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a b s t r a c t
Achieving higher yield per unit of water is one of the most important challenges in water-limited agriculture. In this paper, crop water productivity (CWP) of winter wheat was calculated and analyzed in
the plain of Hai Basin in northeastern China. The average CWP of winter wheat (Triticumaestivum L.)
in the basin for 2003–2009 was 1.049 kg m−3 , with CWP values across the basin ranging between 0.7
and 1.4 kg m−3 . The spatial analysis of the relationships among CWP, yield, and evapotranspiration (ET)
across the basin showed a strongly linear relationship between ET and yield (R2 = 0.86). The temporal
analysis showed increases in yield of between 100.4–211.4 kg ha−1 year−1 between 1984 and 2002 at
eight agro-meteorological research stations across the basin without a corresponding increase in ET, corresponding to an increase in CWP of 0.02–0.1 kg m−3 per year. It was concluded that the improvements
in CWP have resulted from improvements in crop varieties and crop husbandry rather than reductions
in water consumption.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In recent years, rapid economic development and population growth have increased the consumption of water to meet
the additional demand for food, intensifying the competition for
water between agriculture, industry, and the environment. Agriculture is the largest water-consuming sector (FAO, 1994; Rosegrant
et al., 2002) and in many developing countries irrigated agriculture has been expanding rapidly over recent decades, nearly
doubling between 1962 and 1998 (Carruthers et al., 1997; Ali and
Talukder, 2008). Irrigated agriculture contributes between 25% and
50% to global food production (FAO, 1994). A 2003 FAO analysis
of irrigation in 93 developing countries indicates an expected 81%
increase in agricultural production from irrigated areas by 2030 (Ali
and Talukder, 2008). These irrigated areas, however, will need to
produce more crops with the currently available water resources
(Ali and Talukder, 2008). As a result, agriculture—and the irrigated
sector in particular—must increase production per unit of water
consumed to ensure food security while protecting the environment (Stanhill, 1986; Zhang et al., 2003; Cao et al., 2007; Zwart
et al., 2010). Understanding how the productivity of water can be
increased is a high priority where water resources are currently
scarce and/or over-exploited (Perry, 2011).
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The terms “Water Use Efﬁciency” and “Crop Water Productivity”
are commonly used to express production per unit of water used
(Howell, 1990; Perry, 2007; Perry et al., 2009; Keller and Seckler,
2005; Li et al., 2009; Zwart and Bastiaanssen, 2004). In this paper,
crop water productivity (CWP) is deﬁned as crop yield per unit of
water consumed (see Section 2.3, Perry et al., 2009). CWP is a useful indicator for quantifying the impact of irrigation management
decisions (Ali and Talukder, 2008) and can be used to assess and
compare the effects of water-saving measures at different scales
and under various conditions (Cui et al., 2007).
Many papers, have reported a strongly linear relationship
between T and above ground biomass (AGB) (Howell, 1990; Keller
and Seckler, 2005; Steduto et al., 2007). Others have reported relationships between ET and economic yield or AGB: Zhang et al.
(2011) reports that winter wheat biomass had a more linear
relationship (R2 = 0.64) with evapotranspiration than did summer
maize (Zea mays L.) (R2 = 0.13), based on 1979–2009 data for ET and
yield at an experimental station. Tolk and Howell (2009) also found
a linear relationship between ET and biomass (R2 = 0.95) when
studying sorghum (Sorghum bicolor) in an experimental setting.
Perry et al. (2009) based on a review of the literature, reported that
the relationship between biomass and transpiration (T) is essentially linear for a given crop and climate—provided nutrients are
adequate.
Other results, however, suggest the relationship between ET and
yield is not always linear. Kang et al. (2002) analysing a four year
period, reported that yield increased at a greater rate than ET. The
experimental results from Zhang et al. (2011) also showed that
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when ET increased by 14%, yield of winter wheat increased by 39.5%,
and CWP by 21.8%. Zhang et al. (2011) further noted that biomass
and ET had a linear relationship from 1979 to 2009 (R2 = 0.64), but
that this relationship did not fully explain a smaller water use
increase corresponding to the much greater yield increase over
the thirty years. Zwart and Bastiaanssen (2004) using a large set
of experimental data, also found the relationship between ET and
yield for winter wheat was not straightforward (R2 = 0.35), but this
result integrated data from many agro-climatic zones where potential ET was quite different. Any relationship between T and biomass
depends on the value of potential ET; for example, achieving maximum yield in Egypt requires higher ET than maximum yield for the
same crop in the UK, and a relationship between yield and ET that
mixes data from both countries would not be particularly meaningful. Keller and Seckler (2005) using experimental station data
sets for maize, found a logistic curve relation between ET and AGB.
Li et al. (2009) using ET and yield data from surface energy balance algorithm for land (SEBAL) for 83 counties in the North China
Plain in 2004, reported a relationship between ET and yield in the
form of a parabola. The relationship, however, was not statistically
signiﬁcant.
In fact, non-proportional relationships between ET and CWP are
not inconsistent with reported linear relationships between yield
and ET: some papers (e.g., Tolk and Howell, 2009; Howell, 1990)
report the relationship between ET and yield (or biomass) which
had a relatively “ﬁxed” contribution of E to ET, such that the graph
of biomass against ET does not intersect the origin. Thus, while the
relationship between ET and biomass is linear, it is not necessarily
proportional. While varieties, soil type, nutrient status, timing of
water stress and the farmer’s skill will all affect CWP, the most
commonly reported relationship—other things being constant—is
that crop production is linearly related to crop water consumption
in a given environment.
Most of the above studies reporting on the relationship between
water consumption, yield, and CWP use data obtained over a relatively short period of time, or are based on data obtained in a
controlled, experimental environment. The reported differences in
relationships among yield, ET, and CWP found in these studies suggest it is important to look more generally at the situation in the
ﬁeld, as ﬁndings for a particular location, or in a controlled environment may not adequately capture variations in micro-climate, soil
types, nutrient availability, and farmers’ education and decisions. A
similar conclusion was suggested by Zwart and Bastiaanssen (2004)
who, after reviewing 84 literature resources, wrote that the relations between actual marketable crop yield and actual ET “are only
locally valid and cannot be used in macro-scale planning of agricultural water management.”
This paper presents results from an integrated study of temporal and spatial data of winter wheat AGB and yield, ET, and CWP
across the Hai Basin in China. The Hai Basin is an important area
for winter wheat production and because rainfall in the basin is
erratic and limited during the growing stage of winter wheat, the
area depends heavily on irrigation (Cao et al., 2007; Li et al., 2008).
Winter wheat accounts for about 70% of total agricultural water use
in Hebei Province—the province that encompasses most of the Hai
Basin. The basin faces serious water-related problems, including
water conﬂicts among sectors, ground water over-exploitation, and
environmental damage from reduced and polluted river ﬂows. New
government policies encourage sustainable economic and social
development, with a focus on saving water and increased CWP.
CWP values across the basin were calculated as the amount
of above ground biomass per unit of water evapotranspired, with
both ET and AGB derived from remote sensing data. The use of
remote sensing data to estimate ET and crop yield has been used
extensively over recent decades as an efﬁcient new approach for
obtaining water consumption and crop output data on a regional
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scale (Bastiaanssen and Ali, 2003; Tao et al., 2005; Li et al., 2008,
2009; Ahmada et al., 2009; Zwart et al., 2010; Yan et al., 2011).
In addition to information about yield in 2003–2009 based on
remote sensing data, this paper also uses long-term data on measured yield at eight agro-meteorological research stations in the
basin. The spatial analysis for CWP for the years 2003–2009 is combined with a temporal analysis of data for 1984–2002 to present a
comprehensive picture of the relationships among CWP, ET, and
AGB in the Hai Basin in recent years.
2. Data and methods
2.1. Study area
The Hai Basin is located in northeast China, between the longitudes and latitudes of 112.0–119.8◦ E and 35.0–42.8◦ N. The basin
has a total area of 318,000 km2 , some 28% of China’s total land
area. Mountains occupy 189,000 km2 (60% of the total area), while
the plain area is 129,000 km2 (40%). The Hai Basin belongs to
the temperate zone continental monsoon climate and the average annual rainfall across the basin between 1980 and 2005 was
498 mm year−1 . About 80% of the annual precipitation is concentrated between June and September. Because of its location and
size—the basin encompasses the cities of Beijing and Tianjin and
includes approximately 108,000 km2 of arable land—the Hai Basin
is at China’s political, economic, and cultural center; it is also the
main production base for grain and cash crops in the country.
The Hai Basin includes three major river systems: the Hai River,
Luan River, and Tuhaimajia River, with the Hai River system including the Daqing, the Ziya, Zhangwei, and Beisi rivers. The basin is
divided into 15 water resources districts, associated with the main
rivers (Fig. 1). The Tuhaimajia River plain is also irrigated by water
from the Yellow River, with about 3.34–6.68 billion m3 diverted
annually to this sub-basin.
Eight agro-meteorological stations, at Baodi, Zhuozhou,
Luancheng, Feixiang, Guantao, Chen’an, Anyang, and Xinxiang,
serve as county-level observation stations. Each representing a
certain region, the stations have been established for long-term
ﬁeld observations of soil water content, crop growth, and crop
yield for main crops.
2.2. Data
Monthly ET and AGB data for the Hai Basin from 2003 to 2009
were obtained from remote sensing (RS) data. The ET data for eight
agro-meteorological stations were also estimated with ETWatch,
using AVHRR (advanced very high resolution radiometer) data for
the years 1984–2000, and MODIS (moderate-resolution imaging
spectra radiometer) data for 2001–2009. In order to make the resolution of the satellite data consistent with the ﬁeld experiments
at the research stations, pixels within the window of 3 × 3 pixels
around stations with more than 70% vegetation coverage in May
were chosen to calculate the average ET. This extraction method
was designed to eliminate the mixed-pixel effect and make ET
comparable with yield at stations.
ETWatch is an integration of the “Residual Approach (the
energy balance model)” and Penman-Monteith model. Due to
cloud cover and satellite overpass intervals, any ET dataset directly
from remotely sensed data contains large temporal gaps. ETWatch
utilizes the Penman-Monteith method for time integration. The
surface resistance, which expressed the status of soil moisture and
vegetation stomata, is a key variable which is difﬁcult to measure. A
solution is given by Xiong et al, (2008) the modiﬁed and optimized
energy balance model was applied to calculate surface resistance
on cloud free days (rs ) from spectral radiances. The daily surface
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Fig. 1. The location of main water resource districts and eight agro-meteorological
stations in Hai Basin. The basin is divided into 15 water resources districts, associated
with the main rivers. Eight agro-meteorological stations, where yield data were routine observed, are Baodi, Zhuozhou, Luancheng, Feixiang, Guantao, Chen’an, Anyang,
and Xinxiang.

