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G R A P H I C A L

A B S T R A C T

Wheat – Water Produc!vity SCORE

a b s t r a c t
Scarce water resources are one of the major constraints to achieve more food production. Food production needs
therefore also to be evaluated in terms of water consumption, besides the conventional unit of land. Crop Water
Productivity (CWP) is deﬁned as the crop yield per unit of water evaporated. Contrary to crop yield, local benchmark values for CWP do not exist. This paper shows how operational earth observation satellites can measure
CWP indirectly on a pixel-by-pixel basis, which provides an opportunity to deﬁne local, regional and global
benchmark values. In analogy to a grading system for earthquakes (Richter) or wind force (Beaufort), a grading
system for CWP is introduced: the Water Productivity Score (WPS). A regional scale WPS and a global version Global Water Productivity Score (GWPS) - are presented. Crop yield zones are used to reﬂect local production potential, which reﬂects also the presence of irrigation systems besides general physio-graphical conditions. The
99th percentiles of climatic normalized CWP values at global scale are 2.45, 2.3 and 4.9 kg m−3 for wheat, rice
and maize respectively. There is signiﬁcant scope to produce the same - or more - food from less water resources,
provided that locally speciﬁc best on-farm practices are implemented. At the upstream level, Governments can
use (G)WPS to deﬁne national water and food policies and use it as a means to report to the Sustainable
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Development Goal standards. At the downstream level, WPS helps to improve on-farm water management practices by growers, both for rainfed and irrigated crops. While the current paper is based on wheat, rice and maize,
the same framework can be expanded to potatoes, sugarbeet, sugarcane, fruit trees, cotton and other crops.
© 2016 Published by Elsevier B.V.

1. Introduction
It is estimated that in the next 40 years, food production needs to increase by 60% in developed countries and up to 100% in developing
countries (Alexandratos and Bruinsma, 2012). The main strategies for
securing future food demands are: (i) reducing the existing yield gap;
(ii) increasing water productivity and efﬁcient use of other natural resources; (iii) avoiding land degradation, (iv) reducing losses and
waste of food, and (v) adopting more sustainable diets (Foley et al.,
2011; Steduto et al., 2012). Expansion of cultivated lands is not considered appropriate as it causes an unacceptable impact on losses of biodiversity and an increase in greenhouse gas emissions (Foley et al., 2011).
Over the last 50 years the world has dramatically changed from a situation of apparent abundance of water to a situation of water scarcity (e.g.
Steduto et al., 2012). While an individual may need 50 to 150 l of water a
day for personal use, seventy times more water is needed to produce an
individual's daily food requirement. Agriculture is responsible for about
60% to 90% of global freshwater withdrawals, mostly through irrigation,
which signiﬁcantly reduces river outﬂow to oceans (Falkenmark and
Molden, 2008), substantially lowers groundwater tables (Siebert et al.,
2010; Wada et al., 2010), and causes degradation of water quality
(UNDP, 2008). Anthropogenic pressure on land and water resources is
stretching the planet's sustainability to its limits (Rockstrom et al.,
2009). Given this scarcity of land and water resources, the key strategy
to increase food security should be through the increase of production
per unit resources, i.e., the combined increase of production per unit
land (crop yield expressed in kg ha−1) and the increase of production
per unit water consumed (water productivity expressed in kg m−3).
These water and food security concerns have prompted the Food and
Agriculture Organization of the United Nations (FAO), UN Water and
other international organizations to engage in programs to improve
Crop Water Productivity (CWP). The United Nations embraced CWP as
one of the Sustainable Development Goals (SDGs) in their General Assembly (September 2015), although it is referred to as water use efﬁciency in SDG 6.4.
While a wealth of knowledge is associated to land productivity statistics (kg ha−1), information and guidelines on CWP (kg m−3) are lacking. Only experimental studies provide estimates on physical ranges of
CWP, though in a scattered manner. Zwart and Bastiaanssen (2004) created a worldwide database of CWP, based on a literature review, which
was further expanded by Bastiaanssen et al. (2012a) to establish the
“FAO-CWP” database. This FAO-CWP database is based on 96 research
papers for wheat, 46 papers for maize and 29 papers for rice. Fig. 1 illustrates diagrams between experimental crop yield data (Y) and the associated actual evapotranspiration data (ET) required to achieve that
yield. Only ﬁeld experiments with well described techniques to measure actual crop ET were included in the database. The ﬁeld experiments
took place in the period 2000 to 2010 and reﬂect the crop conditions
from 17 countries spread over ﬁve continents. A total of 840 data points
are included for wheat, 242 data points for rice and 410 data points for
maize. Fig. 1 shows that wheat ET ranges from 1000 m3 ha−1 to 9000 m3
ha−1, while crop yield ranges between 500 kg ha−1 to 8500 kg ha−1.
More recently, certain countries report an average wheat yield of 9000
kg ha− 1, so there should be several individual ﬁelds with a higher
wheat yield (e.g. 10,000 to 12,000 kg ha−1). Rice yield in Fig. 1 can be
as high as 13,500 kg ha−1, being in better agreement with optimum
farming practices. The production of maize can reach levels of 20,000
kg ha−1. The ﬁtted line in Fig. 1 describes the maximum slope ∂Y/∂ET

being 2.6, 2.5 and 6.9 kg m−3 for wheat, rice and maize respectively.
These slopes can be considered as the ﬁrst estimates of maximum attainable CWP values under academic ﬁeld research conditions.
The CWP values depend on crop yield, Y (which varies with factors
such as variety, diseases, soil fertility, drought, and overall management
practices), and ET (which depend on factors such as climatology, soil
moisture, cropping calendars, soil treatment, mulching, rainfall patterns, irrigation scheduling, irrigation and drainage systems, depth to
water table). Basin irrigation has large evaporation rates due to the
water standing on the land surface. Furrow and border irrigation saturates the soil intermittently, which unavoidably increases soil evaporation during wetting events and creates ponded surface at the tail end of
the ﬁeld. A recent overview on ET savings is provided by Chukkalla et al.
(2015). The ET of rainfed crops can be reduced by agricultural practices
including, but not limited to, means of mulching, weed control, row
spacing. Hence on-farm management options play a signiﬁcant role in
determining Y, ET and hence CWP. The best solution for CWP improvement has to be determined from this range of options, and as a pre-requisite, a measurement system that can be used to spatially detect these
superior on-farm management practices must be set in place. IT technology should bring this real time information to farmers on a ﬁeld by
ﬁeld basis.
In situ crop ET under actual ﬁeld conditions is hard to measure on a
routine basis (e.g. Teixeira de and Bastiaanssen, 2012). Instead the ET0
of a reference crop (e.g. grass) is often considered that can be computed
from routine weather station data. The potential ET (ETpot) follows from
ET0 and a set of standard crop coefﬁcients (Kc) that assume pristine
growing conditions (e.g., Doorenbos and Pruitt, 1973; Allen et al.,
1998). In either case, ET0 and ETpot are proxies of ET, with the actual
ET values usually being lower. A crop stress coefﬁcient Ks, being either
a linear or convex function of root zone soil moisture and soil salinity,
needs to be involved to obtain ETact from ETpot (Steduto et al., 2012).
The latter requires access to soil, rainfall and irrigation data sets at global
scale (e.g. Jagermeyr et al., 2015). In absence of these data sets, ET in
many studies is assumed to be similar to ETpot.
Alternatively, ET under actual growing conditions can be quantiﬁed
from satellite multi-spectral measurements in conjunction with surface
energy balance models (e.g. Jackson et al., 1977; Anderson et al., 1997;
Allen et al., 2011). This excludes the need to have access to in situ soil
moisture data. Satellite-based monitoring makes it feasible to determine actual ET worldwide by one single sensing system (e.g.
Guerschman et al., 2009; Senay et al., 2013). The spatial distribution of
crop yield, Y, can also be determined from satellite measurements by
applying the concepts of Light Use Efﬁciency (e.g. Anderson et al.,
2000; Bastiaanssen and Ali, 2003; Schull et al., 2015) or Water Use Efﬁciency (WUE) (e.g.,Steduto and Albrizio, 2005; Steduto et al., 2007,
2009). Remote-sensing based estimates of Y and ET allow us to generate
populations of CWP data from which yield and water productivity gaps
can be determined (Sadras et al., 2015). Remote sensing is essential for
providing a data set independent from statistics, tabulated crop coefﬁcients and soil water balance models.
Only a few studies cover global analysis of attainable ranges of CWP
(see Table 1). The water footprint ET values published by Chapagain and
Hoekstra (2004) and Mekonnen and Hoekstra (2011) are generally
high, resulting in lower CWP values. Recent work by Siebert and Döll
(2010) support these lower values. In a recent benchmark paper,
Mekonnen and Hoekstra (2014) indicated the average CWP values to
be 0.42, 0.67 and 0.98 kg/m3 for wheat, rice and maize respectively.
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Fig. 1. Crop yield vs. water consumption (i.e. actual evapotranspiration) measured in experimental ﬁelds for wheat, rice and maize during the period of 2000 to 2010 in 17 countries
(source: Bastiaanssen et al., 2012a).

These low values can be understood by the applied estimation procedures of crop ETpot from ET0. The difference in methodologies, spatial
coverage, duration of cropping seasons and especially the years of analysis explains the differences in global CWP statistics presented in Table
1. The CWP values found on experimental farms seem to be the highest,
because these crops are managed by academia on small ﬁelds with little
spatial variability.

