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Global sensitivity of high-resolution estimates of crop
water footprint
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1Depar‘cment of Environmental, Land, and Infrastructure Engineering, Politecnico di Torino-24, Corso Duca degli Abruzzi,
Torino, Italy, ’Department of Environmental Sciences, University of Virginia, Charlottesville, Virginia, USA

Abstract Most of the human appropriation of freshwater resources is for agriculture. Water availability is
a major constraint to mankind's ability to produce food. The notion of virtual water content (VWC), also
known as crop water footprint, provides an effective tool to investigate the linkage between food and water
resources as a function of climate, soil, and agricultural practices. The spatial variability in the virtual water
content of crops is here explored, disentangling its dependency on climate and crop yields and assessing
the sensitivity of VWC estimates to parameter variability and uncertainty. Here we calculate the virtual water
content of four staple crops (i.e., wheat, rice, maize, and soybean) for the entire world developing a high-
resolution (5 X 5 arc min) model, and we evaluate the VWC sensitivity to input parameters. We find that
food production almost entirely depends on green water (>90%), but, when applied, irrigation makes crop
production more water efficient, thus requiring less water. The spatial variability of the VWC is mostly con-
trolled by the spatial patterns of crop yields with an average correlation coefficient of 0.83. The results of
the sensitivity analysis show that wheat is most sensitive to the length of the growing period, rice to refer-
ence evapotranspiration, maize and soybean to the crop planting date. The VWC sensitivity varies not only
among crops, but also across the harvested areas of the world, even at the subnational scale.

1. Introduction

Water consumption for food production is by far the biggest form of societal use of water [Falkenmark and
Rockstrom, 2004] with irrigation accounting for about 70% of the total freshwater withdrawals for human
uses [FAO, 2011]. In a world with continuously rising demographic pressure and changing diets, water avail-
ability is becoming increasingly crucial for food security and human welfare [Godfray et al., 2010; Tilman
et al., 2011]. The world population of 7.2 billion in early 2015 is projected to increase to 9.6 billion in 2050
[United Nations, Department of Economic and Social Affairs, Population Division, 2013], resulting in a 70%
increase in the global demand for agricultural products [FAO, 2011], with irrigated agriculture playing a stra-
tegic role. Climate change is expected to worsen this picture by increasing the spatial heterogeneity of
water resource availability [FAO, 2011]. Presently, some regions of the world already exhibit major depletion
of freshwater resources due to withdrawals for agriculture [Gleick, 2000; Wada et al., 2010]. Scientists, policy
makers, and the general public are realizing that meeting the competing water needs of ecosystems and
societies is a major environmental challenge for this century [Dudgeon et al., 2006; Hanjra and Qureshi,
2010]. Thus, understanding the food-water nexus is crucial to the global environmental change debate and
the design of strategies for sustainable development [Fedoroff et al., 2010].

The notion of virtual water content (VWC) provides an effective tool to investigate the linkage between food
and water resources [Antonelli and Sartori, 2015]. The virtual water content is defined as the amount of water
needed to produce a given food commodity [Allan, 2003]; therefore, it represents the amount of water that is
conceptually embedded (though not physically present) in a good. The concept of VWC allows for a compari-
son of different commodities on the basis of their water cost. Moreover, the virtual water content can be
quantified in terms of a green and a blue water component, depending on whether the water is contributed
by precipitation water stored in the (top of) soil and vegetation, or by surface and groundwater used for irriga-
tion and food processing. Therefore in this context, with these specifications, the notions of virtual water con-
tent and crop water footprint can be used interchangeably [Hoekstra and Chapagain, 2011].

A growing number of studies has used the virtual water concept for a variety of purposes, ranging from the
global analysis of the virtual water trade [e.g., Konar et al., 2011; Carr et al., 2013; Tamea et al., 2014] to water
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Table 1. Studies About the Global VWC of Crop Production at High Spatial Resolution Scale

Study Scale  Resolution Period Crop Yield Rainfall ETO Soil Sensitivity
Rost et al. [2008] Global 0.5 deg 1971-2000 0.5 deg 0.5 deg 0.5 deg No
Hanasaki et al. [2010] Global 0.5 deg 1985-1999  Country 1 deg 1 deg Uniform No
Liu and Yang [2010] Global 0.5 deg 2000 0.5 deg 0.5 deg 5 arc min No
Siebert and Dol [2010] Global 5arcmin  1998-2002 5arcmin  10arcmin 10arcmin  5arcmin  No
Mekonnen and Hoekstra [2011]  Global ~ 5arcmin ~ 1996-2005 5 arc min 0.5 deg 10arcmin ~ 5arcmin  No
Zhuo et al. [2014] Local 5arcmin  1996-2005 5 arc min 0.5 deg 10arcmin ~ 5arcmin  Yes
This study Global  5arcmin  1996-2005 5arcmin  10arcmin 10arcmin 0.5arcmin Yes

sustainability studies [e.g., Seekell et al, 2011; Wichelns, 2004] and water use accounting [e.g., Hoekstra and
Hung, 2002; Chapagain and Hoekstra, 2004; Kummu et al,, 2012; Vanham et al., 2013]. The above studies deal
with either the entire world, or with continents or single countries. In recent years, there have been various
attempts to assess global water use for crop production at higher spatial resolution. Table 1 summarizes the
main features of higher-resolution studies on the global VWC assessment. Rost et al. [2008] mapped (with a
spatial resolution of 0.5 X 0.5 arc deg resolution) the total consumption of green and blue water by rainfed
and irrigated agriculture for 12 crops and 9 plant functional types, for a reference period 1971-2000. Hanasaki
et al. [2010] reported the global green and blue water consumption for five crops and three livestock products
at 0.5 X 0.5 arc deg resolution, along the period 1985-1999. Liu and Yang [2010] made a global estimate of
green and blue water consumption for crop production at 0.5 arc deg resolution. Siebert and Doll [2010] quan-
tified the green and blue virtual water contents of 26 crops with a spatial resolution of 5 X 5 arc min in the
period 1998-2002. In a recent study, Mekonnen and Hoekstra [2011] estimated the green, blue, and gray water
footprints of 126 crops with a spatial resolution of 5 X 5 arc min, relatively to the period 1996-2005. All these
studies depend on a large set of assumptions with respect to modeling structure, input parameters, and data
sets used. Only very few studies, however, have developed a sensitivity analysis of the water footprint calcula-
tions to define the accuracy of the final outcomes. Their focus has been on specific regions, such as the Yellow
River basin in China [Zhuo et al., 2014] and the Po valley in Northern lItaly [Bocchiola et al.,, 2013]. To date, a
global-scale sensitivity analysis with high spatial resolution is still missing.