resistance was extended from rs in neighboring cloud free days,
smoothed LAI values, soil moisture content and meteorological factors. The Penman-Monteith equation was used to calculate daily
ET with the input of daily surface resistance, and meteorological
parameters. The ETWatch model has been described in Wu et al.
(2008, 2012). The Penman–Monteith method has been described
in Allen et al. (1998).
ET data (Fig. 3(a)) for 2002–2009 were veriﬁed at different
spatial scales, against ﬁeld measurement, lysimeter, eddy covariance system, large aperture scintillometer (LAS), water balance
of the sub-watershed, and independent third party estimates
(Wu et al., 2012; Jia et al., 2012). Wu et al. (2012) presented
the validation results of ETWatch using ﬁeld measurements from
diverse landscapes. According to a comparison with eddy covariance measurements (Yucheng, Luancheng, Daxing, Miyun and
Xiaotangshan), LAS measurements (Miyun, Daxing and Guantao),
and ground-based lysimeter ﬂux observation (Yucheng) in Hai
Basin during the year of 2004–2008, the overall deviation for individual ﬁelds on a seasonal basis is 12% decreasing to 6% for an annual
cycle. For large areas (catchments from 3770 to 17,744 km2 ) the
deviation is 3% for an annual cycle compared to ET estimated from
water balance data between 2002 and 2005.
Independent third party validation (Beijing Normal University)
conﬁrmed the accuracy of ET data generated by ETWatch. Jia et al.
(2012) presented the validation method and reported that the accuracy of the 1 km monthly RS ET (ETWatch) was 88–95% for the
Miyun, Daxing, and Guantao sites during the years 2007–2009.

