.
However, the differences in water shortage between different SSPs are not substantial in the
PRD. For the upstream region, water shortages under SSP3 are clearly higher than water
shortages under SSP1 and 2.
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Fig. 3 Annual average water availability for each decade from 2010s to 2040s (a and b) and annual average
water shortage during the period 2010-2050 under the RCPs (c and d). The error bars indicate minimum and
maximum values of the five climate models

3.2 Identifying Water Allocation Strategies

Figure 4 illustrates an example how to identify the IrrP and ManP strategy using the
OpenMORDM under RCP8.5 and SSP1. The OpenMORDM generates a set of alternative
plans with different agricultural and manufacturing profits based on the two objectives and
three constraints mentioned in Section 2.2. Since the main purposes of the IrrP and ManP
strategy in this study are to pursue maximum agricultural and manufacturing profits, we
manually select two plans that yield the highest agricultural and manufacturing profits as the
IrrP and ManP strategy respectively. In other words, the OpenMORDM generates many
possible plans, but in this study, we only discuss the most extreme plans. We use the same
method to obtain the strategies for SSP2 and SSP3.

3.3 Water Shortages under Different Water Allocation Strategies in the PRB

Yunnan, Guangxi, Guangdong and the PRD are likely to face severe water shortages under the
UP strategy (Fig. 5). Yunnan is the province with the highest water shortage, where an
additional 300 million m® of water is needed each month during January—April period for
all the SSPs. For Guangxi, Guangdong and the PRD, water shortage is higher during the
period of November—December than January—April. In the PRD, water shortage can reach up
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(a) The IrrP strategy
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(b)The ManP Strategy
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Fig. 4 Selection of the IrrP and ManP strategy under SSP1 and RCP8.5 (a) the IrrP strategy, (b) the ManP
strategy. Each line represents an alternative plan where its intersections on the vertical axes represent the
percentages of projected water use, which would be used in different regions for different purposes. The red
triangles represent ideal values for the corresponding objectives. Plans are colored based on (a) irrigation and (b)
manufacturing profits respectively. The black line is the selected plan

to 255 million m® in December under SSP3. Results also show that only subtle differences in
water shortage are found between different SSPs. Water shortages for all the regions except
Guizhou are lower under SSP1 compared to SSP2 and 3.

Under the DP strategy, water shortages for all the upstream regions are larger compared to
water shortages under the UP strategy, except for the PRD (Fig. 5). Additional water from the
upstream regions is sufficient to supply all the water uses in the delta, but increases upstream
shortages. Under SSP3, all the upstream regions expect Guizhou have the highest water
shortages. In Guizhou, water shortages under SSP2 are higher than water shortages under
SSP3. Figure 4 shows what percentages of projected irrigation and manufacturing water uses
can be satisfied for each region under the IrrP and ManP strategy. The part that cannot be
satisfied under the projected water availability is considered as water shortage of the region
(see Section 2.3). Figure 6 shows the annual average water shortages for the whole basin under
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Fig. 5 Average monthly water shortages for different regions in the PRB under the upstream-prioritized and
Delta-prioritized strategy during the period 2010-2050 (RCP8.5)

the SSPs. Water shortages range from 800 to 1500 million m® under both IrrP and ManP
strategy. Under SSP3, water shortage in the PRB is more severe than under SSP1 and SSP2.
Under all three SSPs, water resources in the PRB are insufficient to satisfy both irrigation and
manufacturing water uses.

3.4 Economic Development under Different Water Allocation Strategies

The economic profits of agriculture and manufacturing sector under the condition with no
water stress are selected as the baseline, i.e. under the baseline, both the upstream and the PRD
will achieve the socio-economic development suggested by the SSPs scenarios, regardless if
enough water is available in future.