Without standards and target values, it is not feasible to benchmark
CWP values, monitor progress of CWP improvement and report them to
policy makers. By absence of a proper standard, the public and private
sector are not adopting the CWP concept to increase the efﬁciency of
scarce water resources and adapt policy guidelines. They simply do
not know what their target values are. Some ﬁrst benchmark numbers
at global scale were published by Zwart and Bastiaanssen (2004) and
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Table 1
Published data on global scale mean crop water productivity values (Y/ET). Standard deviations are provided in parenthesis, when the required data was available.
Source

Methodology

Wheat
(kg m−3)

Rice
(kg m−3)

Maize
(kg m−3)

Doorenbos and Pruitt (1973), FAO33
Chapagain and Hoekstra (2004), Water Footprint Network
Zwart and Bastiaanssen (2004)
Liu et al. (2007)
Siebert and Döll (2010)
Zwart et al. (2010a)
Bastiaanssen et al. (2010)
Mekonnen and Hoekstra (2011), Water Footprint Network
Bastiaanssen et al. (2012a)
Mekonnen and Hoekstra (2014)

Statistical data
FAOStat & FAO56
International literature review
GEPIC water balance model
GCWM water balance model
WATPRO Remote sensing model
WATPRO Remote sensing model
FAOStat & FAO56
International literature review
FAOStat & FAO56

0.9 (0.1)
0.84 (0.40)
1.09 (0.44)
0.91 (0.31)
0.68
0.93 (0.29)
0.98 (0.55)
0.55
1.13 (0.44)
0.42

0.9 (0.2)

1.2 (0.4)

1.09 (0.40)
Na
0.72
Na
0.98 (0.45)
0.75
0.68 (0.39)
0.67

1.80 (0.69)
na
0.92
na
2.25 (0.94)
0.82
1.70 (0.82)
0.98

Mekonnen and Hoekstra (2014). The 95% percentile for wheat was according to Zwart and Bastiaanssen 1.7 kg/m3, while Mekonnen and
Hoekstra report 1.72 kg/m3 for 90% percentile. Although interesting to
know and good to observe similarities, global benchmark values are
not useful for local agricultural water management policies.
In analogy to a grading system for earthquakes (Richter) or wind
force (Beaufort), the current paper introduces a grading system for
CWP: the Water Productivity Score (WPS). The objective of this paper
is therefore to deﬁne a standard WPS that is easy to understand and
can be implemented for practical applications by a wide range of decision makers and professionals in the agribusiness, agricultural water
management sector. The WPS for wheat, rice and maize is presented
for both global and regional scale.
2. Some essential crop water productivity deﬁnitions
Agricultural production - and the gap thereof - needs to be expressed
both in terms of land productivity (kg ha−1) and water productivity (kg
m−3), see for instance Brauman et al. (2013) and Sadras et al. (2015).
WUE is a terminology classically used primarily by agronomists and
breeders. WUE depicts the output per unit of transpiration or evapotranspiration at the ﬁeld scale (kg m− 3), e.g. Hanks and Tanner
(1952); Bierhuizen and Slayter (1965). The concept of Water Productivity (WP) is comprehensively described by Kijne et al. (2003) to express
the greater context of water consumption in relation to a wide range of
beneﬁts, goods and services produced, including ﬁsheries, livestock,
crop, agro-forestry and mixed systems (e.g., kg, $, calories, proteins, sucrose, jobs per m3 of water). Crop Water Productivity (CWP) evolved
from WUE and WP, and describes the fresh crop yield per unit of
water consumed (Y/ET). It is the ﬁnal indicator for efﬁcient use of
water in agriculture (Molden, 2007; Tolk and Howell, 2012):
CWP ¼

"
Y !
−3
kg m
∑ET

ð1Þ

where Y (kg ha−1) is the actual crop yield (at given moisture content of
the harvested product) and ∑ ET (m3 ha− 1) represents the actual
evapotranspiration accumulated for a growing season, including the
evaporation from bare soil (Es), from water logging and ponding (Ew),
from interception (Ei) and from canopy transpiration (T). Consumed
water expresses that certain water resources are no longer available
for other water users in the basin; it is a sink term of the water balance.
Consumptive use can also occur due to contamination and water in
products (Molden, 1997; Karimi et al., 2013). Crop evapotranspiration
is a preferred water term over rainfall, irrigation, capillary rise, change
in soil moisture and other sources of water; it integrates the different
sources of water, which can be fully attributed to the cultivation practices of a certain crop.
The concept of CWP applies to both rainfed and irrigated crops. Because of the inﬂuence of on-farm management on CWP (Sarwar and
Perry, 2002; Geerts and Raes, 2009), it is interesting to isolate the

impact of irrigation, especially when rainfall and irrigation occurs simultaneously. Irrigation Crop Water Productivity (ICWP) can be explicitly
related to on-farm irrigation management practices by obeying the following expression (e.g. Feddes et al., 1978):
ICWP ¼

"
∆Y !
−3
kg m
∆∑ET

ð2Þ

where ∆Y (kg m−2) represents the incremental crop yield due to irrigation and ∆∑ET (m3m-2) the incremental ET due to irrigation. Variability in ET is mainly driven by climatic, leaf area index and soil moisture
conditions. For instance, arid and semi-arid climates with a high evaporative demand (i.e., high reference ET0) will result in consistently higher
∑ ET values, provided that crops have no constraints in water
availability. A high ∑ET value has a negative impact on CWP. For this
reason, the analysis of CWP requires a climatic normalization to make
meaningful comparisons between CWP values in different climates feasible. A climatic normalization using ET0, such as also proposed by
Steduto et al. (2007) for the biomass production vs. transpiration relationship, is followed to describe the climatic normalization of CWP
into CWPc:
CWPc ¼

"
Y
∑ET 0 ðaÞ !
−3
kg m
$
∑ET ∑ET 0 ðcÞ

ð3Þ

where ∑ET0(c) is the climatologically averaged ET0 value worldwide
for a given crop (during its growing cycle) over the reference time period, in our case the period from 1960 to 1990 and ∑ET0(a) is the reference ET0 for a particular growing season in a certain region or country.
Hence the intra-annual weather variability is encompassed in CWPc.
Some kind of trade off in accumulated ∑ET occurs because warmer climates with a higher ET0 have a shorter duration of the cropping cycle
than the same crop grown in a colder climate.
As mentioned before, two types of CWP approaches are identiﬁed,
one for global analysis and one for regional scale applications. A further
normalization for crop types is required in order to report the CWPc on a
common standard scale (scoring) in order to abstract the ‘intrinsic’ variation of agricultural systems around the world in terms of bio-physical
water productivity. This normalization of CWPc for crop types, and its
standard scoring, is achieved by ﬁrst considering the minimum and
maximum values of CWPc for each crop type. However, extreme values
are not recommended as they can represent outliers. Therefore, upper
and lower percentiles are used to represent the minimum and maximum values of the CWPc scale for each crop. Due to inaccurate crop classiﬁcations, the uncertainties at the lower end of the CWPc are larger
than those of the higher end. The 5th percentile is therefore taken for
the minimum CWPc value (CWP5c ), while the 99th percentile is taken
for the maximum CWPc value (CWP99
c ).
The next step consists in setting a common standard scale for scoring
the CWPc of the different crops. The Global Water Productivity Score
(GWPS) is proposed to set the scale between 1 and 10, where 1
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indicates extremely poor values of CWPc and 10 indicates the excellent
ones. Accordingly, the GWPS can be expressed numerically as:

GWPS ¼ 9 $

CWPc −CWP 5c

5
CWP 99
c −CWP c

þ 1 ð−Þ

ð4Þ

This crop normalization is repeated for any crop type for which
CWP5c and CWP99
c is available, requiring an analysis at global level to
be performed ﬁrst. Due to the relative unit, GWPS can be applied to report for a set of crops of interest (e.g., cereals, fruit tree crops) rather for
one particular type of crop. Depending on the set chosen, the GWPS reﬂects an intrinsic water-productivity capacity of the selected cropping
system. This information is important for Departments of Agriculture,
who are responsible for preparing plans to become more resilient to climate variability and produce more food from less water. An example of
the frequency distribution for staple crops (cereals) at global level is reported in Fig. 2. It reveals a skewed distribution for cereal crops at the
global scale, which implies that the majority of the ﬁelds are not even
reaching an average CWPc performance (WPS = 5). Sixty-six percent
of the cereal area has a WPS value lower than 5.0, and water productivity in these areas need to be improved urgently. This simple diagram
proofs the existence of a CWP gap.
While GWPS has its own value for investigating and monitoring intrinsic agricultural water productivity at global level and understanding
planetary boundaries, it does not help the local farmers, cooperatives, irrigation districts and other practitioners to assess their local CWP status.
Rainfed wheat yield on poor soils in the hills of Uzbekistan can, for instance, not be compared with the yield of irrigated wheat in the fertile
Egyptian Nile delta. Regional scale governance ought to know the extent
of CWP variability in their “own” irrigation district, watersheds or a
delta, as well as, the magnitude of its gap towards optimization. Given
that the CWP variability can be attributed to both ‘management’ and
‘physical’ factors, the practitioners' interest is also to decouple these
two factors to better understand the type of interventions required to
raise the CWP value and possibly bridge the gap. Normalizations are
also required in this case. A practical solution for data poor areas is to investigate the local production potential by subdividing the full yieldrange into discrete ‘yield-zones’ (Fig. 3).
Fig. 3 presents data from a recent remote sensing study on Y, ET and
CWP for the Doukalla irrigation scheme (Morocco) based on satellite
data taken from Goudriaan and Bastiaanssen (2012) and redrawn
from Sadras et al. (2015). The variability of the CWPc for maize in the

Fig. 3. Relationship between land and water productivity for maize ﬁelds in the Doukalla
irrigation system, Morocco. The x-axis is subdivided in ‘yield-zones’ to reﬂect different
local growing conditions and hence deﬁne a spectrum of target values of CWP (adjusted
after Sadras et al., 2015).

Doukalla irrigation scheme is based on Landsat 30 m × 30 m pixels
using a supervised crop classiﬁcation methodology and the ETLook
model (Samain et al., 2012; Bastiaanssen et al., 2012b) for the computation of Y, ET and CWP. Similar to Molden (2007) who was the ﬁrst to display these types of CWP(Y) graphs, the population of pixel values
conﬁrms that lower yield zones exhibit more variability in CWP than
at higher crop yield zones. The variability of CWPc in the lower range
of crop yield is large due to highly uncertain crop inputs including
water resources. At a high crop yield, the range of CWP is small because
the farmer has excluded most risks by investing in technologies and optimizing the business, through measures such as provision of water supply with own tubewells, supplying water to low pressure drip systems,
fertigation to provide optimum crop nutrient status and variable plant
spacings following soil property variability. Consequently, there is
ample scope to establish higher CWPc values in low-yielding rainfed
areas and in poorly performing irrigation systems where poverty and
food insecurity prevail, an important conclusion also drawn by
Molden (2007).
Similar to the global scale, a scoring system can be established at ‘regional’ scale. Here it is proposed to use the Water Productivity Score
(WPS) for each crop yield zone, instead of relating it to national or international standards. Following the same principles as for GWPS, the WPS
is scaled between the 5th and 99th percentile of the CWPc values. The

Fig. 2. Frequency distribution of GWPS reﬂecting wheat, rice and maize crops at the global scale. This graph could be created due to climate and crop normalization of CWP (after
Bastiaanssen et al., 2010).
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Fig. 4. Crop water productivity variability by crop yield zones for wheat, rice and maize. The data points are taken from Fig. 1 and are based on experimental research from 17 different
countries.
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only difference is that the CWPc values need to be determined by crop
yield zone (y) rather than having one single global benchmark value.
Hence,
WPS ¼ 9 $

