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A B S T R A C T

China's food production depends highly on irrigation, but irrigated agriculture has been threatened by
increasing water scarcity. As such, the overall goal of this study is to provide a better understanding of the
changing trends in water supply and demand balance, their impacts on food production, and government policy
responses. The results show that water scarcity in China is a regional issue, mainly in northern areas. This is
reflected in the limited and uneven distribution of water resources, decline of surface water resources, depletion
of groundwater resources, degradation of water quality and increasing water demand. Climate change has
further aggravated water scarcity in several river basins in northern China, resulting in the reduction of irrigated
areas and a fall in food production. Consequently, the Chinese government has tried to control total water
withdrawal, improve water use efficiency, and control water pollution. While these policy responses are
encouraging, their effectiveness in resolving the growing water scarcity in China needs to be examined.

1. Introduction

China's food production significantly depends on irrigation; how-
ever, the sustainability of irrigated agriculture has been challenged by
increasing water scarcity. Considering the higher productivity of
irrigated land, since the 1950s, the Chinese government has invested
huge amounts in irrigation infrastructure construction to deliver water
from surface or groundwater resources (MWR, 2015b). To date, half
the cultivated land has been equipped with irrigation facilities; over
70% of the national grain output, 80% of the national cotton output,
and more than 90% of the national vegetable output comes from
irrigated land (RWRD and CIDDC, 2010). However, water has
increasingly become scarce; the increase has been noted since the late
1990s. In 1997, the lower reaches of the Yellow River (the second
largest river in China) dried up for 226 days and significantly
influenced the socioeconomic activities in the downstream rivers
(Wang, 2009). Following this, there has been growing evidence of
increasing water scarcity, particularly of the decline in groundwater
table and degradation of water quality (Brown and Halweil, 1998; Wu
et al., 1999; Liu et al., 2001; Foster et al., 2004; Wang and Jin, 2006;
Qiu, 2010; Famiglietti, 2014). Recently, climate change has been
considered another important driver of water scarcity in China

(Xiong et al., 2010; Wang et al., 2013). As such, scholars believe that
China has reached a point where critical decisions must be made to
resolve its water crisis (Mu and Khan, 2009; Lu et al., 2015).

Increasing water scarcity and its pressure on ensuring food security
have also attracted the attention of policymakers in China. Since 2004,
the central government has annually issued the NO1 document to
resolve agricultural, rural and farmers’ issues. These documents
emphasize how to improve the condition of irrigation facilities and
enhance irrigation efficiency1 to ensure food security. In addition,
China's government has tried to change the water management
strategies from supply side to demand side to ensure water security
and promote sustainable socioeconomic development. In the late
2000s, the World Bank reviewed the overall water scarcity situation
and major water management problems, and provided some sugges-
tions on improving water management in China (Xie et al., 2009).
However, the impacts of water scarcity on food security have not been
emphasized in this review and the data and information used pertain to
before 2007.

Whether irrigated agriculture can continue to play a significant role
in ensuring China's food security in the future highly depends on how
China's government responds to the current situation. Therefore, in
order to assist policymakers to design effective policies, the following
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questions urgently need to be addressed: What is the history and
current situation of China's water scarcity? What are the future trends
of water scarcity driven by socioeconomic development and climate
change? How does the change in water scarcity influence food security?
How effective is the government's response to the increasing water
scarcity and what progress has it made so far? This study aims to
answer these questions based on comprehensive secondary data,
unique primary survey data, simulation results from the China Water
Simulation Model, as well as a literature review.

The remainder of the paper is organized as follows. Section 2
provides historical evidence on growing water scarcity in China and by
river basin. Section 3 analyzes the future trend of water scarcity under
climate change and its impacts on agricultural production in China by
river basin. Section 4 introduces the government's response to deal
with water scarcity through institutional and policy instruments to
control total water withdrawal, improve water use efficiency, and
control water pollution. Finally, Section 5 concludes the study with a
discussion of such policy implications.

2. Historical evidence on growing water scarcity in China

The gap between water supply and demand in China has reached a
current level of 53.6 billion m3 and has resulted in obvious economic
losses (GWP, 2015). Over the past two decades, water scarcity has
resulted in an annual grain production loss of more than 27 million
tons in China (Chen et al., 2014). Our study treats water scarcity as the
lack of sufficient available water resources to meet water needs within a
region. Therefore, scarcity is influenced not only by water supply, but
also by water demand. The following section provides some historical
evidence on the increasing water scarcity from both supply and
demand perspectives.