AGB data for 2003–2009 were calculated using the CASA
(Carnegie–Ames–Stanford Approach) model (Potter et al., 1993;
Field et al., 1995) using remote sensing data to calculate the daily
NPP (net primary production). In accordance with the crop growth
season, the cumulative amount of NPP was used to calculate the
ﬁeld AGB in the agricultural area. The input data include the light
use efﬁciency (LUE), total incident photosynthetically active radiation (PAR), and the fraction of absorbed PAR (FPAR). Zwart et al.
(2010) presented the detail calculation process. LUE was calculated
as the function of maximum LUE, temperature and water inﬂuence
factors on LUE (Field et al., 1995); PAR describes the amount of
energy that is available for photosynthesis if the leavesintercept
all radiation, and it can be calculated as a fraction of incoming solar
radiation. FPAR can be calculated as a linear function of NDVI (Zwart
et al., 2010). This methodology has been veriﬁed in Yucheng station
in Shandong. The R2 between estimated biomass with observed
biomass was 0.52, and the RMSE was 1940.3 kg ha−1 (Du et al.,
2010)
Additional data for ET and yield for winter wheat for the years
1984–2010 were collected from the eight agro-meteorological stations which regularly observe sample farmer ﬁelds in the study area
(Jiang, 2009). According to the “Guidelines for Agro-meteorological
Observation” published in 1993 by China Meteorological Administration, yield data at the stations were measured on farmers’ ﬁelds.
The spike numbers per unit area were measured, and then 50 stems
were collected from samples for counting average kernel numbers
per spike and weighting the thousand kernel weight for each station
in the harvest season.
For practical reasons, a constant harvest index (Hi) was used
to calculate grain yield as a function of AGB. This is a signiﬁcant
assumption because the harvest index may be affected at the individual farm level by choice of crop variety or irrigation scheduling.
At the scale of analysis undertaken here, the assumption of constant
Hi is consistent with the ﬁndings of Ji et al. (2010) who found in an
analysis of 23 years of data (1982–2005) at 77 stations in China that
the Hi of winter wheat in China is 0.4; the difference in Hi among
the provinces of Hai Basin is only 0.009. Zhang and Zhu, (1990)
report a harvest index of winter wheat and summer maize in China
of between 0.35 and 0.45. Zhang et al. (2011) report that the average Hi for winter wheat was 0.41, 0.43 and 0.45 in the 1980s, 1990s
and 2000s, respectively in Luancheng station, further conﬁrming
little change in the last twenty years. It is also to be expected that
experimental stations have a higher Hi than average farmers.
The winter wheat maps from 2003 to 2009 were generated using
the supervised classiﬁcation method based on the investigated data
every year and MODIS images on October, March and May. The
winter wheat mask was generated by using intersection areas of
winter wheat map of 7 years. The pixels where the values equal to
1 indicate the winter wheat area.
2.3. Crop water productivity
Crop water productivity is deﬁned as the output of crops per
unit of water consumption (Perry et al., 2009), as determined in
the following formula (Wu and Lu, 2005; Unkovich et al., 2010;
Yan et al., 2011):
CWP =

Yi


te

;

(1)

ET

ts

Here, CWP is crop water productivity (kg m−3 ), i is the crop type,
Yi is yield for crop i (kg ha−1 ), ET is the ﬁeld evapotranspiration values (m3 ha−1 of water evapotranspired or 0.1 mm), ts is the sowing
time of the crop, and te is the harvest time. For the winter wheat of
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2003, the growing period is from early October in 2002 to the end
of May in 2003.
The ﬁnal crop product—the economic yield of crops—is only part
of the total AGB produced by a crop; the ratio between the two variables directly affects the crop’s economic value and is measured by
the crop’s harvest index (Hi). When AGB exceeds about 8% of the
maximum AGB for a crop, the harvest index remains unchanged
(Tolk and Howell, 2009). Therefore, the harvest index is set to constant in many studies and the linear relationship between yield and
AGB is expressed in the following formula:
Yi = Hi ×

te


AGB

(2)

ts

Here, AGB is above ground biomass (kg ha−1 ) and Hi is the crop
harvest index, deﬁned as the ratio of economic yield to AGB (Donald
and Hamblin, 1976). When a coefﬁcient of 0.4 is adopted as the
harvest index, the formula of crop water productivity for winter
wheat could be expressed by combining formulas (1) and (2) into
formula (3).
0.4 ×

te


AGB

ts

CWP =

te


Fig. 2. Histogram of the crop water productivity (CWP, unit: kg m−3 ) in the plain
of Hai Basin, based on average CWP per pixel for 2003–2009. X-axis is CWP value,
Y-axis is the frequency of the CWP value occurrence, which were calculated as the
pixel number percentage.

county, (ii) an analysis of the relationship among the three values
in this spatial distribution, and (iii) an analysis of the change in ET,
yield, and CWP over time.

(3)
3.1. Range and average CWP and spatial distribution of ET, AGB,
and CWP

ET

ts

2.4. Spatial analysis
In the spatial analysis, values for CWP, ET, and AGB were calculated for the pixels identiﬁed as winter wheat within the Hai Basin
as an average for all seven years (2003–2009) of data, to establish a
best estimate for CWP, ET, and AGB. Next, to establish the average
values by county, the average CWP, ET, or AGB value for all pixels
within a county border were calculated with Eq. (4):
1
Xj,
N
N−1

Xz =

X = {Zx ∈ Z}

(4)

j=0

Here, X represents the pixel value [ET (mm), AGB (kg ha−1 ), or
CWP (kg m−3 )]; Z represents the county; N is the number of pixels within the county boundaries; and j represents the number of
pixels.
2.5. Temporal analysis
For the temporal analysis, a regression analysis was used to
study the relationships among ET, yield, and CWP for 1984–2002
at the ﬁeld stations, using the measured yield data. Regression
analysis is suitable for studying the relationship between a single
dependent variable and one or more independent variables, and
for estimating the dependent variable using independent variables
(Allison, 1999). A simple linear regression method to detect changes
in a long-term data series has been widely used by researchers
(White and Wilson, 2006; Schnur et al., 2010; Zhang et al., 2011;
Maire et al., 2011). Scatter plots were used to identify trends in yield
increases at each of the eight agro-meteorological stations. The linear correlation coefﬁcients quantify the magnitude of the trend and
the slopes indicate the annual rate of change.
3. Results
Results of the study are presented in three parts: (i) the range
and distribution of AGB, ET, and CWP across the basin and by

