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a b s t r a c t

China is a country with a serious water shortage. Irrigation water accounts more than 60% of total water
use. With the nation’s population forecasted to peak approximately 2030, the production of food for
additional people will require more water resources, which exacerbates water shortages. North China is a
typical case for studying water-food nexus because water shortage has become a primary factor in
restricting food production. From the perspective of virtual water, the study calculates the changing
trend of the virtual water (VW) flow related to grain transfer in China, for which three primary crops of
China, including rice, wheat and maize, are considered. The results demonstrate the impact of changing
the spatial patterns of grain production on water resource utilization is large, and water resources are
redistributed related to grain trade. Northern China imports water-intensive products from southern
China and exports water-extensive products, and the VW flow from North to South from 2004 to 2013
was approximately 42.6 billion m3 per year, about 10.2 billion m3 irrigation water was transferred per
year which accounts for about 10% of the water consumption for crop production in the North. Although
the SoutheNorth Water Diversion Project, a mega-engineering scheme constructed from the Yangtze
River Basin to the Huang-Huai-Hai River Basins, alleviates water pressure on the North to a certain
extent, it is insufficient for exporting to provinces, and water resources for meeting grain production in
the North is problematic. Based on the results, this paper suggests that virtual water flow among
provinces should be linked to water resource management. The next step in water management should
focus on water demand management, rather than increasing crop trade from the North to the South,
which is governed by governmental policies and economy.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainable water supply is important for grain production, and
the agricultural sector is the primary freshwater consumer;
approximately 70% of the total freshwater withdrawal in the world
is for irrigation (Gheewala et al., 2014). According to report on
China population development, published by the China
Development Research Foundation (2012), the Chinese popula-
tion is forecast to peak at 1.51 billion by 2027 and 1.54 billion by
2044, the rate of population increase is approximately 11% in next

decades. Due to the population and grain consumption, China’s
food security is not only significant to economic development and
social stability in China but also important to global grain patterns
(Wang et al., 2015). To ensure food security, the Chinese govern-
ment pursues self-sufficiency in major staple foods, such as wheat,
rice and maize (Zhuo et al., 2016a); however, geographic mismatch
between its arable land and water availability has led to unsus-
tainable agricultural expansion (Dalin et al., 2015). The Chinese
crop production system is facing enormous challenges, including
increasing food demand derived from the ascending population,
decreasing and degrading of arable land (X.H. Zhang et al., 2016)
and severewater scarcity (Jiang, 2009). Concurrently, the “three red
lines” policy was fully implemented in 2012, which sets targets of
total maximum blue water consumption (670 billion m3 in 2020)
(SCPRC, 2010), this is a resource constraint for agricultural water
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management in China.
Virtual water (VW) flow related to grain transfer could redis-

tribute water-intensive products, which is traded from a region
with lower water productivity (Oki and Kanae, 2004) and alleviate
pressure on local water resources (Hoekstra and Hung, 2002; Yang
and Zehnder, 2002). There have been several studies that analyzed
the structure of global VW trade associated with the international
food trade (Konar et al., 2011; Liu et al., 2016; Wichelns, 2015) and
China’s international VW imports and exports related to crop trade
(Dalin et al., 2015; Shi et al., 2014; Y. Zhang et al., 2016), which show
that VW is important for providing references for agricultural water
resources management (Sun et al., 2013). The water footprint (WF),
introduced by Hoekstra (2003), measures water use in relation to
production or consumption. In agricultural sector, green and blue
WFs of a crop are calculated by dividing the total green and blue
water over the crop-growing period by the crop yield (Hoekstra
et al., 2011). Substantial literature on green WF in rain-fed agri-
culture estimates spatial and temporal variation of evaporation
(García Morillo et al., 2015; Huang et al., 2015), and blueWF lead to
a reassessment of water resources (Duan et al., 2015; Veettil and
Mishra, 2016). Some studies have incorporated green and blue
WFs to harmonize water consumption for quantifying the volume
of VW based on virtual water theory (Jiang et al., 2015; Sun et al.,
2016; X. Zhao et al., 2015; Zhuo et al., 2016b).