2.1. Historical evidence on limited endowment and declining water
supply

2.1.1. Limited endowment and uneven spatial distribution of water
resources

In addition to limited endowment, uneven distribution and a
mismatch between supply and socioeconomic activities are issues
involving water supply. China's total water resources rank sixth in
the world; per capita water availability is only a fourth of the global
average, ranking 121st (GWP, 2015). In addition, water is not evenly
distributed geographically, as 81% of water resources are concentrated
in southern China (MWR, 2015a). Despite only having 19% of water
endowment, northern China supports more than 65% of national
cultivated land, 50% of grain production and over 45% of national
GDP (NBSC, 2015). In addition, with a strong monsoonal climate,
China is subject to highly variable rainfall that contributes to frequent
droughts and floods, particularly in northern China (Xie et al., 2009).
Therefore, the temporal pattern of precipitation further intensifies the
uneven spatial distribution of water resources.

2.1.2. Decline of surface water resources
Over the past 60 years (1961–2011), river runoff in six large river

basins presented a declining trend: four (Hai, Yellow, Liao, and
Songhua) in northern China, and two (Yangtze and Pearl) in southern
China (Map 1). The most obvious reduction of river runoff was
registered in Hai (18.2%), followed by Yellow (11.3%). In Liao and
Songhua basins, the reductions were 8.3% and 3.4%, respectively. An
important phenomenon is that even though they are a part of relatively
water rich regions in southern China, river runoffs in Yangtze and Pearl
also fell by 2.3% and 0.3%, respectively. This implies that increasing
water pressure is faced not only by northern China, but also by
southern areas. Due to a decline in river runoff, some river basins
(e.g., Hai and Yellow) have changed from open to closed ones in some
years, negatively influencing the ecological environment (such as

causing biodiversity degradation, atrophy and sea water intrusion)
(Wang et al., 2016a). More importantly, the decline of river basin has
significantly influenced food production in China. In China, near 75%
of irrigated grain production came from these river basins that
experienced the reduction of river runoff in the past 60 years. For
Hai and Yellow river basins having the most obvious reduction of river
runoff, their contribution to national irrigated grain crop production
reached near 40%.

2.1.3. Depletion and overdraft of groundwater resources
With the decline of surface water resources, water users (particu-

larly farmers) have turned towards groundwater resources. As a result,
groundwater extraction increased from less than 10 km3 in 1950 to
over 112 km3 in 2014 (MWR, 2015a). The share of groundwater in
total water utilization in China has increased from an insignificant
amount in the 1950s to 18% in 2014 (MWR and Nanjing Water
Institute, 2004; MWR, 2015a). Based on our field survey in nine
provinces in 2012, we found that 83% of cultivated land in six
provinces in northern China depended on groundwater irrigation. In
southern China, the share of groundwater irrigated areas in three
provinces (Jiangxi, Guangdong, and Yunnan) reached 58%, much
higher than our expectation. Therefore, groundwater has not only
become the dominant water source for irrigation in northern China, but
has also gained importance in southern China, which cannot be
overlooked.

Unfortunately, reliance on groundwater has resulted in overdraft
and a number of adverse environmental effects. Since the late 1990s,
groundwater overdraft has become one of China's most serious
resource problems. Presently, there are 400 regions whose ground-
water overdraft exceeds their sustainable capacity, and the total area of
these regions is 11% of plain areas in China (MWR, 2012). In the Hai
river basin, 91% of plain areas belong to overdraft regions.
Consequently, the groundwater table of many regions presents a
decreasing trend. For example, shallow groundwater tables in the Hai
river basin have dropped at a rate as high as 1 m per year between 1974
and 2000 (Qiu, 2010), and the drop rate in deep groundwater table has
even exceeded 2 m per year (Wang et al., 2009). Even in southern
China, a drop in the groundwater table can be observed in some regions
(Zhao et al., 2008). Moreover, over-drafting groundwater has caused
land subsidence, the intrusion of seawater into fresh water aquifers,
and desertification (MOE, 2015).