Based on Eq. (3), ET and AGB data estimated by remote sensing
were used to calculate the annual CWP of winter wheat from 2003
to 2009 for each pixel in the study area. The results indicated an
average crop water productivity of winter wheat of 1.049 kg m−3
across the study area, the Hai Basin plain. Fig. 2 shows a histogram
of this average crop water productivity, with a sharp peak at a CWP
of 1.06 kg m−3 . The histogram shows that the range of CWP was
0.7–1.4 kg m−3 , accounting for 98% of total pixels. The pixels with
CWP values below 0.7 kg m−3 may be situated in the margin of the
winter wheat production area, may be the misclassiﬁcation of winter wheat areas, or may be areas where the crop essentially failed
due to pest attack or other causes.
The average and range of CWP values found for Hai Basin in
this study were well below CWP values found at experimental
sites (2.2 kg m−3 , reported in Deng et al. (2004)). The range was
also different from that described in Chen et al. (2009), who also
reported on CWP values in the Hai Basin and described an overall higher range of CWP, with CWP in the piedmont areas between
1.9 and 2.3 kg m−3 and CWP values in the middle and east plain
areas between 0.6 and 1.4 kg m−3 . The higher values reported by
Chen et al., however, were based on a crop model and in situ data,
which may have overestimated CWP by not accounting for variations in crop husbandry, water availability, irrigation management,
and plant densities. The range in CWP values reported in this paper
is similar to results of Li et al. (2008), which showed CWP values
for the North China Plain below 1.67 kg m−3 , with the lowest value
of about 0.5 kg m−3 .
Fig. 3 shows the average values of CWP, AGB, and ET for each of
169 counties in the study area. While the general water resource
districts are the basis for basin-wide water resource plans, individual counties are responsible for managing the allocated water and
allocating it to the individual farmers.
Fig. 3(c) identiﬁes two areas with relatively higher CWP values. The ﬁrst, Area A, covers land in the south of the Daqing River
West Plain area and in the Ziya River Plain area. Both are located
near Taihang Mountain and characterized by alluvial soil. The second area (Area B on the map) is located in the southeastern part
of the Basin, within the Tuhaimajia River Plain area. In Area A,
for example, counties such as Luanchen, Zhao, and Ninjin have an
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Fig. 3. Average evapotranspiration (ET, unit: mm), average above ground biomass (AGB, unit: kg ha−1 ), average crop water productivity (CWP, unit: kg m−3 ) and average
reference evapotranspiration (ETo, unit: mm) of winter wheat for 169 counties in the plain of Hai Basin (2003–2009).
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average CWP of 1.14 kg m−3 . Both Areas A and B show high values for ET and both areas have access to abundant, reliable water
resources and are major production areas for winter wheat. The
source of their water, however, is very different. Area A depends
on ground water resources, while Area B mainly uses river water.
Ground water resources in Area A have in fact been over-extracted
for the last 30 years (Liu et al., 2007; Fang et al., 2010). In Area B,
irrigation relies on river water diverted from the Yellow River to
Hai Basin, with the area using as much as 93% of the total amount
(3.3–6.7 billion m3 ) of water transferred annually from the Yellow
River to the basin since 1980 (Wu et al., 2011).
Also shown in Fig. 3 are areas with lower CWP values, which are
concentrated in the north (which is the Basin’s coastal region), and
in the middle and southwest areas. The counties in these areas all
have relatively low CWP levels, with CWP levels in Fengrun, Wuqin,
and Bingzhou (all in the north) below 0.78 kg m−3 , and the CWP
of Cangzhou (also in the north) and Xinxian (in the south) below
1.0 kg m−3 . These lower CWP values in the northern coastal area can
be explained by the salinization of the ﬂuvo-aquic soil, which limits
winter wheat growth. In the middle of the plain, water resources
are so scarce and unreliable that they are not well suited to winter
wheat, and so yield is also extremely low.
When combined with the information about ET and AGB
by county, distinct combinations of CWP, AGB and ET can be
seen. Most counties in the Zhangwei River plain show a slightly
higher AGB (7000–9000 kg ha−1 ) compared to the Ziya River plain
(7000–8000 kg ha−1 ), but a lower CWP. This is a result of the lower
ET in the Ziya River plain, which suggests the area manages its
water more effectively than the Zhangwei River plain. The ETo
for the two sub-basin plains with the same range (551–600 mm)
indicating that the difference in ET not related with climate variation. This analysis suggests an opportunity for further research
to conﬁrm that the Zhangwei River plain, with its abundant water
resources, could reduce consumption and release water to downstream areas. Similarly, counties in the Beisi River plain consume
more water than counties in the Daqing River west plain, while
reaching the same level of AGB (7000–8000 kg ha−1 ), resulting in
lower values for CWP in the Beisi River plain. However, the ETo
in the Daqing River west plain (551–600 mm) is lower than Beisi
River plain (600–650 mm), which is an example, as indicated in the
introduction, of how CWP is directly affected by potential evapotranspiration.

