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The Yellow River Basin (YRB), the second largest river basin of China, has experienced a booming agriculture
over the past decades. But data on variability of and trends in water consumption, pollution and scarcity in
the YRB are lacking. We estimate, for the first time, the inter- and intra-annual water footprint (WF) of crop
production in the YRB for the period 1961-2009 and the variation of monthly scarcity of blue water (ground
and surface water) for 1978-2009, by comparing the blue WF of agriculture, industry and households in
the basin to the maximum sustainable level. Results show that the average overall green (from rainfall) and
blue (from irrigation) WFs of crops in the period 2001-2009 were 14% and 37% larger, respectively, than in
the period 1961-1970. The annual nitrogen- and phosphorus-related grey WFs (water required to assimilate
pollutants) of crop production grew by factors of 24 and 36, respectively. The green-blue WF per ton of
crop reduced significantly due to improved crop yields, while the grey WF increased because of the growing
application of fertilizers. The ratio of blue to green WF increased during the study period resulting from the
expansion of irrigated agriculture. In the period 1978-2009, the annual total blue WFs related to agriculture,
industry and households varied between 19% and 52% of the basin’s natural runoff. The blue WF in the YRB
generally peaks around May-]July, two months earlier than natural peak runoff. On average, the YRB faced
moderate to severe blue water scarcity during seven months (January-July) per year. Even in the wettest
month in a wet year, about half of the area of the YRB still suffered severe blue water scarcity, especially in

the basin’s northern part.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand for fresh water by humanity is challeng-
ing the sustainable water use in many river basins around the world
[30,67,69]. The Yellow River Basin (YRB, or “Huang He"), the second
largest river basin of China, with a drainage area of 795x103 km?
[76], is well known as one of the world’s basins facing severe wa-
ter scarcity. The YRB is now responsible for producing 13% of national
grain production with only 2% of the national water resources [76].
In the last half century, with a booming agriculture and burgeoning
population, the total consumption of blue water (ground and surface
water) by agriculture, industry and households in the YRB increased
from 17.8x10° m3 in the 1960s [11] to 39.3x10° m3 in 2009 [75].
Agriculture is by far the largest water user in the basin, accounting for
77% of the total blue water consumption, of which 91% is used for field
irrigation (2009) [75]. In 2009, the total annual water withdrawal in
the YRB for agriculture, industry and households reached 76.5% of the
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renewable water resources in the basin [75]. In recent years, compe-
tition among the different sectors over the limited water resources
has intensified [ 78]. Meanwhile, when comparing the 1960s to 2000s,
precipitation and evaporation showed downward trends in most ar-
eas within the YRB [40,72]. The yearly natural runoff of the YRB de-
creased constantly in the 1990s [71] and reached its lowest value in
2002 (~30.0x10° m3), after which it increased again and remained
fluctuating (at an average level of ~57.5x10° m3) [75]. As a result of
climatic variability, the inter-annual variability of natural water avail-
ability and water demand in the YRB are large, whereby demand in
agriculture is typically high when availability is low.

Unfortunately, data on variability of and trends in water consump-
tion, pollution and scarcity in the YRB are lacking. Another problem is
that traditional statistics like ‘annual gross water abstraction’ per sec-
tor and ‘irrigation efficiency’ in the agricultural sector do not provide
a comprehensive picture of water use and water scarcity. For under-
standing water scarcity at catchment or river basin level, we need
to measure net water abstraction (consumptive water use) rather
than gross water abstraction, because return flows can be reused and
thus do not contribute to water scarcity [29]. A similar shortcom-
ing exists with the indicator of irrigation efficiency, which measures
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losses between gross water abstraction and the volume of water that
reaches the crop. Only a part of this so-called loss, namely the part
that evaporates, is really lost to the catchment and will thus con-
tribute to scarcity; a large part of the so-called loss refers to water
that percolates and thus adds to the groundwater and remains avail-
able in the catchment [47]. Another gap in traditional statistics is the
focus on the use of blue water resources (ground and surface wa-
ter), which is insufficient, given the fact that agriculture heavily relies
on green water resources (rainwater) [17]. Besides, water pollution
and water scarcity are intricately linked, because the effect of pol-
lutants becomes worse if groundwater and river flows get depleted.
Finally, usual statistics on water use and scarcity are annual, while
the key to understanding water use and scarcity is the recognition of
intra-annual variability [55]. The water footprint (WF) - introduced
by Hoekstra [27] - is a comprehensive measure of human freshwater
appropriation that addresses these shortcomings.

The WF is a multi-dimensional indicator that measures consump-
tive water use of both rainfall and ground-surface water (the green
and blue WF, respectively) and the water required to assimilate an-
thropogenic loads of pollutants to freshwater bodies (the grey WF)
[29]. In geographic applications, several soil-water-balance models
have been applied in order to map WFs at high spatial resolution lev-
els so that one can see where they are located [25,38,41,54,57]. Rost
et al. [54] estimated, using the LPJmL model at 30 arc min resolution
level, total green and blue WFs in global crop production for 1971-
2000. Hanasaki et al. [25] evaluated, employing the HO8 model at
30 arc min resolution level, global total green and blue WFs of ma-
jor crops for 1985-1999. Liu and Yang [38] estimated, based on the
GEPIC model at 30 arc min resolution level, global total green and
blue WFs of crop production for the year 2000. Siebert and Doll [57]
computed, with the GCWM model at 5 arc min resolution level, global
total green and blue WFs of major crops worldwide for 1998-2002.
Mekonnen and Hoekstra [41] estimated, applying the Cropwat model
at 5 arc min resolution level, the green, blue and grey WFs of crop
production worldwide for 1996-2005. Cai et al. [10] and Feng et al.
[22] applied an input-output model to evaluate the WF and regional
virtual water trade for the YRB from a consumptive perspective for
2002 and 2007, respectively. Hoekstra et al. [30] estimated blue wa-
ter scarcity for the major river basins in the world over the period
1996-2005, by taking, per basin, the ratio of blue WF to the maxi-
mum sustainable blue WF. Mekonnen and Hoekstra [43] estimated, at
5 arc min grid level, the global grey WF related to nitrogen for the pe-
riod of 2002-2010. These studies show that the blue WF in the YRB is
relatively large during several months per year [25,30,54,57] and has
the highest blue water proportion in total consumptive (green + blue)
use among river basins around the world [38]. Meanwhile, there is
net virtual water export from the YRB [10,22]. The YRB faces severe
blue water scarcity for four months per year, as a long-term average,
mostly in spring time when runoff is still low while water consump-
tion for irrigation starts to increase [30]. The nitrogen-related grey
WEF in the YRB has been estimated to be about eight times the annual
runoff, which implies a very high water pollution level [43].