2.1.4. Deterioration of water quality
In addition to the decline in water supply, water quality has also

been obviously degraded, and the situation is more serious in northern
China. Based on MWR's monitoring data, the percentage of monitored
surface water sections with poor quality that were not suitable for
drinking (Grade IV-V and V+) reached 44% in 1998, while 16% were
not suitable for any use (Grade V+) (Fig. 1).2 After 2000, due to the

Map 1. Change of river runoff in ten large river basins in China (1961–2011) Data
sources: ECSNCCA, 2011.

2 Grade I–III is suitable for drinking, Grade IV and V is suitable industrial and
agricultural water use, and Grade V+ is not suitable for any use.
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implementation of some pollution control measures (such as closing
down some industrial plants that discharged a large amount of
pollutants), the situation improved, but the percentage of poor quality
surface water sections was still as high as near 30% in 2013 and 2014;
the percentage for Grade V+ did not decline significantly (15% in 2013
and 12% in 2014). Water quality has also presented significant inter
annual fluctuation characteristics and variations over regions ( Figs. 1
and 2). The pollution situation in most regions of northern China is
much more serious than that in the southern regions. The percentage of
poor quality surface water sections was as high as 65% in both Hai and
Huai river basins, and 51% and 44% in Songhua and Yellow river
basins, respectively (Fig. 2).

Apart from surface water, groundwater quality has also presented
an obviously deteriorating trend that has accelerated in recent years.
Based on monitoring data for 778 tubewells in 2006, groundwater in
61% of them was polluted and not suitable for drinking. In 2015, the
monitored tubewells expanded to 2,013, and the percentage of
tubewells whose groundwater was polluted was even higher, reaching
80% (MWR, 2015a). This indicates that controlling groundwater has
not attracted enough attention from the government, and the pollution

status continuously deteriorates. In the future, controlling groundwater
pollution and improving its quality should be addressed by the
government, scholars, and other stakeholders.3

2.2. Expansion of irrigated areas and increase of non-agricultural
water withdrawal

Over the past 60 years, total water withdrawal in China has
presented a significantly increasing trend, increasing by nearly 5
times (Table 1). The first important contributor to the increase of
water withdrawal is the expansion of irrigated areas. Expanding
irrigated area is also one of important measures by Chinese
government to improve the national food security. From 1950 to
2014, the total irrigated area in China increased from 16 million ha
to 65 million ha (NBSC, 2015). As a result, agricultural water
withdrawal increased from 100 billion m3 in 1949 to 387 billion m3

in 2014. An observation of the water withdrawal increase over the
period reveals that total water withdrawal for the agricultural
sector presented a declining trend since 1978. However, though
the growth rate has slowed down, the total water withdrawal for
both the industry and domestic sectors has presented a continuous
increasing trend (Table 1). Importantly, the government has also
considered ecological water withdrawal in the water allocation in

Fig. 1. Percentage of monitored water sections with poor water quality over time in China (1997–2014).
Data sources: China Water Resources Bulletin published by MWR in the respective years
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Fig. 2. Percentage of monitored surface water sections with poor quality (Grade IV-V+)
in 2014.
Data sources: MWR (2015a)

3 Based on a literature review, due to water pollution, water availability has been
reduced and resulted in increasing water scarcity (Bao and Fang, 2012). However, the
literature has not provided empirical evidence on the impacts of water pollution on water
availability. In addition, we could not find rich literature that analyzes to what extent has
water pollution contributed to agricultural production losses or what share of crops
cannot be irrigated; this is the area that needs more studies in the future. We only found
one case study in Huai river basin, which shows that due to increasing water pollution,
farmers replaced rice by maize in 2002, and maize yield also had decreased over time due
to polluted irrigation (Yang, 2010). Rather analyzing the impacts on production losses,
some studies focus on the impacts of food quality and resulting impacts on health (Lu
et al., 2010; Zhang et al., 2015).
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recent years (Table 1). In the future, with rapid urbanization,
industry development, and increasing concerns over environment
protection, agricultural water withdrawal will face sharper compe-
tition from other sectors.

3. Future trend of water scarcity and its impacts on food
security in China

Based on the literature review, we found that though some
studies predicted the influence of socioeconomic development on
water scarcity in China, the impacts of water scarcity on food
security have not been further analyzed. For example, MWR predicts
that China will consume 750 billion m3 of water a year by 2030,
about 90% of total usable water resources in the country (Qiu, 2010).
By 2050, China's total water deficit could reach 400 billion m3

(roughly 80% of the current annual capacity of approximately 500
billion m3) (Tso, 2004).