CWPc ðyÞ−CWP 5c ðyÞ

5
CWP 99
c ðyÞ−CWP c ðyÞ

þ 1 ð−Þ

ð5Þ

where CWP5c (y) is the 5th percentile of CWPc value in yield zone, y, and
th
CWP99
c (y) is the 99 percentile of the same yield zone. Practical values
for CWPc(y) are deﬁned in the results section where literature data is
merged with data from a few regional scale studies. The concept of Eq.
(5) can be explained by analyzing the experimental data of the FAO database portrayed in Fig. 1. Fig. 4 shows the band width of CWP values if
the inﬂuence of climate is ignored (thus assuming CWPc = CWP by absence of information on local ET0 values from all these global experiments). The variability in the yield zone for b1000 kg ha− 1 appears
indeed to be large in accordance with the expectations, and the crop
yield zone for N 9000 kg ha−1 and higher exhibits a limited spatial variability due to more uniform and optimal on-farm practices. The results
of Fig. 4 conﬁrm the principles underlying Fig. 3. The Coefﬁcient of Variation (CV) values for all three cereal crops are presented in Table 2. Due
to the nature of the data set, the maximum CV value in the crop yield
zone b1000 kg ha− 1 is approximately CV ~ 0.5 for wheat, while for
rice and maize the maximum CV is substantially higher (CV ~ 0.9). The
variability of CWP decreases to a CV of 0.05, 0.15 and 0.30 for wheat,
rice and maize respectively, when production is optimized. The data
suggests that maize contains a high variability between Y and ET (see
also Fig. 1). The wide variety of growing conditions of maize in mountains, plains and deltas and the large range of sowing dates and cropping
calendars and for cash crop and staple crop can be a reason for the large
variability detected.
The 5th and 99th percentile values are added in Table 2 to provide a
ﬁrst guess of CWPc target values in each crop yield zone. The highest
CWPc 99 values are 2.12, 2.27 and 4.82 kg m−3 for wheat, rice and
maize respectively. Note that these numbers are similar to the slopes
provided in Fig. 1.
The maximum CWPc value in the low crop yield zones is lower than
the minimum CWPc value for land located in the high crop yield zones.
This demonstrates the need to normalize by production potential,
reﬂecting the presence of irrigation and drainage system, the type of irrigation systems in place and other on-farm management factors. This goes
further than the concept of Agro Ecological Zonation (AEZ) being published by Fischer et al. (2010) that is based on physical factors only (i.e.
soil, geography, land use, climate). Hence, GWPS and the WPS follow a

similar benchmarking approach, and normalize for variabilities of climate,
crop type and production potential at different spatial scales.

3. Materials and methods
3.1. Materials
While Section 2 is based on experimental data from the FAO-CWP
database, the current section describes the materials and methods related to the earth observation measurements used to describe real world
CWPc variability. The global analysis on CWP, CWPc and WPS requires
a map with the location of the major crop types. The crop dominance
map of Leff et al. (2004), with a spatial resolution of 10 km, has been
merged with 10 km data from Monthly Irrigated and Rainfed Crop
Areas MIRCA-2000 (Portmann et al., 2010). Following Zwart et al.
(2010a), these global maps of wheat, rice and maize were veriﬁed, improved and dis-aggregated towards a 1 km × 1 km grid using satellite
measurements of the Normalized Difference Vegetation Index (NDVI).
The NDVI describes the photosynthetical activity of crops (e.g. Tucker,
1979; Jackson et al., 1983). Temporal proﬁles of global SPOT-Vegetation NDVI measurements with 10 day intervals from the period
1998 to 2008 have been used. Hence, the results of this paper describe the average conditions for the period 1998 to 2008.The NDVI
time proﬁle for each 1 km × 1 km pixel covering this 10 year period
has been used to verify whether a certain pixel is indeed categorized
by that given dominant crop. Pixels with weak signals in NDVI and
with a length of the growing season not matching standard cropping
calendars have been eliminated. Both summer and winter cereals
were considered. A consequence of using 1 km pixels of 100 ha
each, is that only cereal regions with a contiguous coverage are
incorporated in the analysis. Regions with crop mosaics due to rotational schedules with small fraction of cereals are declined. For this
reason, only global regions with dominant wheat, rice and maize
crops could be analyzed.
Additional to satellite images, longer term climatic data has been
used for the computation of reference ET0 using the standard FAO 56
methodology (Allen et al., 1998). Data for the 1960 to 1990 period has
been inferred from the Climate and Research Unit (CRU). The reference
ET0 is needed for the climatic normalization of ET0(c) in Eq. (3). In addition, crop speciﬁc parameters need to be deﬁned. The spatially constant
input parameters are the moisture content of the harvestable product
(θcrop), the maximum Light Use Efﬁciency (εmax) and the reference harvest index h0, see Table 3.

Table 2
CWP statistics for the CWP of wheat, rice and maize within crop yield zones with increments of 1000 kg ha−1 compiled from Fig. 4.
Crop yield zone

Wheat

Rice

Maize

−1

(CV)

CWPC 5%

CWPc 99%

(CV)

CWPC 5%

CWPc 99%

(CV)

CWPC 5%

CWPc 99%

b1000
1000–2000
2000–3000
3000–4000
4000–5000
5000–6000
6000–7000
7000–8000
8000–9000
9000–10,000
10,000–11,000
11,000–12,000
12,000–13,000
13,000–14,000
14,000–15,000

0.453
0.326
0.302
0.251
0.257
0.196
0.254
0.174
0.048

0.14
0.34
0.48
0.68
0.51
0.87
0.77
0.88
1.67

1.06
1.39
1.51
1.82
1.82
2.03
1.97
2.12
1.94

0.837
na
0.522
0.338
0.391
0.408
0.414
0.555
0.346
0.324
0.235
0.137

0.06
0.54
0.20
0.18
0.21
0.26
0.37
0.43
0.70
0.58
0.73
0.86

0.96
0.54
0.55
0.67
0.93
1.11
1.81
2.27
1.85
1.40
1.38
1.40

0.883
0.218
0.494
0.499
0.238
0.297
0.265
0.227
0.355
0.362
0.330
0.347
0.326
0.347
0.397

0.04
0.36
0.44
0.56
0.75
0.75
0.93
0.98
1.10
1.19
1.17
1.24
1.33
1.23
1.34

0.50
0.80
1.59
2.69
2.08
2.71
3.07
2.74
4.45
4.33
4.24
4.82
3.70
3.24
3.51

(kg ha

)

Bold values reﬂect the maximum CWPc values achieved for each cereal crop.
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Table 3
Global constant crop parameters for the main cereal crops used in this global earth observation study.
Description

Symbol Unit

Moisture content of harvestable
product
Maximum Light Use Efﬁciency

θcrop

gr gr−1 0.15

0.14

0.26

εmax

gr
MJ−1
–
–
–

2.5

3.75

Reference harvest index
Slope fPAR(NDVI) relationship
Offset fPAR(NDVI) relationship

ho

Wheat Rice

2.5

Maize

0.50
0.55
0.55
1.23
1.24
1.40
−0.12 −0.27 −0.36

3.2. Methodology
Apart from parameters described in Table 3, other crop parameters
in the mathematical framework are kept spatially variable. Among
them are the actual harvest index, the fraction of Absorbed
Photosynthetical Active Radiation (fPAR), the surface albedo and the
sowing and harvesting dates. The spatial variability of surface albedo
has been computed from the MODIS product (MOD43) with 16 day interval on whitesky and blacksky albedo. The atmospheric transmissivity
for shortwave solar radiation is used to distinguish between direct and
diffusive radiation. The fPAR(NDVI) relationship for wheat is based on
measurements undertaken by Asrar et al. (1984), Hatﬁeld et al. (1984)
and Baret and Olioso (1989). The offset and slope of the fPAR =
f(NDVI) relationship following these publications are added to Table 3.
The fPAR curve for rice is slightly different, and the work of Casanova
et al. (1998), Wahid et al. (2003), Wiegand et al. (1989) and Inoue et
al. (2008) have been used to assess fPAR from NDVI. Similarly for
maize, the publication of Lapita (1986), Wiegand et al. (1991) and
Daughtry et al. (1992) were consulted.
The Harvest Index, h, describes the harvested portion of the accumulated dry matter. The reference Harvest Index, ho, is the ratio of the yield
dry mass to the total above ground biomass that will be reached at maturity for non-stressed conditions (Raes et al., 2012). The reference ho
values of Table 3 will be adjusted for every pixel based on failure of pollination and inadequate photosynthesis due to water stress and heat
stress. These non-optimum conditions are described by means of a coefﬁcient hi:
h ¼ hi $ h0 ð−Þ

ð6Þ

Fereres and Soriano (2007) and Nangia et al. (2008) showed that the
stress function for harvest index hi can be approximated from a quadratic function of the relative biomass production Bior:
hi ¼ −1:468 $ Bior2 þ 2:685 $ Bior −0:208 ð−Þ

ð7Þ

Relative NDVI values were considered instead of Bior relative biomass production values for the sake of simplicity. The crop yield, Y,
(kg ha−1) can be determined from the accumulated biomass production ∑Bio (kg ha−1) between the start and the end of the growing season:
end
"
h ∑start Bio !
−1
kg ha
Y¼
ð1−θcropÞ

ð8Þ

where θcrop (gr gr−1) is the moisture content of the harvestable product
(see Table 3) and h (−) is actual harvest index. The accumulated biomass production ∑ Bio can be determined on the basis of the Light
Use Efﬁciency model ﬁrst published by Monteith (1972), and
reconﬁrmed by many others (e.g., Kiniry et al., 1989; Bastiaanssen and
Ali, 2003; Sadana and Pinochet, 2014):
!
"
−1 −1
Bio ¼ 0:864 $ APAR24 $ ε kg ha d

ð9Þ

where APAR24 (Wm−2) represents the 24 h averaged Absorbed Photosynthetically Active Radiation and ε (gr MJ−1) is the actual Light Use Efﬁciency. APAR24 is the at-surface solar radiation absorbed by
chlorophyll in the 0.4 to 0.7 μm range. The APAR radiation is approximated as being a fraction of the at-surface solar radiation (e.g. 0.48):
!
"
APAR24 ¼ 0:48 $ fPAR $ τ $ S↓exo W m−2