In the present study, we investigate the water footprint of major crops and their spatial variability at a subna-
tional scale. To this end, we produce 5 X 5 arc min resolution maps of the virtual water content of the main
cultivated grains using new high-resolution spatial data recently available for precipitation, evapotranspira-
tion, agricultural yields, and soil water content. We use for the first time in a VWC assessment (to the best of
our knowledge) the 30 arc sec maps of soil water available content given by FAO/IIASA/ISRIC/ISSCAS/JRC
[2012] and the 10 arc min maps of monthly precipitation given by New et al. [2002] (see Table 1). Moreover,
unlike previous high spatial resolution studies, we account for the existence of multiple growing seasons as
in Siebert and Doll [2010]. We analyze the spatial heterogeneity of the VWC both at the grid-cell scale, to eval-
uate whether differences in virtual water content are more determined by potential evapotranspiration pat-
terns or by yield differences, but also at the continental scale, to investigate the relationship existing
between VWC and commodity production. We also study the sensitivity of crop water footprint to climate
and soil parameters and evaluate how the unavoidable uncertainties existing in the (spatial) climate and soil
data affect the calculation of the virtual water content of crops (hence, informing future efforts aiming at the
refinement of data used in the assessment of agricultural water requirements). The results of this study lend
themselves to the identification of the parameters (e.g., duration of the growing season, planting date, etc.)
that farmers and land managers can modify to more effectively reduce the water cost of crop production.

We focus on the four most cultivated grains, namely, wheat, rice, maize, and soybean, which account for
more than 50% of the global human diet in terms of caloric content (wheat: 20%, rice: 16%, maize: 13%,
and soybean: 8%) [D’Odorico et al., 2014], and more than 50% of the global crop water footprint [Mekonnen
and Hoekstra, 2011].

2. Data and Methods

2.1. Evaluation of Crop Virtual Water Content
The virtual water content of crops is evaluated globally at the spatial resolution of 5 X 5 arc min, corre-
sponding to pixels of about 9 km X 9 km at the equator. We consider both rainfed and irrigated production
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conditions, as well as multicropping practices (i.e., a crop can be grown on the same land more than once a
year). VWC estimates are referred to the time interval from 1996 to 2005. We chose a data range of 10 years
in order to have input data independent of interannual fluctuations and typical of each grid cell; more spe-
cifically, we build our reference period centered on year 2000 because this is the most frequent reference
year in the global agricultural data sets used in this study (e.g., crop calendar, crop yields, and harvested
areas).

Virtual water content, VWC, is defined in each pixel as the ratio between the water evapotranspired by the
crop during the growing seasons of a year y, ET,, (mm), and the crop actual yield, Y, (ton ha "), as

10 - ET, 3
VYWC= ——9 (m_>7 (1
Ya ton

f—)

where the factor 10 converts the evapotranspired water height expressed in mm into a water volume per

land surface expressed in m* ha™".

In regions where more than one crop per year is planted and harvested (i.e., there are multiple growing sea-
sons), the actual evapotranspiration of a year, ET,, is calculated as the weighted average (with respect
to the area A, cultivated during the growing period n with n=1,2...) of the total actual evapotranspiration
ETq1p6,n (mm) of each growing season, as

Z (ETaALGPA,n : An)

E-’-ay= 4 (mm)7 (2)

YA
n

where LGP is the length of each growing period. Depending on agricultural practices, climate and soil prop-
erties, the crop evapotranspires green (ET,,) and/or blue water (ET ). Thus, the total water evapotranspired
by the crop during the growing seasons of a year can be written as the sum of a green and a blue
component,

ETqy=ETgy+ETy,. (3)
2.1.1. Crop Evapotranspiration Over a Single Growing Season
The total water evapotranspired by the crop in a single growing season, ET,;6p (mm), is obtained by sum-
ming up over the length of the growing period (LGP) the daily actual evapotranspiration, ET,; (mm d ") ie,

LGP

ETaicr=Y ETaj  (mm), (@)
j=1

with j indicating the day of the growing period. LGP is delimited by the planting (PD) and harvesting dates
taken from Portmann et al. [2010]. This data set distinguishes between rainfed and irrigated production and
provides the month in which the growing period starts and ends at 5 X 5 arc min resolution, considering
multicropping practices, for year 2000. We initially assume that the cropping period starts and ends in the
middle of the month.

Daily crop evapotranspiration, ET,j, is calculated following Allen et al. [1998], a well-established approach
for the virtual water content assessment [Mekonnen and Hoekstra, 2011; Siebert and Doll, 2010; Zhuo et al.,
2014]. T, is defined as

mm
ETaJ=kCJ'ET0J'kS_j <7), (5)

d
where k. is the daily crop coefficient, ETy; is the daily reference evapotranspiration (mm d™") from a hypo-
thetical well-watered grass surface with fixed crop height, albedo and canopy resistance, and ks, is the daily
water stress coefficient depending on the available soil water content, with a value between 0 (maximum
water stress) and 1 (no water stress).

The crop coefficient, k. j, depends on crop characteristics and, to a limited extent, on climate. It is influenced
by crop height, albedo, canopy resistance, and evaporation from bare soil. During the growing period, k;
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varies with a characteristic shape divided into four growing stages (l: initial phase, Il: development stage, lI:
midseason, and IV: late season) of I, I, I;;, and I, days length, respectively, that reads

Ke in j € Istage

ke mid—kejn .
j~7c’mjd i L j € llstage

-1
kq_ . (6)

ke mia j € lllstage
. kcf_kc mid .