In recent years, a growing body of literature has focused on the
impacts of climate change on water scarcity, but has generally
ignored food security and has used climate scenarios that are
outdated. For example, based on AR3 or AR4 climate scenarios,
Zhang and Wang (2007), Zhang et al. (2011) simulated the impacts
of climate change on river runoff at the national and river basin
level, but without a focus on the further impacts on food security.
Mu and Khan (2009), Xiong et al. (2010), and Wang et al. (2013)
simulated the impacts of climate change on water scarcity and food
security at the national and river basin level, but their climate
scenarios are also based on AR4 or an assumption about climate
change. By applying the climate scenarios of AR5 (RCP 6.0 and RCP
8.5) (the predicted temperature and precipitation are provided in
Appendix A) and the China Water Simulation model (an introduc-
tion to the method can be found in Yan, 2015 and Appendix B), we
simulate the impacts of climate change on water and agricultural
production in ten large river basins by 2030.4 The following section
discusses the main simulation results.

3.1. Future trend of water scarcity with and without considering
climate change

Simulation results indicate that even without considering the
influence of climate change, socioeconomic development has already
pressurized the water scarcity in all river basins (Table 2). In the base

year (2010), the gap between water supply and demand already
reached 8% at the national level. The gap at the river basin level was
as high as 26% in the Hai and more than 10% in Yellow, Liao, and Huai
river basins in the north. Water supply cannot satisfy water demand in
all river basins in the south. By 2030, with further growth of
population, urbanization, industrialization, and expansion of irrigated
areas, the water scarcity situation will worsen (reference scenario). At
the national level, if water use efficiency is not improved, the water
supply and demand gap will increase to 39%. Importantly, the gap in
most river basins (either in the north or south) will significantly
increase.

Furthermore, climate change will aggravate water scarcity in all
river basins in the north and some river basins in the south (Table 2).
Simulation results show that due to climate change, the gap will
increase by 1% (Songhua, Liao, and Inland) to 6% (Yellow) under
RCP6.0 or 3% (Inland) to 9% (Yellow) under RCP8.5 in the north by
2030. For the Yangtze river basin in the South, the gap will increase by
2% under both RCP6.0 and RCP8.5. For the Southeast and Pearl river
basins in the south, the gap will increase under RCP6.0, but not under
RCP8.5. The water scarcity situation in the Southwest river basin will
be mitigated by climate change by 5% under RCP6.0% and 3% under
RCP8.5, but this mitigation cannot offset the negative socioeconomic
development impacts in the future. It should be noted that our
simulation only considers the long-term climate change; the influence
of extreme weather events (such as drought and flood) have not been
included. Extreme weather events are expected to have a notable
influence on water scarcity (particularly in the short term); this
is an important issue and should be addressed by further study
(IPCC, 2014).

3.2. Impacts of increasing water scarcity on agricultural production

Increasing water scarcity will result in the decline of irrigated
areas and negatively influence agricultural production. Simulation
results show that increasing water scarcity has resulted in the
decline of water availability for agricultural production, and water

Table 1
Water withdrawal by sector in various periods in China (1949–2014).
Data sources: Data in 1949, 1978 and 1993 are from Water Statistical Yearbook (1994)
published by Ministry of Water Resources; data in 1998, 2000, 2005, 2010 and 2014 are
from Water Resources Bulletins (various years) published by Ministry of Water
Resources.

Year Water withdrawal (billion cubic meters)

Total Agriculture Industry Domestic Ecology

1949 103 100 2 1 -a

1978 477 420 52 5 –

1993 525 410 92 24 –

1998 544 377 113 54 –

2000 550 378 114 58 –

2005 563 358 128 68 9
2014 610 387 135 77 10.4

a No date.