ð10Þ

where fPAR (−) is the fraction of 24 h Absorbed Photosynthetical Active
Radiation, τ (−) is the atmospheric transmissivity for solar radiation
and S↓exo (W m−2) is the 24 h averaged extra-terrestrial solar radiation.
The Light Use Efﬁciency model chosen in this global study follows the
main principles of the Jarvis-Stewart model for stomatal regulation:
there is a maximum conductivity (in this case a maximum Light Use Efﬁciency) and reduction functions that describe the partial closure of the
stomates according to scalars (e.g. Field et al., 1995; Nouvellon et al.,
2000):
!
"
ε ¼ εmax $ gðTÞ $ gðDÞ $ gðθÞ gr MJ−1

ð11Þ

where εmax (gr MJ−1) is the maximum Light Use Efﬁciency and g(T),
g(D) and g(θ) are the scalars for air temperature (T), vapor pressure deficit (D) and soil moisture in the root zone (θ). More background information on these functions can be found in Bastiaanssen et al. (2010).
Hence the total function for crop yield Y can be expressed as:
Y¼

end
"
0:864 $ h $ ∑start f0:48 $ fPAR $ τ $ S↓exo $ εmax $ gðTÞ $ gðDÞ $ gðθÞg !
−1
kg ha
ð1−θcropÞ

ð12Þ

The ET is computed in an entirely different and independent manner. The actual evapotranspiration process follows from the surface energy balance expressed as a latent heat ﬂux density:
!
"
LE24 ¼ Λ $ ðRn24 −G24 Þ W m−2

ð13Þ

where LE24 (W m−2) is the latent heat ﬂux averaged for 24 h, Λ (−) is
the instantaneous evaporative fraction during daytime, Rn24 (W m−2)
is the net radiation for 24 h and G24 (W m−2) is the soil heat ﬂux for
24 h. The instantaneous evaporative fraction can be expressed as
(Shuttleworth et al., 1989; Bastiaanssen and Roebeling, 1993):
Λ¼

LE
ð−Þ
Rn−G

ð14Þ

where Rn, G, and LE (W m−2) are the instantaneous ﬂux densities -for
net radiation, soil heat ﬂux and latent heat ﬂux respectively - that are
usually determined during the moment of satellite overpass. Due to
the cancellation of soil heating and cooling across one daily cycle. G24
can be ignored. This reduces Eq. (13) into:
!
"
LE24 ¼ Λ $ Rn24 W m−2

ð15Þ

Furthermore, the ET ﬂux can be derived from LE24 using physical
constants as:
ET ¼ 86:4 $ 106 $

"
LE24 !
−1
mm d
ρw $ L

ð16Þ

where ρw (kg m−3) is the density of water and L (J kg−1) is the latent
heat of vaporization, i.e. the amount of energy required to let 1 kg of
water evaporate. Certain existing remote sensing surface energy balance models with a biomass production and ET component such as
ALEXI (Anderson et al., 2000), SEBAL (Teixeira de Castro et al., 2008)
and ETLook (Bastiaanssen et al., 2012a) are able to solve Eqs. (12) to
(16).
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CWP can also be computed directly if Eqs. (12) and (16) are combined. In the case that the evaporative fraction (Λ) is used as an indicator for water stress - instead of g(θ), e.g. Field et al. (1995) - the soil
moisture can be eliminated from the CWP expression as it regulates
both biomass production and ET. This cancellation, strongly simpliﬁes
this CWP computation because soil moisture in the root zone is difﬁcult
to model or measure. Furthermore, if the 24 h net radiation Rn24 is described with the Slob equation (de Bruin and Stricker, 2000), the combination equation for CWP becomes:
CWP ¼

end
"
0:864 $ h $ ∑start f0:48 $ fPAR $ S↓exo $ εmax $ gðTÞ $ gðDÞg !
−3
kg m
end
ð1−θcropÞ $ ∑start f0:35 $ fð1−α Þ $ S↓exo−sðTÞgg

ð17Þ

where α (−) is the surface albedo, s(T) is an empirical solution for net
longwave radiation (see Bastiaanssen et al., 2010) and 0.35 is a conversion factor from radiation to an ET rate. Eq. (17) is also known as the
WATPRO model (Zwart et al., 2010b). The atmospheric transmissivity,
τ, is eliminated from Eq. (17) as it affects both photosynthesis and ET.
To reduce the computational burden, Eq. (17) was applied in this
paper with seasonal averaged input data for the global scale. The update
of WATPRO as compared to the original publication relates to improved
functions for α, fPAR, g(T), g(D) and s(T). The attractiveness of Eq. (17)
is the direct computation of CWP. The drawback is that crop yield and ET
are not explicitly quantiﬁed. The latter can be considered a rationale to
apply Eqs. (12) to (16).
4. Results
4.1. Global water productivity score (GWPS) computed with the updated
WATPRO model
Cereals are the main staple crops. They are grown under a wide variety of climatic conditions ranging from the hyper-arid climates in the
Middle East to the Humid Tropics of South East Asia and Central Africa.
The global cropped area statistics according to FAOStat for wheat, rice
and maize in the period from 1998 to 2008 are provided in Table 4.
The area covered by the current crop identiﬁcation is inserted in Table
4 to demonstrate the degree of representation of the current study.
The remote sensing acreage for rice and maize is smaller than FAOStat,
but for wheat it suggests that a larger area is covered by the satellite images. The 1 km × 1 km pixel data rarely covers one monoculture of
100 ha. If we assume that 50% of a pixel is covered with a particular
monoculture, then 40% of the world cereals ﬁelds are encompassed in
the current study. This implies that the CWP analysis discussed in this
paper is indeed representative, with wheat having the highest representation (64.3%), followed by maize (28.4%) and rice (10.7%).
Following Fischer (1994) and Zwart et al. (2010a), the cropping calendar was determined for each crop type and each pixel to estimate the
actual length of the growing season. The start and end of season was
used to estimate the pixel dependent seasonal average values of α,
fPAR, S↓exo, g(T), g(D) and s(T). Eq. (17) has been applied to all the

Table 4
Acreage statistics of the major cereal crops included in the GWPS study for the period from
1998 to 2008.
This study
(assuming 50%
monocrop)
(ha)

FAOStat
(ha)

Wheat 278,426,129
Rice
30,641,204
Maize 50,455,017

139,213,065
15,320,602
25,227,509

216,192,046 64.3
142,571,868 10.7
88,594,590
28.4

Total

179,761,175

447,358,504 40.2

This study
(assuming 100%
monocrop)
(ha)

359,522,350

Relative area
coverage (assuming
50% monocrop)
(%)
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global scale 1 km × 1 km pixels for wheat, rice and maize. As a result,
a comprehensive data base with plausible ranges of CWP and CWPc
values for the period 1998 to 2008 has been created. Fig. 5 shows the
1 km pixel results for Europe and North Africa for wheat. The harvest
index (h) and crop water productivity (CWP) is generally higher in Europe. However, after the climatic normalization for the higher reference
ET0 in North African and the longer duration of the season, the CWPc
values are generally higher in North Africa.
The mean seasonal values of certain key crop parameters are summarized in Table 5. Rice has an average worldwide growing season of
136 days from crop emergence to harvest including mountain and lowland rice. Wheat's and maize's seasons are approximately one month
longer (169 days). The ∑ ET0(c) value for maize is 690 mm (or 4.1
mm d−1), thus being larger than for wheat (∑ET0(c) = 545 mm or
3.3 mm d−1) and rice (∑ET0(c) = 555 mm or 4.1 mm d−1). Wheat
is often grown as a winter crop with lower ET0 rates, while maize and
rice are typical summer crops with larger average ET0 values. The
short duration for rice is the reason for the relatively low accumulated
∑ET0(c) value of 555 mm during the summer. Maize has the highest
NDVI value averaged across the entire growing season (NDVI = 0.54),
because maize has a higher leaf area index and more chlorophyll per
unit land. The average global CWP values for both wheat and rice
(being C3 crops) is 0.98 kg m−3. At 2.25 kg m−3 maize has more than
double the global average CWP value of rice and wheat due to its C4
character.
The frequency distributions of CWP and CWPc, for the world's major
cereal crops are presented in Fig. 6. In all 3 cases, the range of CWP and
CWPc values are approximately similar. The ET0(a)/ET0(c) normalization introduces local modiﬁcations as can be seen on Fig. 5, but there
is a tradeoff between positive and negative corrections that
-apparently - conserves the total range. Wheat and rice show the
modus located towards the lower end of the CWP spectrum. There is
thus a relative large portion of farmland that has a relatively low CWP
value between 0.5 to 1.0 kg m−3, which pertains to poor farming and
water management practices. The total range of CWPc for wheat varies
approximately between 0.1 to 2.0 kg m−3 with the mean value being
0.92 kg m−3. The good CWP performance of wheat from higher latitudes will be negatively corrected with relatively low ∑ ET0(a)/
∑ET0(c) values so that CWPc becomes lower. The climatic normalization shows a mirror result for wheat; the low values for CWP in the
semi-arid and arid zones after ET0 correction will result into a more favorable CWPc performance. After climatic normalization, Egypt, Uruguay and Mexico are the three countries with the largest CWPc values
for wheat, being 2.65, 2.40 and 2.18 kg m− 3 at national scale
respectively.
The highland rice areas represent the lower end of CWP values (0.5
to 1.0 kg m−3). Since their ET0 is neither excessive nor low (otherwise
rice cannot be cultivated), the frequency distribution of CWPc will
have the same skewed behavior. A large group of rice pixels are located
in the humid tropics of South and Southeast Asia where ET0 is low due
to frequent cloud cover and high air humidity. There is a small particular
group of rice areas that are now identiﬁed as being extremely productive water users with CWPc values varying between 1.5 to 2.0 kg m−3.
Interestingly, the top countries in terms of CWPc score are located in different continents, ranging from USA (1.77 kg m−3), to Sri Lanka (1.75 kg
m−3) and Spain (1.51 kg m−3).
This skewed CWP phenomenon was not observed for maize, which
shows the features of a normal distribution with a peak at 2.3 kg m−3.
One plausible explanation is that maize is grown under a wide range
of climatic and soil conditions, both rainfed and irrigated, both smallholder and commercial farming, subsistence and cash crops. The impact
of climate normalization of maize on the frequency distribution is greater than for wheat and rice. The bi-modal structure of the CWPc histogram of maize is believed to reﬂect arid zones (high ∑ ET0(a)/
∑ET0(c); high CWPc) and humid zones (low ∑ET0(a)/∑ET0(c); low
CWPc). Paraguay, Argentina and Bolivia are the countries that are
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Fig. 5. Spatial variability of crop water productivity related parameters for wheat during the period 1998 to 2008. Duration of season (Part A), reference ET0 (Part B), Harvest index (Part C),
crop water productivity CWP (Part D) and crop water productivity normalized for climate effects CWPc (Part E).
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Fig. 5 (continued).