.————— jelVstage.
J J=h=l—ly J 9

We use values from Allen et al. [1998] for the constants K n, Kc mid, ke ¢, While the length of each stage, /s, is
calculated as a fraction, py, of the length of the growing period (I:=ps: - LGP); ps; is defined for each stage
(with st=/—1V) according to Mekonnen and Hoekstra [2011], whose study provides specific values of p;; for
different climatic regions. Lengths are rounded to the nearest integer and the stage | is adjusted to guaran-
tee the exact length of the growing period.

Monthly long-term average reference evapotranspiration data, £Tp», at 10 X 10 arc min resolution are
given by FAO [2014]. These data are converted to 5 X 5 arc min data by subdividing each grid cell into four
square elements and assigning them the correspondent 10 X 10 values. Daily ETy; values are determined
through a linear interpolation of monthly climatic data and attributing the monthly ET, ,, value to the mid-
dle of the month. For sake of simplicity, we consider months 30 days long. These conversions introduce
uncertainties in the calculation of the VWC, but they are necessary because of the lack of daily evapotranspi-
ration data at 5 X 5 arc min resolution.

The water stress coefficient typical of the cell, k;, varies during the growing period depending on the total
available water content (TAW) and the readily available water content (RAW) in the root zone [Allen et al.,
1998]. The water stress coefficient is evaluated considering two different types of production: rainfed pro-
duction (R), in which crops are fed only by precipitation, and irrigated production (/), in which crops are irri-
gated when necessary in order to prevent the emergence of water stress. In the irrigated production the
water stress coefficient, k;, is equal to 1 throughout the growth period. In the rainfed production, the com-
putation of the k;; daily value is detailed in Appendix A. In its evaluation, we use for the first time in a VWC
assessment (to the best of our knowledge) the 30 arc sec maps of the available water content (AWC) given
by FAO/IIASA/ISRIC/ISSCAS/JRC [2012] and the 10 arc min maps of monthly precipitation given by New et al.
[2002]. Since the daily k; is different in the two production types (rainfed versus irrigated), as well as the £
Ty, (i.e., the growing period can have different planting dates in rainfed and irrigated conditions), the daily
actual evapotranspiration (green + blue), ET,, calculated with equation (5), is different in the two produc-
tion types. The green component for rainfed crops, ET;/, is equal to the total evapotranspiration, ET(fJ. The
blue component for irrigated crops, ET[,J (notice that by definition, ETQJZO), is obtained as the amount of
irrigation water provided to the crop; the green component is the difference between the ET(’”. and ET[,J val-
ues. The total, green and blue evapotranspiration over the growing period are given by equation (4), both
for rainfed (ETY  ¢p) and irrigated conditions (ET; ;o and ET}  p).

The overall evapotranspiration of green and blue water from the cell, ETg;6p and ETy cp, is the weighted
mean of the rainfed and irrigated evapotranspiration,

ET;LGP . AR+ET£’1ALGP Al

ARFA ’ @

ETg16r=

ETIIJ,LGP A

AR+Al 7 ®

ETpiep=
where weights, A% and A, are the harvested areas given by Portmann et al. [2010]. This data set distinguishes
rainfed and irrigated production, providing the harvested areas of 26 main crops, for each growing season.
The procedure to evaluate the values of £T,,6p and ETy cp is repeated for each growing season of a year;
equation (2) is then applied to determine the green and blue evapotranspiration of a year.

Due to peculiarities of the rice cultivation, the VWC estimates need further details. Rice is typically cultivated
in wetland or upland systems. About 85% of the rice in the world is grown in wetland systems and about
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75% of rice production is obtained from irrigated sites [Bouman et al., 2007]. In wetland rice cultivations,
paddy fields are prepared and the soil is kept saturated. Basically, in the month before sowing or transplant-
ing, water is used to saturate the root zone and the amount of water needed depends on the soil type and
rooting depth, we considered a volume per unit area of 200 mm, as suggested by Bouman et al. [2007].
Moreover, during the growing season a constant percolation of water occurs below the root zone, whose
rate is affected by a number of soil factors [Wickham and Singh, 1978]. In this study, we assume a 2.5 mm
d~" flux, corresponding to rather impermeable soils with a clayey texture [Chapagain and Hoekstra, 2011].
2.1.2. Crop Actual Yield

Subnational data sets of crop yields at high spatial resolution are seldom available. Monfreda et al. [2008]
and the FAOSTAT database provide good estimates of yield values. The first one refers to year 2000 provid-
ing the observed yields and harvested areas of 175 distinct crops on a 5 X 5 arc min grid. This data set has
been widely used both for the VWC assessment [e.g., Siebert and Doll, 2010; Hanasaki et al., 2010] and in
analyses on crop yield-gaps [e.g., Lobell et al., 2009; Mueller et al., 2012]. The FAOSTAT database provides
annual yields at the country scale from year 1961 to 2013. In order to obtain high-resolution actual yields,
Ya 1, referred to the investigated period, T=[1996,2005], we use the above mentioned data sources com-
bined in the following relationship as:

YH,T(iv T):g(’a 2000) ' f(C7 T) 9)

where g(i, 2000) defines the ratio of cell yield to country yield for year 2000 (i is the cell of the grid), and f(c, T)
describes the country-scale (c indicates the country) yield in the investigated interval T. More specifically,
g(i,2000) is defined in each cell as

Ya(i, 2000)

/,2000)= -2\ 20%%)
91, 2000)=y © = 500)

[, (10)
where Y,(i,2000) is the yield measured in the cell in year 2000 (given by Monfreda et al. [2008]), and Y,(c,
2000) is the country-based yield in the cell for the same year (given by FAOSTAT). The function fic, T) is the
average of the national yields given by FAOSTAT for each year t of the study period, T, namely
F(c.T)=1/10- 3175 Ya(C.1).

Finally, the green and blue VWC in each grid cell are determined with equation (1), substituting ET, with E
T4y for the green component and with £T,, for the blue component VWC. The total virtual water content of
the cell is the sum of the green and blue content (equation (3)).