Table 2
Water supply and demand gap by river basin in China (%).
Data sources: China Water Simulation Model (CWSM)

Base year
(2010)

Reference
scenarioa

(2030)

Change due to climate change
(comparing with reference
scenario)

RCP6.0 RCP8.5

China −8 −39 −2 −3
River basins in
the north
Hai −26 −44 −4 −5
Huai −10 −33 −5 −7
Songhua −8 −30 −1 −4
Liao −12 −30 −1 −4
Yellow −14 −41 −6 −9
Inland −8 −28 −1 −3

River basins in
the north
Yangtze −2 −43 −2 −2
Southwest −9 −30 5 3
Pearl −3 −38 −1 1
Southeast −4 −47 −3 0

Note:
a Without considering climate change and only assuming socioeconomic development,

such as growth of population, urbanization, industrialization, and expansion of irrigated
areas, water use efficiency in various sectors is assumed to be similar to 2010. The
detailed discussion on these assumptions can be found in Yan (2015) and Wang et al.
(2013).

4 A review paper by Ali et al. (2016) shows that the increased food imports have
significantly eased pressure on water in China and has also increasingly contributed
towards global savings of virtual water.
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has to be reallocated between irrigated and rainfed areas.5 As a
result, irrigated areas in river basins facing more serious water
scarcity tend to decrease and be replaced by rainfed areas. Due to
low productivity in the rainfed areas, the agricultural output will
decrease, particularly for rice and wheat. For example, even with-
out the influence of climate change, rice output in all river basins
will decrease by 13% (Yangtze and Huai) to 16% (Southwest) by
2030. For river basins faced with increasing water scarcity, rice
output will further reduce by less than 1% (Yanggtze) to more than
10% (Hai and Yellow) under RCP8.5. The influence is significant
not only for rice, but also for wheat output. Even without consider-
ing climate change, increasing water scarcity driven by socio-
economic development will lead to reduction of wheat output by
4% (Liao) to more than 16% (Songhua and Southeast) by 2030.
Climate change will further reduce wheat output by less than 1%
(Yangtze) to more than 12% (Yellow) under RCP8.5. Compared
with rice and wheat, the negative influence of increasing water
scarcity on other crops is smaller. However, as they are two major
crops ensuring food security in China, the reduction of rice and
wheat output will remarkably influence the situation of food
security. In recent years, China's food policy has been to ensure
almost 100% of self-sufficiency for both rice and wheat. Therefore,
it is imperative for China's government to address water scarcity
issues to realize the food security objective in the future.

4. Government responses to deal with growing water scarcity
in China

Traditionally, China's government relies on supply side management
to resolve the water scarcity issue, that is, meeting the demand for water
by increasing the supply (Xie et al., 2009; Wang, 2012). Under the
guidance of such a management strategy, the government has not only
invested in many water infrastructures to explore the local water
resources, but has also tried to construct water transfer projects to
overcome the uneven spatial distribution of water. The most famous
water transfer project is South-North Water Transfer Project, the world's
longest and largest water diversion project with a planned investment of
486 billion yuan (U.S. $77 billion) and involving 45 billion m3 of annual
water transfer (Liu and Wu, 2015). However, the contribution of this
project to resolving water scarcity in northern China is considered to be
limited and temporary, and its potential negative environmental impacts
have also been widely debated (Liu and Kok-Chiang, 1994; Liu, 1998;
Berkoff, 2013). In addition, with an increasing investment cost and
limited available water that can be explored, exploring local water
resources has become almost impossible in many regions of China.

More importantly, increasing evidence indicates that supply
side water management has resulted in inefficient water use,
deterioration of water quality and ineffective water management
(Xie et al., 2009; GWP, 2015). In China, water use efficiency is not
high; irrigation efficiency is only about 0.50 (versus 0.7–0.8 in
developed countries) and water withdrawal per GDP (RMB 10,000)
is a third of the world average (Wang, 2012; GWP, 2015). In
addition, rapid socioeconomic development has not considered the
potential constraint of water resources and its negative influence on
the environment and, as a result, water quality has deteriorated.
Finally, China's water resource management system is extensively
fragmented and due to the high coordination cost among different
institutions, resolving the water problem has become more difficult
and has resulted in many conflicting issues (Xie et al., 2009; GWP,
2015; Wang et al., 2016a).