3.2. Relations among yield, CWP, and ET—results from the spatial
analysis
To determine the relations among yield, CWP, and ET in the
plain of Hai Basin, average values for yield, CWP, and ET were calculated when ET was partitioned in equal intervals of 5 mm, using the
remote sensing data for the spatial distribution of average ET and
yield for 2003–2009. Yield was calculated as Hi × AGB with Hi ﬁxed
at 0.4, following Eq. (2). Fig. 4 illustrates the change in CWP and
yield with ET. Data for ET values below 180 mm are not included
in the graph as they are likely associated with “mixed-pixels” that
not only represent winter wheat crop but also other land uses.
Fig. 4 shows that yield increases with increasing ET from about
2200–4000 kg ha−1 . The relation between yield and ET is signiﬁcant, with a signiﬁcance level of 0.01 (R2 = 0.86, n = 49). CWP values
vary between 0.86 and 1.23 kg m−3 . The coefﬁcient between ET and
CWP is −0.76, but the relationship is not signiﬁcant.
The linear relation between ET and yield shown in Fig. 4 is consistent with other literature, such as Tolk and Howell (2009) and
Howell (1990). The study showed yield increasing with increasing ET, until yield started dropping after an ET of 463 mm. Kang
et al. (2002) who analyzed ET, yield, and biomass data for winter
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wheat in an experimental setting, found a similar result, describing a linear relationship between winter wheat biomass and ET,
and a relation between winter wheat yield and ET that could be
described by a quadratic function. Similar to ﬁndings by Li et al.
(2008), the relationship between yield and ET, however, was also
only approximately linear up to an ET of about 460 mm.
Using the same information of average yield, ET, and CWP for
each pixel in the Hai Basin plain area (averaged for the years
2003–2009), Fig. 5 illustrates CWP, cumulative ET, and cumulative yield for each 10% area segment of the study area, starting
with the 10% area pixels with the lowest average ET values. For the
winter wheat planting area (the area above the 10% mark), cumulative ET has a strong correlation with cumulative yield (R2 = 0.92)
and cumulative yield increases with cumulative ET. CWP varies
between 0.95 and 1.08 (±6%).
3.3. Relation among CWP, yield, and ET—results from the
temporal analysis
To study the temporal trend in ET and yield of winter wheat in
the basin, remote sensing data for 1984–2002 for ET was combined
with measured yield at the eight agro-meteorological stations
(Fig. 6). Using a regression analysis, the linear increase in yield with
ET was calculated (black line in Fig. 6). The data illustrate a steady
increase in winter wheat yield at all stations with a slope between
100.4 and 211.4 kg ha−1 year−1 , with ET varying between 200 and
500 mm. The coefﬁcients of determination (R2 ) of the yield increase
equations are between 0.598 and 0.966 with a conﬁdence level of
95%. There is no signiﬁcant increase trend in ET (R2 coefﬁcients
between 0 and 0.255). Similarly, there were no signiﬁcant trends
observed in ETo in the eight stations, suggesting that climate change
has not been signiﬁcant over the study period. The two stations
in the north, Baodi and Zhuozhou, showed the highest increase in
yield since 1984 (slopes of 158.2 and 211.4 kg ha−1 year−1 ), which
can be explained by their lower starting yield in the 1980s. The
increase in yield over the years, which happened without a corresponding increasing in ET, resulted in an annual increase in CWP
of 0.02 to 0.1 kg m−3 . The ﬁndings described here are consistent
with other long-term studies in the basin, which have demonstrated increases in yield and CWP over the last three decades.
Zhang et al. (2011), describing results from a long-term ﬁeld study
at the Luancheng station, reported that the grain yield of winter
wheat increased substantially from the 1980s to 2010 as a result of
improvements in fertilizer, cultivars, and other management practices; the average yield increase was 145.9 kg ha−1 per year for
wheat, while ET only increased by 1.4% from the 1980s to the 1990s
and 4.0% from the 1990s to the 2000s. Xu and Zhao (2001) found
that the CWP for winter wheat-summer maize in Fengqiu County in
the Hai Basin between 1949 and 1996 increased from 0.23 kg m−3
to 0.90 kg m−3 , with grain yield increasing to almost six times the
yield from the 1950s, while water consumption increased by only
28.3%.
4. Discussion
The results presented in this paper are the ﬁrst basin-wide, integrated spatial–temporal assessment of CWP, ET, and yield in the Hai
Basin. There are various ways to estimate each parameter, most of
which are relatively precise at very small scales, but impractical
over large scales.
The particular value of an analysis based on remote sensing is
that it applies a uniform methodology at very large scales, repeated
at different times. The distribution of results in time and space provides insights that are not usually available from other methods,
and the relative accuracy of results (for example that CWP is 20%
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Fig. 4. Relationships between evapotranspiration (ET) and economic yield and crop water productivity (CWP) for winter wheat in the plain area of Hai Basin, using average
values for ET, yield, and CWP for 2003–2009 across the basin. X-axis is ET value with the equal intervals of 5 mm, the left Y-axis is average economic yield with the unit of
kg ha−1 , and the right Y-axis is average CWP with the unit of kg m−3 .

Fig. 5. Average crop water productivity (CWP, unit: kg m−3 ) and percentage of cumulative evapotranspiration (ET, unit: mm) and cumulative yield (unit: kg ha−1 ) per 10%
cumulative area for winter wheat in the Hai Basin plain. X-axis is each 10% area segment of the study area after ET sorted in ascending, the left Y-axis is average CWP, the
right Y-axis is the percentage of cumulative ET or cumulative yield.

higher in area X than area Y) is often more relevant to policy than a
more precise measurement of a single parameter, in a single place,
at a single point in time.
CWP depends upon the local climate, particularly the potential
or reference ET, so the results obtained in this study can only be
compared with other estimates for the same region. The range of
CWP for winter wheat in the basin (0.7 to 1.4 kg m−3 ) for 2003–2009
is low compared to experimental data (Deng et al., 2004), and lower
than 1.45 kg m−3 during 2000s in Luancheng experimental station
(Zhang et al., 2011). It is not unexpected that CWP is higher at the
research stations since researchers operate in a controlled environment to achieve the maximum potential yield per hectare, and are
less constrained than farmers in the inputs and resources available.
Such techniques may be impractical and/or ﬁnancially unproﬁtable
for the typical farmers. However, the relatively low values for CWP
in the Hai Basin suggest this is an important issue and opportunity
for improving agricultural water management in the water-scarce
Hai Basin.
Spatial analysis demonstrates a linear relation between ET and
yield across the basin. Results from Li et al. (2008) and Kang et al.
(2002) suggest that this relationship holds up to a critical level of
about 460 mm. The maximum ET value of 436.9 mm found in the

our study area (Fig. 4) is below this critical value, suggesting that
agricultural production in the Hai Basin plain is still on the linear
part of the CWP/ET relationship and excessive water application is
not resulting in lower CWP.
On the other hand, the temporal analysis shows an increase in
both CWP and yield over time, with no obvious trend in ET. Grain
production in the Hai Basin has increased by 72.4% from 26.6 Mt in
1980 to 45.8 Mt in 2000. Fertilizer and pesticide use in the Hai Basin
plain increased from 166 kg ha−1 in 1981–1983 to 383 kg ha−1 in
2005–2008 (Wang et al., 2010). Crop yield improved by 50%, while
annual ET only increased slightly, 12% from 1980 to 2002, resulting
in signiﬁcant CWP improvements in the past 20 years in the region
(Zhang et al., 2005). The annual nitrogen input doubled over the last
30 years, and phosphorus increased by 50% (Zhang et al., 2010). The
average grain yield of winter wheat was 4790 kg ha−1 , 5501 kg ha−1
and 6685 kg ha−1 in the 1980s, 1990s and 2000s, respectively in
Luanchen station in the heart of Hai Basin plain. The yield increase
was 14.8% from the 1980s to the 1990s, and 21.5% from the 1990s to
the 2000s. However, the average ET of winter wheat was 401.4 mm
in the 1980s, 417.3 mm in the 1990s and 458.6 mm in the 2000s,
increased by 4.0% from the 1980s to the 1990s, and 9.9% from the
1990s to the 2000s (Zhang et al., 2011).
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Fig. 6. Winter wheat evapotranspiration (ET, unit: mm) and yield (unit: kg ha−1 ) for 1984–2002 at eight agro-meteorological stations in Hai Basin, showing the linear trends
of yield (black line). X-axis is year changed from 1984 to 2002, the left Y-axis is actual evapotranspiration (ET) or reference ET (ETo), the right Y-axis is economic yield.