Figure 7 shows the average economic losses due to water shortages compared to the
baseline under different water allocation strategies. The PRB has the highest economic losses
under the IrrP strategy, up to 14% of the total projected GDP of the whole PRB in 2050. For
two strategies that reflect the competition between the upstream regions and the PRD (the UP
and DP strategy), the PRB has higher economic losses under the UP strategy. The economic
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Fig. 6 Annual average water shortages under the IrrP and ManP strategy for the period 20102050 (RCP8.5) (a)
the IrrP strategy, (b) the ManP strategy
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difference between the UP and DP strategy can reach up to 450 billion international $2005
under SSP1. Results confirm that although the economic growth rate of the upstream region is
projected to have a large increase in the future, it is still weak when facing the competition
from the PRD. Another interesting finding is that the economic losses under the DP strategies
is higher than economic losses under the ManP strategies. The result is different from what we
have expected. The reason will be discussed in Section 4.

4 Discussion
4.1 Projected Water Shortage

This study shows that the PRB is likely to face water shortages under all projected
scenarios (Fig. 3c-d). It is the result of both increasing water demand and decreasing
water availability. For example, water demand of the upstream regions increases by 25
billion m® from 2010 to 2050. During the same period, the total water availability of
these regions decreases by 10.38 billion m®> under RCP8.5. The increasing water demand
contributes twice as much as the decreasing water availability to water shortage. The
result is consistent with the work of Yang et al. (2008).

(a) The UP strategy (b) The DP strategy

0 - 0 -
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-100-
-400-
-200-
-600-

(c) The IrrP strategy (d) The ManP strategy
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-5001
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Fig. 7 Average economic losses for the whole Pearl River basin under four different water allocation strategies
in 2050 (RCP8.5) (a) the upstream-prioritized, (b) the PRD-prioritized, (c) the irrigation-prioritized, and (d) the
manufacture-prioritized strategy. Note different scale of y-axis of the different panels

SSPs

Economic losses ( billion international $2005)
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Figure 3 suggests the differences in water shortage between RCPs are larger than differ-
ences between SSPs. The error bars in Fig. 3 indicate that uncertainty in GCMs are larger than
uncertainty in RCPs. To sum up, uncertainty in SSPs < RCPs < GCMs. Our previous study
explored uncertainties existed in different GCMs and RCPs (Yan et al. 2015). In this study,
more attentions were paid to the three SSPs. Differences in water shortage between different
SSPs are not significant based on our water use projections. Because the study period is
relatively short, during which the socio-economic development under different SSPs pathways
are not diverged significantly from each other. The water shortages are slightly higher under
SSP3 (Fig. 3c¢-d). This is consistent with the narrative of the shared socio-economic pathways.
Low water use intensity due to slow technological change, together with high domestic water
demand, make SSP3 the most water consuming scenario.

4.2 Impact of Different Water Allocation Strategies on Water Use

In the real world, selection of water allocation plans requires stakeholders from different
sectors to reach a compromise between the objectives. All the water users in the PRB should
be given a fair treatment. But in this paper, only the most extreme plans were discussed.
Performance of the four water allocation strategies was evaluated. Results show that none of
the prioritization strategy is sufficient to avoid all economic losses caused by water scarcity in
the PRB (see Section 3.4). Prioritizing water for the delta and manufacture sector are the most
profitable water allocation strategies.

The purpose of the “Key Reservoirs Operational Project for the Pearl River Basin” is to
transfer upstream fresh water to the delta to repel saltwater intrusion and ensure water supply
safety for the delta (Xie 2007). This policy is actually a delta-prioritized strategy. In this study,
we also defined a delta-prioritized strategy, where each upstream province gives the same
absolute amount of additional water to the PRD. In this case, the pressure for Yunnan is much
higher than Guangxi. Figure 5 show that Yunnan province is likely to face the worst water
scarcity compared to other regions in the PRB, especially in spring. This result is consistent
with some previous studies (Jia and Pan 2016; Wang and Meng 2013). In Yunnan, drought in
spring is a major and frequent natural disaster especially over the last three decades (Abbas
et al. 2014). Hence, it is likely that Yunnan does not have the ability to provide more water for
the downstream regions in the future.