Therefore, in order to overcome the shortcomings of supply side
management and effectively deal with water scarcity issues, China's

government has recently begun to emphasize the importance of
managing water demand and promote one of the strictest systems of
water resource management in the world (State Council, 2012). This
policy is called the “Three Red Lines” policy, created to establish clear
and binding limits on water withdrawal, water use efficiency, and
quality standard. According to the policy, by 2030, total water with-
drawal in China should be below 700 billion m3; irrigation efficiency
should be increased to 60% and water withdrawal per GDP (RMB
10,000) should be less than 40 m3; and the number of water function
zones complying with the water quality standard should be more than
95% (State Council, 2012). Successfully implementing the “Three Red
Lines” policy not only requires the government to establish an
integrated water management institution and improve the legal system,
but also needs an application of market oriented policy instruments to
adjust the behaviour of water users. In the subsequent sections, we
mainly focus on discussing how the government can use several major
market oriented institutional and policy instruments to realize policy
goals. A detailed discussion on an integrated water management
institution and the improvement of the legal system can be found in
Xie et al. (2009).6

4.1. Water quota management, water withdrawal permission system
and water resources fee

In order to control the total water withdrawal, the central govern-
ment requires the river basin management authorities and local water
resources bureau to determine water quotas for various water users at
different levels (i.e., river basin, provincial, city, county, irrigation
district, and village). In addition, all water users should obtain water
withdrawal permission from upper level water management authorities
and their water withdrawal (both surface and groundwater) should not
exceed their allocated quota. Although these two policies have been
promoted by the central government since the early 2000s,7 the
implementation is slow and ineffective. Until now, quota allocation
has not been completed for various users in many provinces and seems
to be a tedious task for water managers (Cao and Fan, 2015). Wang
et al. (2009) reveal that most farmers in northern China do not need to
obtain permission for abstracting groundwater. As another policy
instrument for controlling total water withdrawal, the policy of water
resources fee has also been in place since 2006 (State Council, 2006).
Hitherto, all provinces have been collecting a water resources fee for
both industry and domestic water withdrawal, but an agricultural water
resources fee is imposed only in few provinces (e.g., Gansu) (Gansu
Provincial Government, 2014; Xue and Li, 2015). Presently, China's
government is planning to charge the fee amount as tax instead to
further enhance its potential role, and Hebei has been selected as the
pilot reform province for 2016. In the future, the effectiveness of these
policy instruments’ implementation would be highly relevant to the
realization of water control objectives and research in this field still
needs to be strengthened.

4.2. Reform of water pricing policy

Since 2002, with the issuing of the new Water Law, China's
government has accelerated the reform of water pricing policy. In
recent years, the water pricing reform in both industrial and domestic
sectors has made obvious progress, but the progress in the agricultural
sector is unsatisfactory (Wang, 2012). The major concern of policy-
makers is that increasing prices will reduce farmers’ income, and the

5 Water was reallocated across sectors according to their share in the total water use in
the base year.

6 In addition to improve water management, adopting advanced crop technologies
(such as drought resistant varieties) to increase food production is another important
measure to resolve water scarcity issue.

7 The implementation of water withdrawal permission system in some provinces in
northern China (such as Hebei and Henan provinces) begun in the early 1990s (Wang
et al., 2016a).
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negative impacts of increasing irrigation fees on farmers’ income has
also been confirmed by scholars (Wang et al., 2016b). However,
without rational water price, farmers do not have an incentive to
increase irrigation efficiency (Dinar and Saleth, 2005). The challenge of
increasing water prices while not influencing farmers’ income exists not
only in China but also in other countries (Dinar and Saleth, 2005). The
good news is that the experience with the Hebei pilot reform indicates
that designing a suitable subsidy program enables realizing a win-win
strategy of agricultural pricing reform (Wang et al., 2016b). In 2016,
the central government has issued a regulation on conducting com-
prehensive agricultural water pricing reform and providing subsidies
for supporting water pricing reform (State Council, 2016). However,
whether the reform can be effectively implemented in all provinces and
how it can realize the expected objectives still needs to be examined by
future studies.