The increase in production exceeds the increase in water consumption leading to a 20% improvement of CWP from 1982 to 2002
(Zhang et al., 2005). This suggests that improved cultivars, higher
use of inputs and better crop husbandry rather than an actual reduction in ET—which is the usual objective of “water savings”—are the
driving forces in increasing CWP.
Tremendous progress has been made in Chinese winter wheat
production, largely due to the development of new cultivars,
improvements in crop management practices and policy changes;
yield increased from about 6 tones ha−1 in 1980 to 7.6 tones ha−1 in
2002 for with 25% increase. The winter wheat cultivars have been
changed 5 times with average yield increasing due to the increase
of average kernel numbers per spike (Zhou et al., 2007).
The driving force in the adoption of the new cultivars and
increased use of inputs has most probably been the evolution
in government policy. Since the 1980s, China adopted a land

reform policy which gave responsibility to farmers to productively manage the reallocated lands. Farmers are willing to invest
in their own land to increase agricultural production. Increased
agricultural activity resulted in increased agricultural water use
in 1980s. There is a sharp increase in agriculture water use
in 1980s (Yang and Tian, 2009). However, once expansion of
irrigated land is limited, investments for increasing crop production are in fertilizers and pesticides—especially if irrigation is
reliable.
Increasing the Hi was a major strategy of cultivar improvement.
Since about 1980, only minor increases in the harvest index have
been achieved and it appears unlikely that further major yield
increases in cereals can result from further major increases in Hi
(Sinclair and Gardner, 1998). This is probably due to biological limit
on harvest index (White and Wilson, 2006). But in the Hai Basin,
Hi is increased since 1980s with a jump every 5–10 years to new
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level (Zhou et al., 2007). It is logical to use a constant Hi for the year
2002–2009.
The spatial and temporal analysis conﬁrm that increased production in recent years has been based on relatively stable levels
of ET and increased CWP. Further progress will be based on
approaches that have already been successful implemented at the
research stations, such as better use of fertilizers, improvements
in soil management, and new crop species (Fang et al., 2010;
Zhang et al., 2010). Additional approaches, as described in literature, could focus on increasing the harvest index, increasing plant
densities, improving nutrient availability and soil nutrient management, and relocating crop production (crop growth periods) to
areas (and times) with lower evaporative demand for water, as well
as other engineering and agronomic measures (Ali and Talukder,
2008; Deng et al., 2004; Fang et al., 2010; Hatﬁeld et al., 2001; Kang
et al., 2002; Keller and Seckler, 2005; Kijne et al., 2003; White and
Wilson, 2006; Zhang et al., 2010; Zhou et al., 2011).
In addition, speciﬁc improvements in water management that
reassure farmers of the reliability and availability of water during the crop growing season can increase farmers’ conﬁdence and
support their investment to increase yield.
To date, focusing on interventions to save water by reducing ET
have had little impact on CWP, though options such as mulching or
sub-surface drip irrigation to reduce evaporation, carefully targeted
deﬁcit irrigation, and changes to planting dates can save water.
Improvement of CWP is more complex at the regional scale than
in ﬁeld experimentation because of the involvement of factors that
could not be measured in this analysis—soil type and depth; pest
attacks; weeds, etc. The basin-wide analysis based on the average
data of eight years may mask the some effects of water saving
measures on CWP improvement at the ﬁeld scale by reducing E
instead of T. Normally CWP at research stations is signiﬁcantly
higher than typical results from farmer’s ﬁelds. It is typically the
case that “researchers” seeking technical perfection will achieve
higher yields per hectare and/or higher CWP than farmers. There
is a good extension system in China to promote the suitable technology to farmers to increase production and farmers are willing
to take it since it can increase the income. For example, once a new
species seed are promoted, within 1–3 years, the seed is became
dominant seed in most areas, suggesting that farmers have become
more willing to take the new technology and advances in agriculture practice (Yao and Zhao, 2013). It is also possible that research
station use of special techniques (e.g., mulching) push the production frontier in ways that are practicable in a research farm context,
but may be impractical, and possibly ﬁnancially unaffordable, in the
real world context.
In a general sense, the ﬁndings presented in this paper suggest
that while the basic formula describing the relation between CWP,
ET, and yield (Eq. (1)) implies that improving CWP depends on a
reduction in ET, and more speciﬁcally E. However, the analysis of
the results showed that this measure did not played a substantial
role in improving CWP thus far.

5. Conclusions
The average CWP of winter wheat based on remote sensing data
from 2003 to 2009 for Hai Basin was in the range of 0.7–1.4 kg m−3 .
The spatial analysis found a linear relationship between ET and
yield (R2 = 0.86), while the temporal analysis indicated a steady
increase in yield and CWP over recent years without a corresponding increase in ET, though for a given year the spatial analysis
showed that production and consumption of water were strongly
related.
The relatively low CWP across the basin suggests that achieving
higher yield for the same amount of water consumption is possible

for the basin and should be a goal for agricultural investments in
the region. A single focus on only improving traditional irrigation
efﬁciency (such as through investments in irrigation networks),
however, represents a limited approach and results from this study
and available literature suggest such investment rarely achieve
expected water savings. Farmers continue to use and consume
water as long as this increases proﬁt, so that innovations that “save”
water generally result in either an increase in the irrigated area or a
shift of water from non-productive E to productive T. In either case,
water consumption is not reduced.
Over time, in a policy context that directly linked farm incomes
to farm productivity, farmers have demonstrated that they readily
adopt new cultivars and higher inputs to increase production. The
same incentives apply to water, and increased CWP implies greater
beneﬁts to the individual farmer per unit of water consumed: the
farmer’s incentive to save water is thus to allow personal consumption of the saved water by increasing irrigation reliability
or possibly expanding the irrigated area. In consequence, technical innovations that reduce water consumption and increase CWP
through improved water management have a limited impact and
yet to be adopted on a wide scale.
Further research to standardize yield/ET/CWP relationships by
agro-climatic zone is required to identify more speciﬁc opportunities to improve the productivity of the basin’s scarce resources.