2.2. Sensitivity Analysis

A sensitivity analysis is required to understand how data uncertainty propagates through the virtual water
content estimates and to identify the model inputs that significantly affect the model outputs. To this aim, a
first-order sensitivity analysis is applied: the functional dependence of VWC on each input parameter is
expanded as a Taylor series and truncated at the first order; in this way a linear relationship between the
VWC estimate and the generic input parameter, x, is assumed in a small neighborhood of x. Parameters are
perturbed one-at-a-time of a very small quantity, which is arbitrarily chosen. To evaluate and compare the
sensitivity of the VWC to different parameters, we define a normalized sensitivity index, Sl,, for each parame-

ter, x, as
AVWC Ax
|, = — 11
ok (VWCO )/(Xret‘)7 )

where AVWC is the virtual water content variation resulting from changing the parameter x of a quantity
Ax. Both variations are normalized: AVWC with respect to the virtual water content (VWC,) estimated when
all parameters are at their baseline values, while Ax with respect to a reference value of the parameter, X,.f
(see Appendix B). Positive and negative variations of the input parameters are considered to analyze the
response of the VWC both in terms of magnitude and direction of the change. The sensitivity analysis
focuses on four key input parameters, namely monthly reference evapotranspiration (ETy ), available water
content (AWCQ), planting date (PD), and length of the growing period (LGP). The reference evapotranspiration
and the available water content are varied by =0.01 mm d~' and =1 mm/m, respectively, while the plant-
ing date and the length of the growing are changed by =1 day. The imposed variations are different from
parameter to parameter, depending on their standard deviation, average, and range of variation. All
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changes are lower than 2% of the standard deviation and lower than 1% of the range, in order to guarantee
that variations are small.

For each single variation, the new VWC value is calculated. The VWC variation (AVW(C) is due to a variation of
the water volume evapotranspired by the crop during the growing season (ET,6p) and to a variation of the
crop actual yield (Y,). The new evapotranspiration, ET; ,p, is determined by the equations (4) and (5) where
the modified parameter is introduced. The new yield, Y, (whose variation is affected by the evapotranspira-
tion change), is determined through a modified expression of the equation by Doorenbos and Kassam [1979],

% ET’
() ()

where K|, is the yield response factor, representing the effect of a reduction in evapotranspiration on yield
losses, Y, and Y, are the actual yields before and after the input parameter change, respectively, and £T,,
and ET;‘y are the crop actual evapotranspiration before and after the change of the input parameter.

3. Results

In this section, we first analyze the high-resolution maps of the virtual water content of wheat, rice, maize,
and soybean, focusing on the role of evapotranspiration and yield in determining the spatial distribution of
VWC. In order to support and validate the results of this study, we make a comparison of our VWC estimates
with those from previous studies. Second, we describe the VWC variability at a continental scale, showing
the relation between virtual water content and commodity production.

3.1. High-Resolution Maps of Virtual Water Content

Figure 1 is an example of the high-resolution maps obtained in this study. It reports the spatial distribution
of the total and blue virtual water content of wheat, typical of the period between 1996 and 2005. The
maps show a strong spatial heterogeneity both inside the climatic regions and at the subnational scale.
The observed spatial variability is mainly driven by the yield pattern with a correlation coefficient of 0.74,
while the influence of the evapotranspiration demand (hence, climate), is lower with a correlation of 0.34.
Looking at the maps, one can immediately notice the high water efficiency of the United States (especially
on the West Coast), Europe, and China, where the virtual water content is generally lower than 2000 m*
ton~, with a consumption of blue water less than 10% of the total water consumption in the United States
and Europe, and between 50% and 75% in the large cropping area in the north-east of China. South Amer-
ica, Africa, and Southern Asia are less water efficient, with VIWC reaching up to 6000-8000 m* ton™ " in
some regions of Venezuela, Ethiopia, and Vietnam. Details about such a heterogeneous distribution are
given in the supporting information, where yield gaps and crop evapotranspiration patterns are also
described. In the supporting information, we also provide the spatial variability of the VWC for the other
crops (namely, rice, maize, and soybean), through maps (supporting information Figures S1-S3), followed
by a discussion.

The distributed results are aggregated at the country and global scale by a weighted mean (using cell pro-
duction as weight) in order to make a comparison with the results from earlier studies. At national scale, our
VWC estimates are in good agreement with those from Hanasaki et al. [2010], particularly for maize produc-
tion, as can be seen in Table 2 for the major exporting countries. National VWC values estimated in the pres-
ent work are also in close agreement with those from Mekonnen and Hoekstra [2011], as confirmed by the
coefficients of determination, R2, that are 0.91 for wheat, 0.76 for rice, 0.90 for maize, and 0.91 for soybean
(R? is weighted with the countries production). At global scale, VWC averages estimated in this study well
compare with those from Siebert and Doll [2010] and Mekonnen and Hoekstra [2011], especially for wheat
and maize production, as can be seen in Table 3.

3.2. Distribution of VWC Related to Production

We evaluated the distribution of VWC as a function of yearly crop production typical of the study period
(Figure 2), where crop production is given by the multiplication of crop actual yield and harvested area. At
the global scale, the histograms of wheat and rice are skewed toward the right with tailing off after
5000 m> ton~ . Both crops show a high water productivity, but wheat has a larger water consumption since
its production is bigger and more widespread worldwide (the average global water consumption in the
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Figure 1. Spatial distribution of the virtual water content (VWC) of wheat in the period 1996-2005: (a) total VWC, expressed in m® ton™" and (b) blue VIWC, expressed as percentage of

the total VWC.

considered period is about 900 Gm® yr~ ", 90% of which is green). Rice presents a lower water consumption

of 870 Gm> yr ' (85% is green). Maize exhibits a skewed right pattern with tailing off after 4000 m* ton™".

1

Its production, which is the biggest one among all of these four crops, is the most efficient in terms of water

Table 2. Comparison Between the VWC Values of Wheat, Rice, Maize, and

Soybean, Evaluated in the Major Exporting Countries, From This Study and

From Hanasaki et al. [2010]

Hanasaki
Crop Country This Study et al. [2010]
Wheat USA 2579 1359
Canada 1275 1800
France 668 366
Australia 1877 1339
Argentina 2034 1190
Rice Thailand 2292 1831
Vietnam 1675 1245
China 1087 789
Maize USA 657 621
Argentina 918 1041
China 725 715
Soybean USA 2318 1921
Brazil 2125 2220
Argentina 1870 2405

consumption (830 Gm® yr~', 95% is
green). Soybean is the most water con-
suming crop per tons of product; how-
ever, since it is less produced than other
crops, it contributes to the smallest total
water consumption (400 Gm? yr~', 97%
is green).