most efﬁcient with water, in terms of CWP, in agriculture. The country
wide CWPc values are 3.77, 3.42 and 3.09 kg m−3 respectively.
The CV of CWP ranges between 0.43 (maize) to 0.56 (wheat), see
Table 6. The same ﬁnding applies to CWPc. The area under wheat is,
however, much larger. The difference between the 5th and 95th percentile values for CWP is a factor of 9 for wheat, of 5 for rice and of 6 for
Table 5
Global main crop statistics inferred for the period from 1998 to 2008. The average values
for the season are presented.
Unit

Growing season
Mean NDVI
Mean surface albedo
α
Harvest index h
∑ET0(c)
CWP
CWPc

Wheat

Rice

Maize

Mean Std

Mean Std

Mean Std

Days
–
–

166
32
136
17
169
27
0.43
0.13
0.52
0.07
0.54
0.09
0.172 0.026 0.163 0.016 0.155 0.019

–
mm
season−1
kg m−3
kg m−3

0.37
545

0.07
161

0.38
555

0.08
142

0.38
690

0.07
121

0.98
0.92

0.55
0.51

0.98
0.95

0.45
0.43

2.25
2.25

0.94
0.96

maize. The interim conclusion is that - even after climatic normalization
- the world has a substantial diversity of CWP values. Wheat exhibits the
largest variability and certain locations are more suitable to cultivate a
particular crop than other locations. This aspect deserves more attention in international policy on water and food security.
The results of the updated WATPRO model were validated against
the statistics derived from the international FAO-CWP database, with
the period of the literature review almost coinciding with the period
of the global remote sensing analysis. Despite different growing conditions (experimental vs. farm practices) and spatial coverage (the entire
world vs. 1492 points), the statistical agreement is high (R2 = 0.97). The
validation graph in Fig. 7 suggests that WATPRO is systematically higher
(17%). This could be related to the differences in sampling size (1492
ﬁelds vs 179,761,175 ha), the physical crop environmental conditions
or an-overestimation of either the harvest index (h) or the maximum
Light Use Efﬁciency as presented in Table 5.
The CWPc frequency distributions of Fig. 6 form the fundamental
basis for deﬁning the GWPS values. The CWPc values were sliced linearly
between CWPc of 5th and 99th percentiles. The values for each interval
are speciﬁed in Table 7. The maximum CWPc value for wheat found by
WATPRO is 2.45 kg m−3, which is higher than 2.03 kg m−3 found in
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Fig. 6. Frequency distribution of the CWP and CWPc results for wheat, rice and maize at the global scale during the period from 1998 to 2008 computed with the WATPRO model (Eq. (17)).
Forty percent of the world's ﬁelds are included in the analysis.

the literature database of Table 2. Sadras and Angus (2006) found for
rainfed wheat a maximum achievable CWP of 2.2 kg m−3, hence this
is a good agreement. Fig. 8 demonstrates a pixel map of GWPS for the
most intensive wheat belt of the world: the Indo-Gangetic plain. It is interesting to note that signiﬁcant spatial differences are present between
Pakistan and India. Considering that this is one agro-ecological zone, the
differences must be prescribed to water management, agronomical
practices and policy making. The 99th percentile WATPRO-based
CWPc value for rice is 2.11 kg m−3, while the database showed 2.27
kg m− 3, consequently the maximum value has been ﬁxed at 2.3 kg
m−3. Dong et al. (2001) reports on a maximum CWP value for rice
crop in the Zhangye irrigation system in China to be 2.20 kg m−3. The

99th percentile of CWPc for maize computed with WATPRO is 4.01 kg
m−3, which is lower than the 4.82 kg m−3 described in Table 2. To ensure that values can be higher than 4.01 kg m−3, the value where WPS is
10 prevails and has been ﬁxed at 4.9 kg m−3 (see Table 7). Hence, every
CWPc value can be converted into GWPS using the key provided in Table
7.

Table 6
Global main crop water productivity statistics derived from the updated WATPRO model
(Eq. (17)) for the period 1998 to 2008.

CWP - mean
CWP - std
CWP - CV
CWP - 5%
CWP - 95%
CWPc - mean
CWPc - std
CWPc - CV
CWPc - 5%
CWPc - 99%

Wheat

Rice

Maize

0.98
0.55
0.56
0.20
1.90
0.92
0.51
0.55
0.20
2.45

0.98
0.45
0.46
0.30
1.70
0.95
0.43
0.45
0.32
2.11

2.25
0.96
0.43
0.60
4.00
2.25
0.96
0.43
0.57
4.01

Fig. 7. Comparison of the global water productivity statistics (mean, median, standard
deviation (std)) produced by the improved WATPRO remote sensing model and the
international database.
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Table 7
Deﬁnition of the GWPS for wheat, rice and maize according to CWPc frequency
distributions.
GWPS

CWPc Wheat
(kg m−3)

CWPc Rice
(kg m−3)

CWPc Maize
(kg m−3)

1
2
3
4
5
6
7
8
9
10

≤0.2
0.45
0.70
0.95
1.20
1.45
1.70
1.95
2.20
≥2.45

≤0.32
0.54
0.76
0.98
1.20
1.42
1.64
1.86
2.08
≥2.30

≤0.57
1.05
1.53
2.01
2.49
2.98
3.46
3.94
4.42
≥4.90

Due to the shape of the frequency distribution, the average GWPS
value for wheat and rice is systematically lower (GWPS = 4.2 and
GWPS 4.5 respectively) than for maize (GWPS = 5.9). The underlying
reasons were not investigated further, this should be done by linking
geographical attributes to these WPS values. Climatic conditions could
also explain this, as certain crop production and risk of diseases are
coupled to climate. The climatic normalization from CWP to CWPc is
merely an ET correction for low and high ET0 values and does not correct
for the climate effect on crop yield.
Table 8 summarizes the GWPS results for sub-continents. Wheat and
maize are cultivated most water efﬁciently in South America (average
GWPS 8.1 and 6.1 for wheat and maize respectively). The North American continent has the largest GWPS score for rice (GWPS = 7.6) and
this occurs in the delta's of the Mississippi and Sacramento. The Russian
Federation and its former members in Central Asia are the least water
productive: the average GWPS for wheat is 2.9. A similar low value applies to several countries in Asia (GWPS is 2.9). South and south-east
Asia have a better GWPS performance (4.0) than the other countries
in Asia where rice and wheat have a GWPS of 3.5 and 2.9 respectively.
The Middle East and North Africa have a GWPS of 4.5, close to the values
observed for Eastern Europe (4.5) and Western Europe (5.0). Rice is
doing quite well in the deltas of the Po, Ebro and Quadalqivier, which increases the average score. The interim conclusion is that the America's and South America in particular - are most productive with water resources, both for rainfed and irrigated cereals.
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4.2. Regional water productivity score (WPS) computed with ETLook
While it is useful to have an understanding of GWPS variability to
learn of the caps of GWPS and where on earth certain crop type can
be cultivated most efﬁciently and by which on-farm practices, it is inadequate to deﬁne one single maximum CWPc target value for particular
landforms such as river plains, deltas, polders, oases, hill slopes, mountain valleys, high plateaus. The presence of on-farm irrigation systems
increases the expected CWP value considerably because the role of erratic rainfall is excluded. The latter example demonstrates that a WPS
system based on climate and soil types is insufﬁcient, and that the role
of infrastructure investment should be included. WPS targets should
therefore not be deﬁned by agro-ecological zones. WPS by crop yield
zone is a better methodology to deﬁne WPS targets by speciﬁc physical
and management conditions. For instance, rainfed cereals cultivated on
a poor mountain soil in the upstream end of a river basin that receives
erratic rainfall should have a target WPS value that differs from irrigated
cereals cultivated on alluvial soils in the downstream end.
Contrary to GWPS, populations with data on CWPc within a single
crop yield zone are required for the computation of a more geographically speciﬁc WPS. An example of the Indo-Gangetic plain is illustrated
in Fig. 9. The Y and CWPc values are computed with Eqs. (12) and
(16). The wheat map is taken from Cheema and Bastiaanssen (2010),
the ET values from Bastiaanssen et al. (2012) and the crop yield was obtained from the biomass production functions in ETLook based on Eq.
(12) using a constant harvest index, h = 0.26 and a moisture content,
θcrop, = 0.15 gr gr−1. Although the value for the harvest index is low,
it is representative for the wheat varieties and the yield in Pakistan
(e.g. Hussain et al., 2003). The CWPc in the crop yield zone b1000 kg
ha− 1 shows a CV of 0.41, which reduces to a CV of 0.08 for the crop
yield zone 6.000 to 7000 kg ha−1. These results reveal large similarities
to the CV values found in the literature review presented in Table 2. A
WPS of 10 is associated with the 99th percentile of CWPc within each
crop yield zone, similarly the 5th percentile is linked to a WPS of 1.
The deﬁnition is thus similar to GWPS, but the reference values are variable by crop yield zone.
The 5th and 99th percentiles of CWPc for each crop yield zone in the
Indus basin (see Fig. 9) were estimated and combined with the experimental data from the 17 countries in the FAO-CWP database and with
the Doukkala irrigation scheme in Morocco. Fig. 10 shows the upper

Fig. 8. Distribution of GWPS in the Indo-Gangetic plain. Strong geographical contrasts between India and Pakistan are visible.
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Table 8
GWPS by sub-continent for wheat, rice, maize and their average value to present cereals more generally.
Sub-continent

South America
North America
Western -Europe
Eastern-Europe
Middle East and
North Africa
Africa
Russia and former
USSR
South and southeast
Asia
Asia
Australia
World

Countries

Wheat

Rice

Maize

Cereals

CWPc
(kg
m−3)

GWPS CWPc
(−)
(kg
m−3)

GWPS CWPc
(−)
(kg
m−3)

GWPS GWPS
(−)
(−)

Uruguay, Argentina, Chili, Surinam, Brazil, Peru, Paraguay, Bolivia
Mexico, USA, Canada
UK, Netherlands, France, Spain, Italy, Germany, Denmark, Greece, Sweden, Austria, Ireland,
Croatia, Portugal, Bosnia, Albania
Poland, Romania, Hungary, Czech Republic, Bulgaria, Slovakia
Saudi Arabia, Egypt, Morocco, Syria, Algeria, Tunisia, Lybia, Jordan, Lebanon, Israel