Acknowledgements
This study was ﬁnancially supported by the Knowledge
Innovation Program of the Chinese Academy of Sciences (No.
KZCX1-YW-08-03; KSCX-YW-09-01). We are grateful to the China
Meteorological Data Sharing Service System for providing yield
data for this study and also appreciate the critical thinking and suggestions by Chris Perry on ﬁnalizing this article, and comments and
suggestions by Susanne Scheierling and Anna van der Heijden on
earlier versions of this article.

References
Ahmada, M.D., Turral, H., Nazeer, A., 2009. Diagnosing irrigation performance and
water productivity through satellite remote sensing and secondary data in a
large irrigation system of Pakistan. Agric. Water Manage. 96, 551–564.
Ali, M.H., Talukder, M.S.U., 2008. Increasing water productivity in crop production-A
synthesis. Agric. Water Manage. 95, 1201–1213.
Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration. Food and
Agriculture Organization of the United Nations, Rome, Italy.
Allison, P.D., 1999. Multiple Regression: A Primer. Sage Publications, Thousand Oaks,
CA.
Bastiaanssen, W.G.M., Ali, S., 2003. A new crop yield forecasting model based on
satellite measurements applied across the Indus Basin, Pakistan. Agric. Ecosyst.
Environ. 94, 321–340.
Cao, G., Cui, Y., Meng, J., 2007. The effect of irrigation systems in spring on grain yield
of winter wheat. Chin. Agric. Sci. Bull. 23 (3), 466–468.
Carruthers, I., Rosegrant, M.K., Seckler, D., 1997. Irrigation and food security in the
21st century. Irr. Drain. Syst. 11, 83–101.
Cui, Y.L., Dong, B., Li, Y.H., Cai, X.L., 2007. Assessment indicators and scales of water
saving in agricultural irrigation. Trans. Chin. Soc. Agric. Eng. 23 (7), 1–7.
Chen, J., Liu, Y.H., Yu, Z.Y., 2009. Winter wheat water productivity analysis
using crop model in North China Plain., pp. 16–25, http://d.g.wanfangdata.
com.cn/Conference 7218508.aspx
Deng, X.P., Shan, L., Zhang, H., Turner, N.C., 2004. Improving agricultural water use
efﬁciency in arid and semiarid areas of China. In: Proceedings of the 4th International Crop Science Congress, Australia.
Donald, C.M., Hamblin, J., 1976. The biological yield and harvest index of cereals as
agronomic and plant breeding criteria. Adv. Agron. 28, 361–405.
Du, X., Wu, B.F., Meng, J.H., Li, Q.Z., Zhang, F.F., 2010. A method to assess land
productivity in Huang-Huai-Hai region using remote sensing. In: International
Conference on Multimedia Technology Proceeding, October 29–31, Ningbo,
China.
Fang, Q.X., Ma, L., Green, T.R., Yu, Q., Wang, T.D., Ahuja, L.R., 2010. Water resources
and water use efﬁciency in the North China Plain: current status and agronomic
management options. Agric. Water Manage. 97, 1102–1116.
Food and Agriculture Organization (FAO), 1994. The state of food and agriculture
1993. Food and Agriculture Organization, Rome, Italy.

N. Yan, B. Wu / Agricultural Water Management 133 (2014) 24–33
Field, C.B., Randerson, J.T., Malmstrom, C.M., 1995. Global net primary production:
combining ecology and remote sensing. Remote Sens. Environ. 51 (1), 74–88.
Hatﬁeld, J.L., Sauer, T.J., Prueger, H., 2001. Managing soils to achieve greater water
use efﬁciency: a review. Agron.J. 93, 271–280.
Howell, T.A., 1990. Relationships between crop production and transpiration, evapotranspiration and irrigation. Irr. Agric. Crops 30, 292–427.
Ji, X.J., Yu, Y.Q., Zhang, W., Yu, W.D., 2010. Spatial–temporal patterns of winter wheat
harvest index in China in recent twenty years. Sci. Agric. Sin. 43 (17), 3511–3519.
Jia, Z., Liu, S., Xu, Z., Chen, Y., Zhu, M., 2012. Validation of remotely sensed evapotranspiration over the Hai River Basin. China J. Geophys. Res., http://dx.doi.org/
10.1029/2011JD017037.
Jiang, H.F., 2009. Guidelines for Agrometerological Observation and Data Analysis.
Science Press, China.
Kang, S.Z., Zhang, L., Liang, Y.L., Hu, X.T., Cai, H.J., Gu, B.J., 2002. Effects of limited
irrigation on yield and water use efﬁciency of winter wheat in the Loess Plateau
of China. Agric. Water Manage. 55 (3), 203–216.
Keller, A., Seckler, D., 2005. Limits to increasing the productivity of water in crop
production. Calif. Water Plan Update 4, 178–197.
Kijne, J.W., Barker, R., Molden, D., 2003. Water Productivity in Agriculture: Limits
and Opportunities for Improvement. CAB International, Wallingford, UK.
Li, F.P., Li, Q.X., Wang, Z.L., 2009. Analysis of Agricultural Water Saving in Hai Basin
Based on Remote Sensing Water Productivity. In: Proceedings of International
Symposium of Hai Basin Integrated Water and Environment Management, Beijing: Orient Academic Forum.
Li, H.J., Zheng, L., Lei, Y.P., 2008. Estimation of water consumption and crop water productivity of winter wheat in North China Plain using remote sensing technology.
Agric. Water Manage. 95, 1271–1278.
Liu, Z.G., Wang, E.D., Fu, J.F., Shao, A.L., 2007. Spatio-temporal variability of groundwater level in China’s Hebei Plain. J. Northeast. Univ. 28 (5), 717–720.
Maire, G.L., Marsden, C., Nouvellon, Y., Grinand, C., Hakamada, R., Stape, J., Laclau, J.,
2011. MODIS NDVI time-series allow the monitoring of Eucalyptus plantation
biomass. Remote Sens. Environ. 115, 2613–2625.
Perry, C., 2007. Efﬁcient irrigation; inefﬁcient communication; ﬂawed recommendations. Irr. Drain. 56, 367–378.
Perry, C., Steduto, P., Allen, R.G., Burt, C.M., 2009. Increasing productivity in irrigated agriculture: agronomic constraints and hydrological realities. Agric. Water
Manage. 96, 151–1524.
Perry, C., 2011. Accounting for water use: terminology and implications for saving
water and increasing production. Agric. Water Manage. 98, 1840–1846.
Potter, C.S., Randerson, J.T., Field, C.B., Matson, P.A., Vitousek, P.M., Mooney, H.A.,
Klooster, S.A., 1993. Terrestrial ecosystem production: a process model based
on global satellite and surface data. Glob. Biogeochem. Cycles 7 (4), 811–841.
Rosegrant, M.W., Cai, X.M., Cline, S.A., 2002. Global water outlook to 2025 averting
an impending crisis. In: A 2020 vision for Food, Agriculture and the Environment
Initiative. International Food Policy Research Institute, Washington, DC, USA.
Schnur, M.T., Xie, H.J., Wang, X.W., 2010. Estimating root zone soil moisture at distant
sites using MODIS NDVI and EVI in a semi-arid region of southwestern USA. Ecol.
Inform. 5, 400–409.
Sinclair, T.R., Gardner, F.P., 1998. Environmental limits to plant production. In: Principles of Ecology in Plant Production. CAB International.
Stanhill, G., 1986. Water use efﬁciency. Adv. Agron. 39, 53–85.
Steduto, P., Hsiao, T.C., Fereres, E., 2007. On the conservative behavior of biomass
water productivity. Irr. Sci. 25, 189–207.
Tao, F.L., Yokozawa, M., Zhang, Z., Xun, Y.L., Hayashi, Y., 2005. Remote sensing of
crop production in China by production efﬁciency models: models comparisons,
estimates and uncertainties. Ecol. Model. 183, 385–396.