Figure 2a shows that Asia is the main
wheat producer (3 X 10° ton yr~") and
exhibits the highest virtual water variability.
Europe and North America are also impor-
tant contributors to the global wheat pro-
duction (46 and 27% of Asian production),
with a smaller VWC range. Asia and Europe
are the most efficient regions in terms of
water consumption since their production
is mostly characterized by low VWC values:
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the histograms are, in fact, skewed
toward the right. However, while Europe
uses nearly no blue water for wheat pro-

Table 3. Comparison Between the Globally Averaged VWC of Wheat, Rice,
Maize, and Soybean From This Study and From Mekonnen and Hoekstra
[2011] and Siebert and Doll [2010]

Mekonnen and Siebert and duction (99.5% is green water), in Asia
Crop This Study Hoekstra [2011] Dol [2010] about 20% of the water footprint of
Wheat 123 1619 1469 wheat is contributed by blue water.
Rice 1607 1486 1382 North America appears to be less water
Maize 933 1028 1089 PP
Soybean 2258 2107 2406 efficient, because the core of its produc-

tion has a higher water footprint; for
example, it produces 6 X 107 ton/yr less
than Europe using 3% more water. Finally, Africa, Oceania, and South America are minor wheat producers
(around 7% of Asian production).

In the case of rice (Figure 2b), Asia is not only the main producer, but its production is significantly larger
than that from all the other geographic areas (it accounts for 93% of the global production). Asian rice pro-
duction is rather water efficient: its histogram pattern is skewed toward the right, with virtual water content
mostly lower than 2000 m? ton™". This high efficiency is mostly due to China (which is the biggest pro-
ducer), where high yields—6.5 ton ha™' on average—are achieved by many varieties and hybrids with
good quality and resistance to diseases and insects [Labrada, 2012]. Among the other geographical areas,
only America and Africa give an appreciable additional contribution to world production (5.2 and 2.4% of
Asian production). In particular, 40% of North America water consumption for rice production is blue, while
in South America and Africa blue water contributes to the water footprint of rice only for 10 and 13%,
respectively, and have an overall lower water efficiency. In relative terms, in Oceania the blue water foot-
print of rice is higher than in all the other continents, with more than 70% of the water consumed coming
from irrigation.
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Figure 2. Distribution of the total virtual water content (VWC) related to yearly production: (a) wheat; (b) rice; (c) maize; and (d) soybean. In
each histogram, the abscissa reports the VWC grouped in classes of 300 m® ton™" width; the height of the rectangle gives the yearly pro-
duction typical of the period 1996-2005 (i.e., crop actual yield multiplied by harvested area) for each class and geographical area, rectangle
area indicates the volume of water used. We separate the contribution of North and South America in correspondence of Panama.
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Figure 3. Boxplots and weighted means (represented by cross markers) of the VWC of wheat, rice, maize, and soybean aggregated by con-
tinents. Boxplots have been obtained considering VWC cell values in ascending order together with the relative cumulative production
and quantiles have been determined in correspondence to 25, 50, 75% of total production.

Ninety percent of the global production of maize is located in Asia and America (Figure 2c), with the United
States leading the water efficiency of the region with an average water footprint of 660 m> ton™'. The VWC
of North America shows a small spatial variability, with values generally lower than 1000 m* ton™ ' and
mostly contributed by green water. Conversely, Asia is characterized by a higher heterogeneity similar to
the one of wheat and rice. Europe (where 15% of the global production is located) exhibits an efficiency
similar to the one observed in North America both in terms of total consumed water and in terms of green
contribution. The Americas are the biggest producers of soybean (Figure 2d). North and South America
present similar VWC distributions, with a higher variability in North America. Asia is also an important pro-
ducer, with an overall symmetric distribution of virtual water contents, indicating a lower water efficiency
compared to other crops.

3.3. Statistical Distribution of VWC Related to Production

Boxplots in Figure 3 directly compare the crops VWC, grouping data at a continental scale, and highlight
the associated variability as a function of production. The VWC values calculated for the pixels within each
continent are sorted in an ascending-order vector which is then used to sort the cumulated percentage of
cell production values. Quartiles are determined in correspondence to 25, 50, 75% of the cumulated produc-
tion. The average values are obtained as a production weighted mean of the cell VWC values (i.e., cell pro-
duction is used as the weight in the average).

At a global scale, maize is the crop with the lowest VWC value, 910 m® ton™ ' on average. Except for the
case of Africa, all geographic areas show a VWC lower than 1500 m® ton™" for, at least, 75% of total produc-
tion, or even lower than 800 m* ton™ " in Europe, Oceania, and North America. Moreover, most of the areas
exhibit a relatively low spatial variability (with Europe and North America being the most homogeneous
regions). On the contrary, African virtual water contents range from 1000 (e.g., Egypt, Kenya, Madagascar,
and South Africa) to over 3000 m> ton~' (e.g., Ethiopia, Nigeria, and Congo). The lowest VWC values are
obtained in those regions where irrigation prevents the crops from water stress and yield reduction, or in
those areas where high yielding genetically modified maize is planted, as in South Africa [Shiferaw et al.,
2011].

Rice shows an average virtual water content of 1487 m® ton~'. As expected, its global VWC range is very
similar to the one found for Asia (which is the biggest producer). Similarly to maize, Africa presents the larg-
est virtual water content (2700 m> ton™") and the widest interquantile range (1000-4000 m> ton™"). Europe,
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Figure 4. Boxplots and average values (represented by cross markers) of the sensitivity index (S/,) of each parameter x. AWC: available
water content, ETo n: reference evapotranspiration, LGP: length of the growing period, and PD: planting date.

Oceania, and North America exhibit a very low spatial variability, which is explained by their homogeneous
harvested areas where little differences in yields and evapotranspiration demands can be observed.