1.97
1.39
1.20

8.1
5.8
5.0

0.97
1.77
1.31

4.0
7.6
5.5

3.04
2.43
2.24

6.1
4.9
4.5

7.5
5.8
5.0

1.08
1.06

4.5
4.4

–
1.24

–
5.2

–
–

–
–

4.5
4.5

South Africa, Mali
Russia, Kazakhstan, Ukraine, Turkmenistan, Tajikistan

1.79
0.67

7.4
2.9

0.71
–

2.8
–

1.24
–

2.4
–

6.3
2.9

Pakistan, India, Nepal, Bangladesh, Indonesia, Thailand, Vietnam, Philippines, Cambodia, Sri 0.94
Lanka, Malaysia
China, Turkey, Iran, Iraq, Afghanistan, Azerbaijan, Armenia, Georgia, Cyprus, Japan
0.68
1.37
0.92

4.0

0.98

4.0

–

–

4.0

2.9
5.7
3.9

0.87
1.09
0.95

3.5
4.5
3.9

1.22
–
2.25

2.4
–
4.5

2.9
5.6
4.0

Bold values represent the sub-continents with the maximum GWPS performance.

and lower envelopes of CWPc analytically by means of curve ﬁtting. The
lower boundaries of CWPc appeared to increase linearly with crop yield
zones. The upper boundary shows more of a plateau value for wheat
and maize and to a lesser extent for rice. The data of the upper edge follows a logarithm behavior, with a steep change in CWPc maximum
values at low productivity ﬁelds. The functions for wheat, rice and
maize are inserted. With these CWPc functions, WPS for every crop
yield zone on earth can be computed. Remotely sensed maps of (i)
crop type, (ii) crop yield Y and (iii) CWPc can be combined in a simple
model to produce maps of WPS that have a local practical value.
With these approximations of the magnitudes of CWPc for each crop
and for each yield zone, it is deemed possible to assess the local minimum and maximum values of CWPc. For instance, a wheat yield of
4500 kg ha−1, will have a CWPc varying between 0.48 (WPS = 1) to
2.14 kg m− 3 (WPS = 10). These WPS boundaries for Y = 4500 kg
ha−1 are achieved for ∑ ET values ranging between 210 to 938 mm
per season. For simplicity it is assumed that CWP is equal to CWPc.
∑ET values of 600 mm and more are thus unacceptable (WPS b 2.5),
and ∑ET lower than 375 mm desirable (WPS N 5.0). A WPS of 7.5 or

higher would be obtained if ∑ET ≤ 268 mm or lower. Growers and irrigation advisors should work together to achieve such lower ∑ ET
value. Chukkalla et al. (2015) demonstrate that this is feasible.

5. Limitations and way forward
WATPRO has been applied at the global scale using seasonal averaged input parameters. This can be further improved by considering
weekly inputs. With weekly inputs, CWP variability during the season
can be monitored, which is a very practical approach for policy makers
and farming communities to gauge progress. Instead of CWP, separated
computations for weekly biomass production and ET values are preferred. With cloud computation capabilities and new satellites such as
NPP-VIIRS and PROBA-V being available, the opportunities are becoming rapidly realistic. Grower access to this technology is important to increase WPS in the ﬁeld in a timely manner. The largest challenge is to
generate annual maps of ﬁeld crops, both national and at international
scale. The scientiﬁc progress at this front is not satisfactory.

Fig. 9. Variability of climate normalized Crop Water Productivity (CWPc) within crop yield zones for wheat growing in the Indus Basin in Pakistan and India computed with the ETLook
model.
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Fig. 10. Estimations of the lower and upper boundaries of CWPc for the major cereal crops including the analytical relationships to describe them.

While the biomass production models are believed to be rather
good, the harvest index models such as those presented along with
Eqs. (6) and (7) need further testing and improvement. In particular,
the role of soil moisture during ﬂowering stage and crop nutrition in
critical growth stages affect the harvest index. The AquaCrop-based harvest index model (Raes et al., 2012) provides a sound theoretical basis,
and need to be applied in a spatially distributed context. Models such
as WOFOST (Bogaard et al., 1998), DSSAT (Jones et al., 2003), STICS
(Brisson et al., 2003) and AquaCrop (Raes et al., 2009) can simulate
crop growth process in more detail for speciﬁc ﬁelds and can be used
to study the harvest index in more detail. A recent paper of Leroux et
al. (2016) utilizes the Crop Water Stress Index (CWSI) to determine a
pixel dependent harvest index, and these type of solutions are believed
to be of great value.

The separation of ET into soil evaporation, E, and crop transpiration,
T, can be considered as being fundamental for achieving progress in
CWP modelling because it provides ranges on possible savings in E
without affecting T. Measures to reduce E will contribute to the vapor
shift and increase CWP (e.g. Rost et al., 2009). Two-layer surface energy
balance models such as TSEB (Norman et al., 1995), ALEXI (Anderson et
al., 2000), ETLook (Bastiaanssen et al., 2012a) and ETMonitor (Jia et al.,
2009) have the technical capabilities to estimate E in future analyses.
6. Conclusions
The main objective of this research was to understand the current
levels of CWP and develop a simple scoring system that all stakeholders
understand, accept and can work with. With the theoretical framework
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provided, it is now feasible to compute a WPS and GWPS for pixels with
spatial dimensions ranging from a few decimeters (aircraft and drones)
to the world (wide swath polar orbiting satellites). International efforts
are underway to provide this type of data from earth observation satellites on a regular manner and for free. (G)WPS normalizes for (i) crop
types and (ii) climates so that some ﬁrst comparison between regions
and global cropping systems can be made. In addition, WPS includes
local production potential, which makes it feasible to apply the concept
in a wide range of agricultural conditions.
Since the CV of CWP varies between 0.88 in unfavorable conditions
(low crop yield zones, b1000 kg ha−1) to 0.05 in perfect on-farm management conditions (high crop yield zones, N 8000 kg ha−1), it is realistically feasible to increase the WPS. Spatial WPS maps make it feasible to
identify discrete areas and farmer ﬁelds with good and poor WPS values.
The underpinning reasons for variability can be attributed to many factors including rainfall variability, soil physical properties, soil fertility,
slopes, irrigation management and drainage management. The way forward is to interpret and explain this variability by physical and management factors. The part that cannot be explained by physical factors can
be associated with on-farm decision making. Fields with high WPS can
be used by local growers and their supporting cooperatives and agencies to diagnose the best practices and disseminate them to areas with
lower WPS values. Growers should be exposed to these new technologies and receive the required training.
This paper presents a methodology to map the boundaries and present the results for wheat, rice and maize for both local and global scale. It
is suggested to continue this work to other crops and build further on
the work of cotton (Tennakoon and Milroy, 2003), potatoes (e.g.
Darwish et al., 2006), fruit trees (e.g. Teixeira de Castro et al., 2008), sugarcane (e.g. daSilva et al., 2013) and sunﬂower (e.g. Howell et al., 2015).
The Sustainable Development Goals (SDGs) and several world forums advocate the need to improve Crop Water Productivity (CWP).
This type of upstream policy making needs to be integrated with downstream implementation by growers. GWPS provides leading insight into
differences between basins, provinces, states and countries. It also allows the global community to monitor and facilitate discussion on the
efﬁcient use of scarce water resources. GWPS is based on this ﬁrst global
determination of the plausible ranges of climatologically corrected crop
water productivity CWPc for wheat, rice and maize. WPS maps are
meant for describing typical values of CWPc that can be achieved
under local production circumstances. WPS will support the downstream agronomy and (irrigation) water resources community. We believe that (G)WPS represents a straightforward and scientiﬁcally sound
basis for better discussions on efﬁcient water use in agriculture as it
meets the requirement to deﬁne baselines, set targets, and monitor
progress towards their achievement in an easy to understand format.
Acknowledgements
The results in this paper are synthesized from a number of individual
FAO consultancy assignments that took place from 2010 and 2013.
These assignments were part of the Water Scarcity Project of FAO,
funded by the Italian Government. Masud Cheema, Sander Zwart, Ivo
Miltenburg, Michela Marinelli, Gijs Simons and Ruben Goudriaan from
eLEAF, Delft University of Technology and FAO have either directly or indirectly contributed to the generation of some of the datasets consulted
in this research, and their assistance is highly appreciated.
References
Alexandratos, N., Bruinsma, J., 2012. World Agriculture Towards 2030/2050: The 2012 revision ESA E Working Paper No. 12-03 http://www.fao.org/economic/esa/esag/en/
FAO, Rome, Italy.
Allen, R.G., Pereira, L.S., Perrier, A., Raes, D., 1998. Crop Evapotranspiration, guidelines for
computing crop water requirements. Irrigation and Drainage Paper No. 56. FAO,
Rome, Italy.