These studies have mainly focused on calculating the WF of
crops over long-term changes; by quantifying the intra-annual
variability of virtual water trade pattern, they have shown that
China has a large WF related to crop consumption and production
(Hoekstra and Chapagain, 2007; Lu et al., 2016; Zhuo et al., 2016a).
Furthermore, crop trade could save water when a region imports
water-intensive crops rather than locally producing them. How-
ever, these literature lack an analysis of the impact of virtual water
flow on water resources in exporting regions, and do not consider
irrigation management or efficiency of water used. In addition,
agriculture water management practices are primarily aimed at, for
instance, creating and adopting new technologies, shifting crop-
ping patterns, and developing different cultivars (Smidt et al.,
2016), and emphasizing water consumption at farm level and on-
site studies (Gonz�alez Perea et al., 2016). These studies have
shortcomings linking virtual water and water management and the
impact of current food policy onwater scarcity. This study links WF
and VW to water management for researching water and food is-
sues. Implementing a political plan to attain water and food secu-
rity is an important problem for China (Vanham et al., 2015).

According to Bureau Statistics of China, China’s population has
been more than 1.3 billion since 2004, and grain production has
increased by 29% with an increase of only 1.7% in total harvested
area but a 28.8% growth in irrigated area. The expansion of irriga-
tion area mainly occurred in the North (approximately 70.4%),
which accounts for 60% of cultivated land but whose share inwater
resources accounts is only 17% (Jia et al., 2004; Zhang et al., 2009).
Despite this disparity, Northern agriculture has been exporting
since 1990 (Wang et al., 2014). Given present increasing trends in
population and grain, the output of grain will reach to 0.63 billion
ton in 2020 (Chongqing, 2015). If 65% of this target could be taken
by the North (Wu et al., 2010), the North will produce 0.41 billion
ton. However, approximately 64% of China’s total population will
face severe blue water scarcity (Mekonnen and Hoekstra, 2016),
mainly in the North, as a result water shortage is one of the
important limiting factors for agricultural development in China
(Yu et al., 2016), and it is an important challenge for water man-
agement in agriculture.

To analyze the pattern of crop trade from North to South
comprehensively, this study assesses the inter-annual variability of
green and blue water footprint of rice, wheat andmaize, and virtual

water flow related to crop trade in China. We focus on evaluating
provincial water stress and impact of detailed interprovincial trade
on local water conditions, discussing the SNWDP in terms of alle-
viating water scarcity and the influence of food policies on water
resourcemanagement. Our findingswill provide important insights
to water management with the development of agriculture.

2. Method and data

2.1. Study area

The Chinese mainland consists of 31 provinces, autonomous
regions and municipal cities (Fig. 1). China can be roughly divided
into two part, south and north by isohyet 400 mm. According to
Chinese multi-regional input-output models, the provinces are
categorized into eight regions that have similar features in natural
resources, close economic ties and adjacent geographical location
(Zhang, 2007), including Northeast, Jing-Jin, North Coast, North-
west, Central, East Coast, South Coast, and Southwest. Next, the
former four regions are classified as the north, while the latter four
regions are belong to the south, except Shanxi and Henan.

2.2. Data

The data sources used in this paper are be divided into four
categories, including.

(1) Climate data is acquired from 820 meteorological stations of
the Chinese ground climate data. The majority of the stations
have complete record of climatic variables from 2004 to
2013, such as maximum and minimum air temperature at
2 m height, precipitation, relative humidity, wind speed and
sunshine duration at a daily time step, which is required for
green and blue water estimate.

(2) Although evapotranspiration is defined as the water lost as
vapor by an unsaturated vegetative surface and it is the sum
of evaporation from soil and transpiration by plants
(Choudhury and Singh, 2016), crop water demand considers
the crop coefficient (KC) in order to avoid underestimation or
overestimation. FAO suggests different KC values for different
crops based on various field experiments, which were con-
ducted based on the literature surveys (Gao et al., 2014;
Work, 1993; Yang et al., 2016; P. Zhao et al., 2015).

(3) The agricultural yield of different crops and total population
in the nation and regions are obtained from statistical year-
books, such as the China Agricultural Statistical Yearbook and
China Statistical Yearbook. Rice, wheat and maize are the
main crops in China, and the yield of the three types accounts
for approximately 87% of the total grain producing in China
from 2004 to 2013. These three crops play a crucial role in the
national grain production, as a result, this study focuses on
analyzing rice, wheat and maize production and spatial
distribution.

(4) This study collectes water use, irrigation area and freshwater
availability from the Water Resources Bulletin, which is is-
sued by China Ministry of Water Resources, and can be used
for calculating irrigation water and water stress index.

2.3. Method

2.3.1. Net transfer amount of grain
The trade balance of a crop in the province is estimated as the

provincial crop production minus the total provincial amount of
crop for utilization. This paper assumes that grain production could
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