Wheat shows an average virtual water content of 1520 m? ton~". In this case, all the geographical areas
show a quite similar VWC spatial variability (as shown by the similar interquantile ranges in Figure 3): wheat
is, in fact, the most widely cultivated cereal in the world with more than 220 X 10° ha planted annually [Shi-
feraw et al., 2013]. Thus, wheat is grown under a wide range of climatic conditions (i.e., evapotranspiration
pattern), soil properties, and production methods (i.e., yield pattern) which determine the wide range of
VWCs. The United States exhibit the highest VWC. African water efficiency is mostly determined by Egypt
(i.e., the biggest producing country in Africa). Thanks to the fertility of the Nile Valley, Egypt can achieve
wheat vyields similar to those of Europe, the region where wheat production has the highest water
efficiency.

Finally, soybean exhibits the highest virtual water content, 2260 m® ton~' on global average. Such a high
value is mostly due to North and South America and, to a lesser extent, Asia. All the geographical areas
have an average VWC value shifted above 2000 m® ton™", except for Europe that appears to be the most
water efficient region, similarly to the cases of wheat and maize. Conversely, African values are really high,

with an average VWC value of 4250 m> ton ™.

4, Sensitivity Analysis for the Virtual Water Content

The sensitivity analysis gives important insights into the model performance in terms of key input parame-
ters. Positive and negative variations of the input parameters are found to produce VWC variations of the
same magnitude, but in opposite directions. Therefore, here we provide the sensitivity indexes, Sl for
parameter x, only with respect to positive variations. In Figure 4, we report the average sensitivity indexes,
Sl (evaluated with equation (11)) at the global scale, boxplots quantiles are referred to production with the
same approach used for the boxplots in Figure 3 (see section 3.3). In Figure 5, we report the map (at 5 X 5
arc min resolution) of the wheat VWC sensitivity to the LGP variation, S/, ge. Other maps of Sl are provided
as supporting information (Figures $4-57).

4.1. Available Water Content
The available water content (AWC) is the difference between the water content at field capacity and wilting
point. It varies across the grid cells with values from 3.75 to 150 mm m~ ', depending on the soil properties.
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Figure 5. The sensitivity index of the VWC of wheat to the length of the growing period (LGP). The length of the growing period is varied of 1 day.

This parameter, together with the rooting depth (R;) and the depletion fraction (p), defines the readily avail-
able water content (RAW) that the crop can use to evapotranspire without experiencing water stress (see
the equations (A2) and (A3)). Thus, RAW is the water content defining incipient stomata closure and transpi-
ration reduction (ks < 1, see equation (A1)). In the sensitivity analysis, the available water content is varied
by =1 mm m~". The variation in AWC produces a variation of RAW, and thus a shift of the initial stomata
closure to different water contents. For example, an increment of AWC implies that crop becomes water
stressed later during the growth season, resulting in a larger actual evapotranspiration (ET,;cp). In detail,
green evapotranspiration increases while blue evapotranspiration decreases. The reduction of the blue
component is explained by the lower irrigation requirement, since the condition Dp,,; < RAW; (see Appen-
dix A) is satisfied for a longer period; as a consequence the green component increases.

All crops (see Figure 4) exhibit negative sensitivity indexes (Slauc); a negative Sl c means that an increment
of the AWC produces a reduction of the crop VWC due to the higher achieved yields (see equation (12))
through the higher evapotranspiration rates. The virtual water content of rice is the least sensitive to AWC
variations. Rice water stress is, in fact, controlled by irrigation (75% of the total harvested area is, in fact, irri-
gated), thus the positive effect of increasing the available water content is limited and the increase of ET
and Y is merely appreciable. For wheat, maize, and soybean the water content is more substantially influ-
enced by the AWC and precipitation. In fact, these crops are less frequently irrigated (<30% of the total har-
vested area), and thus they are more influenced by the soil water conditions.

4.2, Reference Evapotranspiration

Monthly reference evapotranspiration, ETo p, is cell-specific and represents the daily average evapotranspi-
ration during a given month. The linear interpolation of ETy »,, gives the daily temporal evolution of the refer-
ence evapotranspiration, EToj, during the year, with j being the day of the year. Planting and harvesting
date, which are crop and cell-specific, define the range of j. The ETy; value, multiplied by the daily crop coef-
ficient (k. ), determines the daily evapotranspiration demand, which directly influences the crop virtual
water content.

In the sensitivity analysis, ETy, is varied by +0.01 mm d ™' (with respect to the baseline values given by
New et al. [2002]) and the new daily ETy; is determined. For the sake of simplicity, we discuss here only the
changes in virtual water content associated to positive variations of ETg .

Depending on the soil water content and irrigation conditions, the new ET demand can be totally or partially
satisfied. In the irrigated production, the new water requirement can be partly met by irrigation, with larger
evapotranspirations of blue water. In the rainfed production, the ability of the new evapotranspiration
demand to be met depends on the water available from precipitation. Higher evapotranspiration demand
can take better advantage of precipitation (i.e., higher evapotranspiration of green water), if available,
thereby limiting runoff and water losses. The VWC variations have opposite directions for different crops as
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shown by the sensitivity indexes in Figure 4. Soybean exhibits a positive sensitivity index around 0.08, indi-
cating that a positive variation of ET ,, increases the crop water footprint. A possible reason lies in the yield
response factor, K,—that relates Y reductions to ET reductions in equation (12)—which is equal to 0.85.
According to Doorenbos and Kassam [1979], K, < 1 implies that the crop exhibits a less-than-proportional
increase in the yield with increased actual evapotranspiration. Supporting information Figure S4 shows the S
ler,,, spatial variability with a high-resolution map. Considering the biggest producers, the United States
(located in the temperate belt) exhibits lower sensitivities to ETy », variations than Brazil and India (located in
the tropical zone), where the Sy, reaches values around 0.15. Wheat, rice, and maize show negative sensi-
tivity indexes; for these crops, an increased evapotranspiration reduces the virtual water content due to
increased yields. These crops, in fact, are very sensitive to water surplus, as shown by their yield response fac-
tor which is equal or higher than 1, indicating that the yield increases more-than-proportionally when ET
increases. The VWC of rice is the most sensitive to evapotranspiration variations, as shown by a Slgr, . value of
—0.4 on average. The sensitivity index of rice is quite heterogeneous at subnational scale (refer to supporting
information Figure S5), with values between —0.10 and —0.60 (e.g., South Sudan, Ethiopia, and Tanzania).