Allen, R.G., Irmak, A., Trezza, R., Hendricks, J.M.H., Bastiaanssen, W.G.M., Kjaersgaard, J.,
2011. Satellite-based ET estimation in agriculture using SEBAL and METRIC.
Hydrocarb. Process. 25 (26), 4011–4027.
Anderson, M.C., Norman, J.M., Diak, G.R., Kustas, W.P., Mecikalski, J.R., 1997. A two-source
time-integrated model for estimating surface ﬂuxes using thermal infrared remote
sensing. Remote Sens. Environ. 60, 195–216.
Anderson, M.C., Norman, J.M., Meyers, T.P., Diak, G.R., 2000. An analytical model for estimating canopy transpiration and carbon assimilation ﬂuxes based on canopy lightuse efﬁciency. Agr. and Forest Met. 101, 265–289.
Asrar, G., Fuchs, M., Kanemasu, E.T., Hatﬁeld, J.L., 1984. Estimating absorbed photosynthetically active radiation and leaf area index from spectral reﬂectance in wheat.
Agron. J. 76, 300–306.
Baret, F., Olioso, A., 1989. Estimation il partir de mesures de reﬂectance spectrale du
rayomement photosynthBtiquement actif absorb par une colture de ble. Agronomie
9, 885–895.
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.
Bastiaanssen, W.G.M., Roebeling, R.A., 1993. Analysis of land surface exchange processes
in two agricultural regions in Spain using Thematic Mapper Simulator data. Joint
IAHS/IAMAP Symposium, pp. 407–416 Yokohama, Japan, July 11–23, IAHS Publ. no.
212.
Bastiaanssen, W.G.M., I.J. Miltenburg and S.J. Zwart, 2010. Global-WP, Modelling and
Mapping Global Water Productivity of Wheat, Maize and Rice, Report to FAO Land
and Water Division, Rome, Italy: 115 pp.
Bastiaanssen, W.G.M., I.J. Miltenburg and R. Goudriaan, 2012a. Water Productivity Mapping: Moderate Resolution Water Productivity Modelling and Mapping of Wheat
and Maize for Morocco and Syria Using ETLook, Report to Land and Water Division
FAO, Rome, Italy: 174 pp.
Bastiaanssen, W.G.M., Cheema, M.J.M., Immerzeel, W.W., Miltenburg, I., Pelgrum, H.,
2012b. The surface energy balance and actual evapotranspiration of the
transboundary Indus Basin estimated from satellite measurements and the ETLook
model. Water Resour. Res. 48, W11512. http://dx.doi.org/10.1029/2011 WR 0101482.
Bierhuizen, J., Slayer, R., 1965. Effect of atmospheric concentration of water vapour and
CO2 in determining transpiration-photosynthesis relationships of cotton leaves.
Agric. Meteorol. 2 (4), 259–270.
Bogaard, H.L., van Diepen, C.A., Roetter, R.P., Cabrera, J.M.C.A., van Laar, H.H., 1998.
WOFOST 7.1, User's guide for the WOFOST 7.1 crop growth simulation model. Technical Document 52. DLO Winand Staring Center, Wageningen, The Netherlands.
Brauman, K.A., S. Siebert and J.A. Foley, 2013. Improvements in crop water productivity
increase water sustainability and food security—a global analysis, Environ. Res. Lett.
8, 024030: 7 pp.
Brisson, N., Gary, C., Justes, E., Roche, R., Mary, B., Ripoche, D., Zimmer, D., Sierra, J.,
Bertuzzi, P., Burger, P., Bussière, F., Cabidoche, Y.M., Cellier, P., Debaeke, P.,
Gaudillere, J.P., Hénault, C., Maraux, F., Seguin, B., Sinoquet, H., 2003. Eur. J. Agron.
18, 309–332.
Casanova, D., Epema, G.F., Goudriaan, J., 1998. Monitoring rice reﬂectance at ﬁeld level for
estimating biomass and LAI. Field Crop Res. 55, 83–92.
Chapagain, A.K., Hoekstra, A.Y., 2004. Water footprints of nations. Value of Water: Research Report Series No. 16. UNESCO-IHE, Delft, The Netherlands.
Cheema, M.J.M., Bastiaanssen, W.G.M., 2010. Land use and land cover classiﬁcation in the
irrigated Indus Basin using growth phenology information from satellite data to support water management analysis. Agric. Water Manag. 97 (10), 1541–1552.
Chukkalla, A.D., Krol, M.S., Hoekstra, A.Y., 2015. Green and blue water footprint reduction
in irrigated agriculture: effect of irrigation techniques, irrigation strategies and
mulching. Hydrol. Earth Syst. Sci. 19, 4877–4891.
Darwish, T.M., Atallah, T.W., Hajhasan, S., Haidar, A., 2006. Nitrogen and water use efﬁciency of fertigated processing potato. Agric. Water Manag. 85, 95–104.
daSilva, V.P.R., da Silva, B.B., Albuquerque, W.G., Borges, C.J.R., Sousa, I.F.d., Neto, J.D., 2013.
Crop coefﬁcient, water requirements, yield and water use efﬁciency of sugarcane
growth in Brazil. AgWat 128, 102–109.
Daughtry, C.S.T., Gallo, K.P., Goward, S.N., Prince, S.D., Kustas, W.P., 1992. Spectral estimates of absorbed radiation and phytomass production in corn and soybean canopies. Remote Sens. Environ. 39, 141–152.
De Bruin, H.A.R., Stricker, J.N.M., 2000. Evaporation of grass under non-restricted soil
moisture conditions. Hydrol. Sci. J. 45, 391–406.
Dong, B., Loeve, R., Li, Y.H., Chen, C.D., Deng, L., Molden, D., 2001. Water productivity
in the Zhangye Irrigation System: issue of scale. In: Barker, et al. (Eds.), Water
Saving for Rice, pp. 97–115 proc. of an int. workshop 23–25 March 2001,
Wuhan, China.
Doorenbos, J., Pruitt, W., 1973. Guidelines for predicting crop water requirements. Irrigation and Drainage Paper 24. FAO, Rome, Italy.
Falkenmark, M., Molden, D., 2008. Closed a blind spot. Int. J. of Water Resources Development 24 (2), 201–215 special issue.
Feddes, R.A., P.J. Kowalik and H. Zaradny, 1978. Simulation of Field Water Use and Crop
Yield, PUDOC Simulation Nomographs, Wageningen, The Netherlands: ISBN 90220-0676-X: 189 pp.
Fereres, E., Soriano, M.A., 2007. Deﬁcit irrigation for reduced agricultural water use. J. Exp.
Bot. 58 (2), 147–159.
Field, C.B., Randerson, J.T., Malmstrom, C.M., C.M., 1995. Global net primary production:
combining ecology and remote sensing. Remote Sens. Environ. 51, 74–88.
Fischer, A., 1994. A model for the seasonal variations of vegetation indices in coarse resolution data and its inversion to extract crop parameters. Rem. Sens. Env. 48,
220–230.
Fischer, G., Nachtergaele, F.O., Prieler, S., Teixeira, E., Tóth, G., van Velthuizen, H., Verelst,
L., Wiberg, D., 2010. Global Agro-Ecological Zones (GAEZ v3.0) – Model

Please cite this article as: Bastiaanssen, W.G.M., Steduto, P., The water productivity score (WPS) at global and regional level: Methodology and
ﬁrst results from remote sensing measurements of..., Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.09.032

W.G.M. Bastiaanssen, P. Steduto / Science of the Total Environment xxx (2016) xxx–xxx
Documentation, IIASA/FAO, 2012. Global Agro-ecological Zones (GAEZ v3.0). IIASA,
Laxenburg, Austria and FAO, Rome, Italy, p. 196 pp.
Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M., Mueller,
N.D., O'connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter, S.R., Hill, J.,
Monfreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., Tilman, D., Zaks, D.P.M.,
2011. Solutions for a cultivated planet. Nature 478, 334–342.
Geerts, S., Raes, D., 2009. Deﬁcit irrigation as an on-farm strategy to maximize crop water
productivity. Agric. Water Manag. 96, 1275–1284.
Goudriaan, R. and W.G.M. Bastiaanssen, 2012. Land and Water Productivity in the
Doukkala Irrigation Scheme, Morocco, Internal Report to FAO Land and Water Division, Wageningen, The Netherlands: 89 pp.
Guerschman, J.P., Van Dijk, A.I.J.M., Mattersdorf, G., Beringer, J., Hutley, L.B., Leuning, R.,
Pipunic, R.C., Sherman, B.S., 2009. Scaling of potential evapotranspiration with
MODIS data reproduces ﬂux observations and catchment water balance observations
across Australia. J. Hydrol. 369 (1–2), 107–119.
Hanks, B.J., Tanner, C.B., 1952. Water consumption by plants as inﬂuenced by soil fertility.
Agressologie 44, 98–100.
Hatﬁeld, J.L., Asrar, G., Kanemasu, E.T., 1984. Intercepted photosynthetically active radiation estimated by spectral reﬂectance. Remote Sens. Environ. 14, 65–75.
Howell, T.A., Evett, S.R., Tolk, J.A., Copeland, K.S., Marek, T.H., 2015. Evapotranspiration,
water productivity and crop coefﬁcients for irrigated sunﬂower in the U.S. Southern
High Plains. Agric. Water Manag. 162, 33–46.
Hussain, I., Sakthivadivel, R., Amarasinghe, U., 2003. Land and water productivity of wheat
in the Western Indo-Gangetic Plains of India and Pakistan: a comparative analysis, in
© CAB International 2003. In: Kijne, J.W., Barker, R., Molden, D. (Eds.), Water Productivity in Agriculture: Limits and Opportunities for Improvement, pp. 255–271.
Inoue, Y., Peñuelas, J., Miyata, A., Mano, M., 2008. Normalized difference spectral indices for
estimating photosynthetic efﬁciency and capacity at a canopy scale derived from
hyperspectral and CO2 ﬂux measurements in rice. Remote Sens. Environ. 112, 156–172.
Jackson, R.D., Reginato, R.J., Idso, S.B., 1977. Wheat canopy temperature: A practical tool
for evaluating water requirements. Water Resour. Res. Vol. 13 (3), 651. http://dx.
doi.org/10.1029/WR013i003p00651.
Jackson, R.D., Slater, P.N., Pinter, P.J., 1983. Discrimination of growth and water stress in
wheat by various vegetation indices through clear and turbid atmospheres. Remote
Sens. Environ. 15, 187–208.
Jagermeyr, J., Gerten, D., Heinke, J., Schaphoff, S., Kummu, M., Lucht, W., 2015. Water savings potentials of irrigation systems: global simulation of processes and linkages
www.hydrol-earth-syst-sci.net/19/3073/2015/ Hydrol. Earth Syst. Sci. 19,
3073–3091. http://dx.doi.org/10.5194/hess-19-3073-2015 (2015).
Jia, L., Xi, G., Liu, S., Huang, C., Yan, Y., Liu, G., 2009. Regional estimation of daily to annual
regional evapotranspiration with MODIS data in the Yellow River Delta wetland.
HESS 13, 1775–1787.
Jones, J.W., Hoogenboom, G., Porter, C.H., Boote, K.J., Batchelor, W.D., Hunt, L.A., Wilkens,
P.W., Singh, U., Gijsman, A.J., Ritchie, J.T., 2003. The DSSAT cropping system model.
Eur. J. Agron. 18, 235–265.
Karimi, P., Bastiaanssen, W.G.M., Molden, D.J., 2013. Water Accounting Plus (WA+) – a
water accounting procedure for complex river basins based on satellite measurements. Hydrol. Earth Syst. Sci. 17, 2459–2472.
Kijne, J.W., R. Barker and D.J. Molden, 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement, CABI Publishing Book Information, ISBN 0 85199 669
8: 358 pp.
Kiniry, J.R., Jones, C.A., O'toole, J.C., Blanchet, R., Cabelguenne, M., Spanel, D.A., 1989. Radiation-use efﬁciency in biomass accumulation prior to grain-ﬁlling for ﬁve grain-crop
species. Field Crop Res. 20 (1), 51–64.
Lapita, R.L., 1986. Spectral Estimates of Absorbed Light and Leaf Area Index: Effects of Canopy Geometry and Water Stress Ph.D. thesis Department of Agronomy, Kansas, USA.
Leff, B., Ramankutty, N., Foley, J.A., 2004. Geographic distribution of major crops across the
world. Glob. Biogeochem. Cycles 18, GB1009.
Leroux, L., Baron, C., Zoungrana, B., Traoré, S.B., Lo Seen, D., Bégué, A., 2016. Crop monitoring using vegetation and thermal indices for yield estimates: case study of a rainfed
cereal in semi-arid West Africa. IEEE Journal of selected topics in applied earth observations and remote sensing 9 (1), 347–362.
Liu, J.G., Williams, J.R., Zehnder, A.J.B., Yang, H., 2007. GEPIC - modelling wheat yield and crop
water productivity with high resolution on a global scale. Agric. Syst. 94 (2), 478–493.
Mekonnen, M.M., Hoekstra, A.Y., 2011. The green, blue and grey water footprint of crops
and derived crop products. Hydrol. Earth Syst. Sci. 15, 1577–1600.
Mekonnen, M.M., Hoekstra, A.Y., 2014. Water footprint benchmarks for crop production:
a ﬁrst global assessment. Ecol. Indic. 46, 214–223.
Molden, D.J., 1997. Accounting for Water Use and Productivity, SWIM Paper 1, International Water Management Institute, Colombo, Sri Lanka: 16 pp.
Molden, D.J., 2007. Water for Food, Water for Life, Comprehensive Assessment of Water in
Agriculture. International Water Management Institute, Earthscan London.
Monteith, J.L., 1972. Solar radiation and productivity in tropical ecosystems. J. Appl. Ecol.
9, 747–766.
Nangia, V., Turral, H., Molden, D., 2008. Increasing water productivity with improved N
fertilizer management. Irrig. Drain. Syst. 22, 193–207.
Norman, J.M., Kustas, W.P., Humes, K.S., 1995. A twosource approach for estimating soil
and vegetation energy ﬂuxes in observations of directional radiometric surface temperature. Agric. For. Meteorol. 77, 263–293.
Nouvellon, Y., Lo Seen, D., Rambal, S., Be′gue´, A., Moran, M.S., Kerr, Y., Qi, J., 2000. Time
course of radiation use efﬁciency in a shortgrass ecosystem: consequencesfor remotely sensed estimation of primary production. Remote Sens. Environ. 71, 43–55.
Portmann, F.T., Siebert, S., Döll, P., 2010. MIRCA2000—global monthly irrigated and
rainfed crop areas around the year 2000: a new high-resolution data set for agricultural and hydrological modeling. Glob. Biogeochem. Cycles 24 (1). http://dx.doi.org/
10.1029/2008GB003435.