4.3 Economic Losses under Different Water Allocation Strategies

Figure 7 shows that the ManP strategy has lower economic losses compared to the delta-
prioritized strategy. It is because the additional water from the upstream regions is also used to
satisfy the agricultural water uses in the Delta under the delta-prioritized strategy. In 1979, the
area of irrigated land in the PRD was 1.38 x 10* km?, accounting for 25.5% of the total area.
The proportion of irrigated land in the PRD decreased from 25.5% in 1979 to 16% in 2009,
accompany with a rapid increase of construction land (Liu et al. 2016). In Section 3.1,
agricultural water uses in 2050s reduce around 60% compared to 2010s, due to improved
water use efficiency and a reduction of irrigated land. Nevertheless, the agricultural water use
still accounts for more than 10% total water use in 2050s (Fig. 2). Water allocation between
upstream regions and the PRD requires a compromise between economic profits and equity in
the future. In addition, food security is also a high priority in China. Water resources tend to be
transferred from low-value agricultural uses to high-value manufacturing uses in the PRB. In
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many parts of the PRB, Water shortages are limiting agricultural development (Khan et al.
2009). Since the PRB is one of the most important granaries in China, the local government
must first consider the increasing food demands before implementing a policy.

4.4 Recommendations for Water Management in the PRB

It should be noted that water shortages in the PRB are seasonal events. There is sufficient water
supply for the PRB during the wet season. However, storing large amount of water in
reservoirs may lead to increasing flood risk as more than 80% of streamflow in the PRB
occurs during the wet season. Even so the reservoirs should play a very important role in
storing extra water from the wet season for water use in the dry season. This requires the
establishment of a better water resources and use monitoring system based on ground
observations and satellite images, better predictions for future climate, and advanced technol-
ogies to develop water allocation strategies. Our results show that manufacturing water use
plays a dominant role in total water use in the PRD. Recently, traditional manufacture with
high water consumption, high water pollution and low efficiency still occupies a large
proportion in the PRB. There is an urgent need for industrial restructuring, transformation
and upgrading in the PRB.

4.5 Some Study Limitations and Outlook

The primary limitation comes from the missing sectors and detailed sub-sectoral information.
Data limitations for the thermo-electricity sector make it very difficult to associate this sector
with the SSP storylines in a consistent way. However, this maybe more important for water
quality (i.e. temperature) considerations than for water quantity stress, since most of cooling
water intake returns to the river again (Fthenakis and Kim 2010).

Moreover, uncertainty lies in both estimation of manufacturing water use intensity and
manufacturing products. Manufacturing water use intensity and economic gains heavily
depend on the structural composition of this sector and the corresponding technology it adopts.
However, no sub-sector water-use data is available. It is unlikely that the industrial structure in
the upstream basin will remain the same for the coming few decades given its fast industri-
alization process. Thus, the current projection of manufacturing water uses and products may
need to be updated when future long term plans become available.

5 Conclusion

Results show that future water use is much higher than water supply. Large scale increases in
water use are mainly from manufacture factor in the upstream regions. Furthermore, differ-
ences in water uses or water shortages are not substantial between the SSPs for the whole
basin. Under SSP3, the basin has the highest water shortage. Results also show that almost all
the regions in the PRB are likely to face water shortage under the four water allocation
strategies due to combined effects of climate change and socio-economic development. The
delta region only has sufficient water resources under the delta-prioritized strategy. The
economic losses differ greatly under the four strategies. Prioritizing the delta region or
manufacturing production would result in lower economic losses than the other two strategies,
whereas the economic loss is the highest when water for irrigation has the priority. All four
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water allocation strategies are insufficient to solve the water scarcity in the PRB. However, all
of them are rather extreme strategies. Development of water resources management strategies
requires a compromise between different water users. In addition, new technologies and
increasing water use efficiency are important to deal with future water shortage in the PRB.
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