4.3. Length of the Growing Season
The length of the growing period, LGP, defined by the planting and the harvesting date, is used to calculate
the length of the four growth stages (I;;) defining the shape of the piecewise crop coefficient curve.

The sensitivity of VWC to LGP is evaluated by varying LGP of =1 day. The variation makes a stage of the
growing season 1 day longer or shorter than the nominal value, while the other three stages are shifted of
1 day (i.e,, the crop is harvested later or earlier), maintaining their initial length. Such translation changes
the daily crop water requirement because k. is differently associated with daily ET, values, impacting the vir-
tual water content.

Wheat exhibits a sensitivity index of —0.05 on average (see Figure 4). The negative values of S/,¢p indicate
that the virtual water content has decreased due to the increased yields. In fact, a 1 day longer growing sea-
son implies a higher ET demand, which can be partially or totally met by precipitation or irrigation, depend-
ing on the cultivation conditions. The spatial variability of the wheat S/,gp (Figure 5) ranges between the
tropical zone where the sensitivity indexes are around —0.05 and the temperate belt and the subtropical
(summer rainfall) zones where these indexes reach values around —0.25. In these areas, in fact, the yield
increases more than elsewhere (about 1.5-2.5% with respect to the baseline value) because the increased
ET demand is totally met by irrigation in the Nile Basin, in the North of India, and in the North-East of China,
and by precipitation in Belgium, Netherlands, Northern Italy, and Mongolia. Rice, maize, and soybean show
negative sensitivity indexes of —0.18, —0.09, and —0.03, respectively.

4.4. Crop Planting Date

Crop planting dates were taken from Portmann et al. [2010]. This database provides the months when the
growing season starts and ends, making a distinction between rainfed and irrigated production. The inter-
mediate day of the month is taken as the planting date. Varying the planting date (=1 day), with constant
length of the growing period, implies a rigid translation of the growing season to higher or lower daily refer-
ence evapotranspirations. Therefore, the Slpp depends on the month of the year in which the crop is
planted and on the temporal evolution of ET, during the growing season, and it may also include negative
values. On global average, rice, maize, and soybean exhibit positive sensitivity indexes: 0.08, 0.18, and 0.1,
respectively, with cells showing strong spatial heterogeneity, especially for rice harvested areas where some
cell show negative sensitivity indexes (see Figure 4). For these crops, a 1 day shift in the growing period
increases the virtual water content. Rice, maize, and soybean are, in fact, spring or summer crops, thus a
positive variation of the planting date implies a shift of the growing period to lower reference evapotranspi-
ration periods, and thus lower crop water requirement and virtual water content. The map in supporting
information Figure S6 better specifies the spatial variability shown by the boxplots; for example, focusing
on the main rice producers (e.g., China, India, and Vietnam), the Slpp values vary from —1 to 1 depending
on the water conditions of each harvested area. Southern India shows a Slpp value of —1 indicating an
attenuation of the crop water footprint due to the increased yield of 0.5%; Northern India exhibits a positive
sensitivity index around 0.8 due to a decreased yield, which reaches —2% in those cells under rainfed condi-
tions. The map in supporting information Figure S7 shows the Sipp values of maize and help to localize the
positive Slpp values; the temperate zone is positively sensitive to planting date changes due to yield
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reductions caused by ET attenuations. The Slpp value presents a significant within-countries spatial variabili-
ty, which is particularly evident in Brazil, India, and China. The sensitivity index of wheat VWC goes in the
opposite direction with an average value of —0.05. This means that delaying the planting date of wheat
(which is mostly a winter crop) helps to reduce its water footprint. However, in some wheat producing areas
(e.g., located in the tropical belt) the behavior is the opposite one, with positive Slpp values.

5. Conclusions

The high-resolution maps of the virtual water content (VWC) of the main cultivated crops have been
obtained using recently high-resolution data and accounting for multicropping practices. The VWC values
differ substantially among crops and across production regions, exhibiting strong spatial heterogeneity
even at the subnational scale. The spatial heterogeneity in the VWC is mainly driven by the yield patterns
with a correlation coefficient higher than 0.7 for all the crops. This suggests that the crop VWC is influenced
by agricultural practices more than climatic conditions. This is an important result, especially in terms of
indicating a strategy toward virtual water content reduction; Rockstrom and Barron [2007], for example,
have shown that there is a great opportunity to improve water productivity (and thus reduce VWC) through
the improvement of yield levels within the available water balance in rainfed agriculture, without requiring
additional blue water resources. Furthermore, considering the logarithmic relationship existing between
VWC and yield, the largest water productivity gains can be achieved in the two main hot spot regions of the
world in terms of poverty and water scarcity, i.e., sub-Saharan Africa and South Asia, where the VWC esti-
mates are generally above the global average due to the low crop yields.

Aggregate analyses at the continental scale provide a global view of the VWC value in relation to crop pro-
duction. From the histograms in Figure 2 and from the boxplots in Figure 3, it is clear that wheat, rice, and
maize are characterized by a higher water productivity (and thus lower virtual water content) than soybean,
due to their higher yields. However, soybean yield, as well as the production area, is expected to increase
with the help of genetic resources which may provide the solution needed to overcome abiotic and biotic
constraints [Hartman et al., 2011]. The results of the aggregate analysis also show the global consumptive
water use of the four grains, which is about 3000 km* yr™" in the period from 1996 to 2005. Green water
contributed to 90% of the global consumptive water use in the crop growing periods; this high proportion
of green water is partly due to the dominance of rainfed agriculture. In addition, in irrigated lands, green
water contributed to 25-80% of the total consumptive water use as also shown, at the grid-cell scale, by
the maps of blue VWC. In fact, only in some regions and countries (e.g., Egypt, Pakistan, and Saudi Arabia)
crop production depends primarily on blue water. The important role of green water in crop production
highlights the need for a better management of this water resource.