17

Raes, D., Steduto, P., Hsiao, T.C., Fereres, E., 2009. AQUACROP Reference Manual. FAO, Land
and Water Division, Rome, Italy.
Raes, D., Steduto, P., Hsiao, T.C., Fereres, E., 2012. AquaCrop version 4.0, Reference Manual,
FAO Land and Water Division. FAO, Rome, Italy.
Rockstrom, J., Steffen, W., Noone, K., et al., 2009. A safe operating space for humanity. Nature 461, 472–475. http://dx.doi.org/10.1038/461472a.
Rost, S., Gerten, D., Hoff, H., Lucht, W., Falkenmark, M., Rockström, J., 2009. Global potential to increase crop production through management in rainfed agriculture. Environ.
Res. Lett. 4 (9 pp).
Sadana, P., Pinochet, D., 2014. Grain yield and phosphorus use efﬁciency of wheat and pea
in a high yielding environment. J. Soil Sci. Plant Nutr. 14 (4). http://dx.doi.org/10.
4067/S0718-95162014005000076 (Temuco dic. 2014 Epub 20-Oct-2014).
Sadras, V.O., Angus, J.F., 2006. Benchmarking water-use efﬁciency of rainfed wheat in dry
environments. Aus. J. Agric. Res. 57, 847–856.
Sadras, V.O., K.G.G. Cassman, P. Grassini, A.J. Hall, W.G.M. Bastiaanssen, A.G. Aborte, A.E.
Milne, G.Sileshi and P. Steduto, 2015. Yield Gap Analysis of Field Crops: Methods
and Case Studies, FAO Water Reports 41, FAO, Rome, Italy: 82 pp.
Samain, B., Simons, G.W.H., Voogt, M.P., Deﬂoor, W., Bink, N.-J., Pauwels, V.R.N., 2012.
Consistency between hydrological model, large aperture scintillometer and remote
sensing based evapotranspiration estimates for a heterogeneous catchment. Hydrol.
Earth Syst. Sci. 16, 2095–2107.
Sarwar, A., Perry, C., 2002. Increasing water productivity through deﬁcit irrigation: evidence from the Indus plains of Pakistan. Irrig. Drain. 51 (1), 87–92.
Schull, M.A., Anderson, M.C., Houborg, R., Gitelson, A., Kustas, W.P., 2015. Thermal-based
modeling of coupled carbon, water, and energy ﬂuxes using nominal light use efﬁciencies constrained by leaf chlorophyll observations. Biogeosciences 12, 1511–1523 (2015).
Senay, G.B., Bohms, S., Singh, R.K., Gowda, P.H., Velpuri, N.M., Alemu, H., Verdin, J.P., 2013.
Operational evapotranspiration usingremote sensing and weather data sets: a new
parameterization for the SSEBOP approach. J. of the American Water Resources Association 49 (3), 577–591 (JAWRA).
Shuttleworth, W.J., Gurney, R.J., Hsu, A.Y., Ormsby, J.P., 1989. FIFE: The Variation in Energy
Partitioning at Surface Flux Sites, RemoteSensing and Large-Scale Global Processes,
Proc. Baltimore Symp, IAHS Red book series. 186. IAHS Publ, IAHS press, Oxfordshire,
pp. 67–74.
Siebert, S., Döll, P., 2010. Quantifying blue and green virtual water contents in global crop
production as well as potential production losses without irrigation. J. Hydrol. 384
(3–4), 198–217.
Siebert, S. J. Burke, J. M. Faures, K. Frenke2, J. Hoogeveen, P. Döll, and F. T. Portmann, 2010.
Groundwater use for irrigation – a global inventory, Hydrol. Earth Syst. Sci., 14, 1863–
1880.
Steduto, P., Albrizio, R., 2005. Resource use efﬁciency of ﬁeld-grown sunﬂower, sorghum,
wheat and chickpea. II. Water use efﬁciency and comparison with Radiation use efﬁciency. Agric. For. Meteorol. 130, 269–281.
Steduto, P., Hsiao, T.C., Fereres, E., 2007. On the conservative behavior of biomass water
productivity. Irrig. Sci. 25, 189–207.
Steduto, P., Hsiao, T.C., Raes, D., Fereres, E., 2009. AquaCrop—the FAO crop model to simulate yield response to water: I. Concepts and underlying principles. Agron. J. (10):
101 (3), 426–437.
Steduto, P., Hsiao, T.C., Fereres, E., Raes, D., 2012. Crop Yield Response to Water, FAO Irrigation and Drainage Paper 66. FAO, Rome, Italy 307 pages.
Teixeira de, A.H.C., Bastiaanssen, W.G.M., 2012. Five methods to interpret ﬁeld measurements of energy ﬂuxes over a micro-sprinkler-irrigated mango orchard. 30 (1),
13–28. http://dx.doi.org/10.1007/s00271-010-0256-y.
Teixeira de Castro, A.H., Bastiaanssen, W.G.M., Ahmad, M.D., Bos, M.G., 2008. Reviewing
SEBAL input parameters for assessing evapotranspiration and water productivity
for the low-middle Sao Francisco river basin, Brazil, part a: calibration and validation.
Agr. and Forest Meteo http://dx.doi.org/10.1016/j.agriformet 2008.09.016.
Tennakoon, S.B., Milroy, S.P., 2003. Crop water use and water use efﬁciency on irrigated
cotton farms in Australia. Ag. Wat. Man. 61, 179–194.
Tolk, J.A., Howell, T.A., 2012. Sunﬂower water productivity in four Great Plains soils. Field
Crop Res. 127, 120–128.
Tucker, C.J., 1979. Red and photographic infrared linear combinations for monitoring vegetation. Remote Sens. Environ. 8, 127–150.
UNDP, 2008. Water Quality for Ecosystem and Human Health, 2nd Edition ISBN 9295039-51-7 Prepared and published by the United Nations Environment Programme
Global Environment Monitoring System (GEMS)/Water Programme. © 2008 United
Nations Environment Programme Global Environment Monitoring System/Water
Programme.
Wada, Y., van Beek, L.P.H., van Kempen, C.M., Reckman, J.W.T.M., Vasak, S., Bierkens,
M.F.P., 2010. Global depletion of groundwater resources. Geophys. Res. Lett. 37,
L20402. http://dx.doi.org/10.1029/2010GL044571 5 PP.
Wahid, D.A., Ishiguro, E., Shimotashiro, T., Hirayama, S., Ueda, K., 2003. Study on the relationship among LAI, DW, fPAR and spectral reﬂectance in paddy rice. Journal of Agricultural Meteorology 59, 13–21.
Wiegand, C., Shibayama, M., Yamagata, Y., Akiyama, T., 1989. Spectral observations for estimating the growth and yield of rice. Jpn. J. Crop Sci. 58 (4), 673–683.
Wiegand, C.L., Richardson, A.J., Escobar, D.E., Gerberman, A.H., 1991. Vegetation indices in
crop assessments. Remote Sens. Environ. 3, 105–119.
Zwart, S.J., Bastiaanssen, W.G.M., 2004. Review of measured crop water productivity
values for irrigated wheat, rice, cotton and maize. Agric. Water Manag. 69, 115–133.
Zwart, S.J., Bastiaanssen, W.G.M., de Fraiture, C., Molden, D.J., 2010a. A global benchmark
map of water productivity for rainfed and irrigated wheat. Agric. Water Manag. 97
(10), 1617–1627.
Zwart, S.J., Bastiaanssen, W.G.M., de Fraiture, C., Molden, D.J., 2010b. WATPRO: A remote
sensing based model for mapping water productivity of wheat. Agric. Water Manag.
97 (10), 1628–1636.

Please cite this article as: Bastiaanssen, W.G.M., Steduto, P., The water productivity score (WPS) at global and regional level: Methodology and
ﬁrst results from remote sensing measurements of..., Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.09.032