4.3. Establishing a water rights system and promoting water
markets

China's central government has been trying to set up a water
rights system and optimize the allocation of water resources via
market mechanisms since the early 2000s (NPC Standing
Committee, 2002; Calow et al., 2009). In order to promote the
work, some regulations have been issued. For example, Ministry of
Water Resources issued the regulation on Some Opinions on Water
Rights Transfer in 2005 and Establishing Framework of Water
Rights System in 2010. In 2015, Ministry of Water Resources
issued the Work Plan for Water Rights Pilot Projects. Until now, a
few pilot projects of water rights transfer have been considered
successful. These projects include water rights transfer between the
two cities of Dongyang and Yiwu in Zhejiang province, transfer
between agricultural and industrial water users in Inner Mongolia
and Ningxia provinces, and even among individual farmers in the
Shiyang and Heihe river basin in Gansu Province (Speed, 2009;
Moore, 2015). Sun et al. (2016) found that in the Heihe river basin,
the local government has issued water rights certification to farm-
ers. Such reform played a significant role in reducing irrigation
withdrawal before 2010, but its significance has been diluted in
recent years. More importantly, cases of water rights transfer
among individual farmers almost do not exist. In sum, despite
some progress made on establishing a water rights system and
developing water markets, China still has a long way to go. The
major problem is that initial water rights have not yet been
allocated to various water users in most regions. If the water rights
system is not completely established, it would be impossible to
develop water markets. In recent years, a water quota system has
been considered to be an important measure to allocate initial
water rights to users. More empirical studies on policy implemen-
tation in the future are required to determine whether quota
management can realize the objective of establishing a water rights
system.

4.4. Collecting pollution discharge fee

China started collecting pollution discharge fees since 1982 (State
Council, 1982). To emphasize the role of this policy and realize
pollution control objectives, the government issued regulations to
further improve its implementation in 2014 (National Development
and Reform Commission, 2014). As such, by the end of June 2015, the
minimum pollution discharge fee was RMB 1.2/pollution equivalent
for sulphur dioxide and nitrogen oxide in exhaust gas and RMB 1.4/
pollution equivalent for chemical oxygen demand, ammonia nitrogen,
and the five main heavy metals (i.e., lead, mercury, chromium,
cadmium, and arsenic) in sewage. With the reform implementation,
polluting enterprises are expected to reduce their pollution emissions
by updating their production technologies (Zhou and Ma, 2015).

However, the effectiveness of this policy in controlling water pollution
needs to be examined by future studies. More importantly, as the focus
of this policy is to adjust the point pollution behaviour of industry and
domestic water users, its applicability to adjusting farmers’ production
behaviour to control non-point pollution is an even greater challenge
for policymakers in China.

4.5. Reforming irrigation management

Since the mid-1990s, under the push of World Bank, China's
government began to reform irrigation management (Wang et al.,
2016a) with an aim to increase irrigation efficiency and promote the
sustainable development of agricultural production through farmers’
participation in water management. The major pattern of the reform is
to replace collective water management by Water User Association
(WUA). Despite the central government's great focus on the reform and
the issuance of relevant regulations on promoting the reform since
2000, the overall reform performance has not been satisfactory (Wang,
2012). Based on a large field survey in northern China, scholars found
that most reforms are nominal since only about 20% of reforms
establish water saving incentives, and farmers’ participation in the
WUA is also limited (Wang et al., 2005, 2006, 2014). However, if
suitable incentives are established, the reform can play significant role
in reducing irrigation application and increasing water productivity. In
addition, the negative impacts on agricultural production are also
limited. Another challenge with the irrigation reform is the financial
sustainability of WUAs since the latter lack funds to support their
operation (Wang, 2012). Effectively implementing the reform and
ensuring its sustainable development is still an important issue for
policymakers in China.

4.6. Promoting the adoption of water saving technologies

In the past 30 years, China's government has invested much
effort in extending water saving technologies in agricultural,
industrial, and domestic sectors. Compared with non-agricultural
water users, extending water saving technologies in agricultural
sectors is more difficult due to many socioeconomic, financial, and
technical problems and has been addressed to a great extent by
policymakers and scholars (Blanke et al., 2007; Huang et al., 2017).
In order to improve the condition of water conservancy projects in
rural areas, the central government requires local governments to
allocate 10% of land transfer revenue for water conservancy
projects (Ministry of Finance, National Development and Reform
Commission and Ministry of Water Resources, 2011). To ensure
this allocation, 80% of revenues should be used for constructing
small-scale irrigation infrastructure and developing water saving
irrigation and 20% for their operation and maintenance (Ministry
of Finance and Ministry of Water Resources, 2013). The central
government has also set up a special subsidy fund to facilitate the
operation and maintenance of water conservancy projects in
central and western China, and other poor regions. For example,
in 2011, the total subsidy fund was 1 billion Yuan. In the future, it
is expected that China's government would invest more efforts in
promoting the adoption of water saving technologies. The like-
lihood of farmers adopting suitable water saving technologies in
their field would increase with the effectiveness of water price
reform implementation (Cremades et al., 2015).