33

Tolk, J.A., Howell, T.A., 2009. Transpiration and yield relationships of grain sorghum
grown in a ﬁeld environment. Agron. J. 101 (3), 657–662.
Unkovich, M.J., Baldock, J., Forbes, M., 2010. Variability in harvest index of grain crops
and potential signiﬁcance for carbon accounting: examples from Australian agriculture. Adv. Agron. 105, 173–219.
Wang, X., Li, Z.Y., Ma, W.Q., Zhang, F.S., 2010. Effects of fertilization on yield increase
of wheat in different agro-ecological region of China. Sci. Agri. Sin. 43 (12),
2469–2476.
White, E.M., Wilson, F.E.A., 2006. Responses of grain yield, biomass and harvest index
and their rates of genetic progress to nitrogen availability in ten winter wheat
varieties. Irr. J. Agric. Food Res. 45, 85–101.
Wu, B.F., Yan, N.N., Xiang, J., Bastiaanssen, W.G.M., Zhu, W.W., Stein, A., 2012. Validation of ETWatch using ﬁeld measurements at diverse landscapes: a case study
in Hai Basin of China. J. Hydrol. 436, 67–80.
Wu, B.F., Xiong, J., Yan, N.N., Yang, L.D., Du, X., 2008. ETWatch for monitoring regional
evapotranspiration with remote sensing. Adv. Water Sci. 19 (5), 671–678.
Wu, B.F., Yan, N.N., Jiang, L.P., Chang, S., 2011. A method of water consumption
balance and application. J. Remote Sens. 15 (2), 281–297.
Wu, L.Y., Lu, C.H., 2005. Calculation of water production efﬁciency. Water Sav. Irr. 3,
36–37.
Xiong, J., Wu, B.F., Yan, N.N., Hu, M.G., Sun, M.Z., 2008. Research on temporal reconstruction of evapotranspiration using remote sensing. Prog. Geogr. 27 (2), 53–59.
Xu, F.A., Zhao, B.X., 2001. Development of crop yield and water use efﬁciency in
Fenqiu County, China. Acta Pedol. Sin. 38 (4), 491–497.
Yan, N.N., Wu, B.F., Du, X., 2011. Estimation of agricultural water productivity and
application. J. Remote Sens. 15 (2), 298–304.
Yang, Y.H., Tian, F., 2009. Abrupt change of runoff and its major driving factors in
Haihe River Catchment, China. J. Hydrol. 374, 373–383.
Yao, Y., Zhao, Y.S., 2013. The eight measures to speed up the promotion of new
varieties of crops. China Seed Ind. 3, 22–23.
Zhang, F.C., Zhu, Z.H., 1990. Harvest index for various crops in China. Sci. Agric. Sin.
23 (2), 83–87.
Zhang, X., Pei, D., Hu, C., 2003. Conserving groundwater for irrigation in the North
China Plain. Irr. Sci. 21, 159–166.
Zhang, X.Y., Chen, S.Y., Pei, D., Liu, M.Y., Sun, H.Y., 2005. Improved water use efﬁciency
associated with cultivars and agronomic management in the North China Plain.
Agron. J. 97, 783–790.
Zhang, X.Y., Chen, S.Y., Sun, H.Y., Wang, Y.Z., Shao, L.W., 2010. Water use efﬁciency
and associated traits in winter wheat cultivars in the North China Plain. Agric.
Water Manage. 97, 1117–1125.
Zhang, X.Y., Chen, S.Y., Sun, H.Y., Shao, L.W., Wang, Y.Z., 2011. Changes in evapotranspiration over irrigated winter wheat and maize in North China Plain over
three decades. Agric. Water Manage. 98, 1097–1104.
Zhou, J.B., Wang, C.Y., Zhang, H., Dong, F., Zheng, X.F., Gale, W., Li, S.X., 2011. Effect
of water saving management practices and nitrogen fertilizer rate on crop yield
and water use efﬁciency in a winter-summer maize cropping system. Field Crop
Res. 122, 157–163.
Zhou, Y., He, Z.H., Sui, X.X., Xia, X.C., Zhang, X.K., Zhang, G.S., 2007. Genetic improvement of grain yield and associated traits in the Northern China winter wheat
region from 1960 to 2000. Crop Sci. 47, 245–253.
Zwart, S.J., Bastiaanssen, W.G.M., 2004. Review of measured crop water productivity
values for irrigated wheat, rice, cotton and maize. Agric. Water Manage. 69,
115–133.
Zwart, S.J., Bastiaanssen, W.G.M., Fraiture, C.D., Molden, D.J., 2010. WATPRO: a
remote sensing based model for mapping water productivity of wheat. Agric.
Water Manage. 97, 1628–1636.