Most notably, to our knowledge this is the first study assessing, at the global scale, the sensitivity of the
VWC estimates to the model-inputs. The results of the sensitivity analysis show that wheat is the most sensi-
tive crop to the length of the growing period, rice to the reference evapotranspiration, maize and soybean
to the crop planting date. Virtual water content shows different sensitivity to input parameters not only
among crops, but also across the harvested areas of the world, even at the subnational scale. These results
may inform future efforts aiming at the refinement of data used in the assessment of agricultural water
requirements and lend themselves to the identification of the parameters that farmers and land managers
can modify to effectively reduce the water cost for crop production. Virtual water content estimates and
sensitivity studies will need to be extended toward other crops and other water using processes, at different
spatiotemporal scales, to have a complete picture of this effective tool to tackle water and food security.

Appendix A: Computation of the Water Stress Coefficient, k;
Allen et al. [1998] defined the daily water stress coefficient as

_ TAW;—Dpoj

= 2 Al
S TAW,—RAW;’ (A1)

where TAW; (mm) is the total available water content in the root zone, RAW; (mm) is the readily available
water content, and Dy, (mm) is the root zone depletion in the morning (i.e., the water shortage relative to
field capacity).
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TAW; depends on the available soil water content per meter depth, AWC (mm m~"), and on the daily root-
ing depth, R; (m), according to

TAW,=AWC -R;  (mm). (A2)

Grid-based data on AWC, at 30 X 30 arc sec resolution, were taken from FAO/IIASA/ISRIC/ISSCAS/JRC [2012]
and converted to 5 X 5 arc min through an average. The rooting depth, R; is given by Allen et al. [1998]. R;
generally increases during the first two growing stages up to a maximum value (dependent on crop type
and irrigation conditions) and then it remains constant until the harvest day.

RAW; is the water that crops can use for evapotranspiration before water stress and stomata closure begin.
It is given by

RAW,=p - TAW; (mm). (A3)

RAW; depends on the average fraction of TAW, p, that can be depleted from the root zone before moisture
stress occurs, and it is different among species. We assumed p to be constant during the growing season (p
values are given by Allen et al. [1998]). The different values of TAW and RAW in rainfed and irrigated produc-
tion are due to the different rooting depth (which is deeper in rainfed production). Root zone depletion is
recorded in the morning, D, depending on daily precipitation, irrigation, and crop evapotranspiration.

In rainfed production (R), the root zone depletion in the morning, Dy, is equal to the one recorded at the
end of the previous day (D, 1)), minus the daily precipitation value, P,

Dmo.szev,Ufw _Pj <%) . (A4)
Daily precipitation is obtained equally distributing the monthly climatic precipitation along the growing
period with daily frequency. For sake of simplicity, all months are assumed 30 days long. Monthly climatic
precipitation are available in the literature at 10 X 10 arc min resolution [New et al., 2002]; we convert this
data to 5 X 5 arc min grid cells as done in section 2.1 for reference evapotranspiration. D, is equal to 0
on the planting day. In the evening Dy, increases because of crop evapotranspiration, as

TAW;—Dpo
ET, =k ;- ETp;  —J Mo/ A5
aj c 0, TAVV/‘—RAVVJ‘7 ( )
mm
Devj:Dmon"ETaj (T) (A6)

We did not consider water lost by deep percolation, and the capillary rise was assumed equal to zero,
whereas water excess (leading to negative values of Dy, ;) were cut off at zero and the exceeding precipita-
tion was assumed to be lost as surface runoff. In rainfed conditions, the water volume evapotranspired by
the crop during the growth period is totally green, ETy 16p=ETq 1cp.

In irrigated production (/), irrigation is required when rainfall is insufficient to compensate for the water loss
by evapotranspiration. By calculating the soil water balance of the root zone on a daily basis, the timing and
depth of irrigation can be planned. To avoid crop water stress, irrigation water should be applied before or at
the moment when the readily available soil water is depleted (Do > RAW)). Do, is given by equation (A4)
and RAW; is given by equation (A3). To avoid deep percolation losses that may leach relevant nutrients out of
the root zone, the net irrigation depth should be smaller than or equal to the root zone depletion (/; < Dpy).
The daily net volume of irrigation is determined with the assumption that the crop fully evapotranspires with-
out suffering from water stress throughout the day; the water volume is given by the following relationship:

Ij:Dmoj—RAM/j+kcj -ETy (mm) (A7)

Irrigation brings the root zone depletion in the morning down to the readily available water content (i.e.,
Dmoj=RAW;), and supplies the crop with the water required to satisfy its evapotranspiration demand
throughout the day (namely k. - ET). In the evening, the root zone depletion is given by

mm
DevJ:Dmoj+ETaJ_lj (T>, (A8)
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where ET,; is given by equation (5) with k;;=1. ET,; is the water volume evapotranspired by the crop dur-
ing the day; the water volume consists of green and/or blue water. The blue water, ET,j, corresponds to the
irrigation water given to the crop (namely, £T,;=I)); the green water, ETy, is evaluated as the difference
between the total and the blue water evapotranspiration.

Appendix B: The Normalization of Input Parameters Required in the Sensitivity
Analysis

The normalization of the parameter variation required by the sensitivity index defined in equation (11) is
different for the four parameters analyzed. In detail, the variation of the available water content (AWC) is
normalized with respect to the baseline value; the variation of the planting date (PD) is normalized with
respect to 360 days (namely the number of days of a year considering each month 30 days long); the varia-
tion of the reference evapotranspiration (ETy ) and the length of the growing period (LGP) are normalized
as follow. After changing their baseline values of a fixed quantity (0.01 mm d ' and 1 day, respectively), the
new virtual water content of the rainfed and the irrigated production, as well as the relative variations
AVWC, are evaluated. The normalized sensitivity index are separately determined for rainfed and irrigated
conditions, with specific values of x,., that are (i) the ratio between the total reference evapotranspiration
over the growing period and LGP for ETy ,,, and (ii) the length of the growing season typical of rainfed and
irrigated conditions for LGP. Finally, the overall sensitivity indexes of these parameters, Slgr,,, and Sl;gp, are
calculated as the weighted mean of the rainfed and irrigated sensitivity indexes, using the harvested area
given by Portmann et al. [2010] as the weights.
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