5. Concluding remarks

Based on historical data, we find that water scarcity has become
more serious, particularly in northern China. The increasing water
scarcity is reflected not only in the decline of river runoff in six large
river basins (four in the north and two in the south), overdraft of
groundwater, and environmental problems, but also in the degradation
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of both surface and groundwater resources. It should be noted that
although water scarcity is more serious in northern China, it has also
emerged in some regions of southern China. In addition, as irrigation
highly depends on groundwater, resolving groundwater overdraft and
the accelerated degradation of groundwater quality seems to be a major
challenge for policymakers in the future. Importantly, if no effective
measures are taken, the increasing water scarcity driven by socio-
economic development and climate change will significantly reduce the
output of rice and wheat by 2030. As both rice and wheat are major
crops for ensuring food security in China, the government's realization
of the food security objective highly depends on its capacity to resolve
the water scarcity issues in the future.

With increasing water scarcity and considering the shortcomings of
supply side management, China's government has begun to move
towards demand side management and to initiate the implementation
of the “Three Red Lines” policy to control total water withdrawal,
improve water use efficiency, and control pollution. The central

government has actively used institutional and policy instruments to
realize policy objectives. In fact, all instruments referred to in this
study (such as water quota management, permission system, water
resources fee, water price, water rights, irrigation management reform,
and water saving technology) are not new, and have been promoted for
at least 10 years. Although these measures are expected to play a
significant role in resolving increasing water scarcity, the key issue is
how to improve the implementation effectiveness in practice. In
addition, these new policy measures have received limited attention
from the literature and need to be addressed in China.
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Appendix A. Change in the average annual temperature and precipitation under alternative climate change scenarios from
2010 to 2030

Temperature (℃) Precipitation (%)

RCP6.0 RCP8.5 RCP6.0 RCP8.5

River basins in the north
Hai 1.18 1.80 0.65 −1.05
Huai 0.96 1.60 −0.94 −1.25
Songhua 1.82 2.19 7.07 5.59
Liao 1.36 1.90 6.16 3.41
Yellow 1.16 1.78 −1.00 −3.66
Inland 1.48 1.96 1.91 0.54

River basins in the south
Yangtze 1.09 1.60 −0.05 1.86
Southeast 0.89 1.30 −2.88 4.01
Pearl 0.86 1.34 2.52 5.04
Southwest 1.17 1.61 8.92 7.07

The main indexes representing climate change scenario are temperature and precipitation. To obtain high-resolution changes in temperature
and precipitation, 26 CMIP5 models are used. Given the temperature and precipitation under the two RCPs, the future changes in ET of crops and
runoff, as well as water demand and water supply, are then simulated by the CWSM. More details can be found in Wang et al. (2013).

Appendix B. China Water Simulation Model (CWSM)

The model we used to estimate the impacts of climate change on water balance and agricultural production is the China Water Simulation Model
(CWSM) developed by the authors. When the water balance is affected by climate change, water is reallocated among sectors (i.e. agricultural,
industrial and domestic sectors) and within the agricultural sector. The CWSM integrates climate, hydrology, crop simulation and water allocation
optimization and consists of two main modules, the water balance and the water allocation modules. The main approach used for water allocation
modules is the Positive Mathematical Programming (PMP) model, the detailed description of which can be seen in our previous study (Wang et al.,
2013). A production function with a constant elasticity of substitution (CES) is used, considering the substitution between irrigated land and
irrigation water, the return-to-scale effect, and the relationship between crop yield and irrigation water. In addition, the shadow costs of the inputs
are introduced into the cost function. The CES PMP model used in this study is more flexible, ensuring realistic responses to price changes,
replicating the observed profits and taking into account yield response to irrigation water.
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The model is run for each of ten large river basins in China separately. In the above program,8 Eq. (1) is the objective function, which is to
maximize the producer's profit subject to the land constraint (2), and water constraint (3). In the objective function, crop's total output changes with
its sown area and irrigation water. Eq. (4) is a production function for irrigated crop with a CES between irrigated land and irrigation water. For
rainfed crops, the production function can be simplified as Eq. (5).
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