Although temporal and spatial variations in WFs are keys in un-
derstanding water scarcity, most existing geographic WF assessment
studies consider one specific year or the average for a period of five to
ten years. There are a few studies focusing on the long-term variabil-
ity of green and blue WFs, for example, Zhuo et al. [80] and Tuninetti
et al. [64] estimated WFs of four major crops in the YRB and globally,
respectively, at 5 arc min grid level inter-annually over 1996-2005;
Sun et al. [63] calculated WFs for grain production in the Hetao irriga-
tion district over 1960-2008. But there are no water scarcity studies
at a high temporal and spatial resolution for a series of years.

The current study aims at investigating (i) the temporal and spa-
tial variability of green, blue and grey WFs of crop production in the
YRB for the period of 1961-2009; and (ii) the temporal and spatial
variability of blue water scarcity in the YRB for 1978-2009. The YRB is

usually divided into three reaches: the upper reach (upstream of Hek-
ouzhen, Inner Mongolia), the middle reach (upstream of Taohuayu,
Henan Province) and the lower reach (draining into the Bohai Sea)
[76]. This is the first river basin study that combines a high tempo-
ral resolution (WF estimated per day; blue water scarcity estimated
per month), a high spatial resolution (5x5 arc min), and a multi-year
record including both dry and wet years. In addition, the study is in-
novative in applying a combined soil-water-balance and crop-growth
model in estimating the green and blue WFs in crop production. Most
of earlier WF studies (e.g. [38,41,57,80]) applied a soil-water-balance
model in combination with an assumed simple linear relationship
between yield and evapotranspiration [16]. We applied, for the first
time, the FAO crop water productivity model AquaCrop [31,49,61] to
estimate crop WF. AquaCrop separately simulates crop transpiration
(Tr) and soil evaporation (E) and the daily Tr is used to derive the
daily biomass gain via the normalized biomass water productivity
of the crop [61]. Compared to other crop growth models, AquaCrop
has a significantly smaller number of parameters and better balances
between simplicity, accuracy and robustness [60]. The model perfor-
mance regarding crop water use and yield simulation has been widely
tested for a number of crops under diverse environments and types of
water management [1,3,21,24,34,35,62,77]. This is the first time that
the AquaCrop model is applied to simulate crop water use and yields
for a whole river basin, by running the model per crop for each grid
cell. Besides, we added a module that separates green and blue wa-
ter evapotranspiration in order to be able to calculate green and blue
WEFs of crops.

2. Method and data
2.1. Estimating green and blue water footprints in crop production

The WFs related to the production of seventeen major crops
(listed in Table 1) in the YRB during the period 1961-2009 were es-
timated year by year with a daily time step at a 5x5 arc min grid
(~7.4 km x 9.3 km at the latitude of the YRB) following the account-
ing framework of Hoekstra et al. [29]. The crops considered account
for about 87% of the harvested area and 93% of crop production in
2009 [46]. Per crop, the green WF of producing a crop within a grid
cell (in m3 y~1) was estimated by multiplying the green water evapo-
transpiration (ET, m3 ha~!) over the growing period by the harvested
area for the crop (in ha y~1). Similarly, the blue WF was estimated by
multiplying the blue ET by the harvested area. The green or blue WF
per unit of a crop (in m3 t~1) was calculated per grid cell by divid-
ing the green or blue ET over the growing period by the crop yield (Y,
t ha~1). The AquaCrop was used to simulate ET and Y for each type
of crop per year per grid cell. Simulated Y per crop per year per grid
cell was calibrated at provincial level, by scaling the model outputs in
order to fit provincial crop yield statistics [46]. AquaCrop is a water-
driven crop water productivity model with a dynamic daily soil water
balance:

S[t] = S[t_” + PRy + IRRyy + CR[t] —ETjy - ROM — DPpy (1)

where S (mm) refers to the soil water content at the end of day t,
PRj;; (mm) the precipitation on day t, IRRj; (mm) the irrigation wa-
ter applied on day t, CRj;; (mm) the capillary rise from groundwater,
ET|) (mm) actual evapotranspiration, RO, (mm) daily surface runoff
and DP(;) (mm) deep percolation. ROy is estimated through the Soil
Conservation Service curve-number equation [51]:

(PR — 0.2 x 5)*

RO = oo
7 PRy +S-02xS

(2)

where S (mm) refers to potential maximum storage, which is a func-
tion of the soil curve number. DP; is defined by the drainage abil-
ity (m3 m—3 day~!) given the actual soil water content between
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Table 1
Crop characteristics used in the current study.?

Crop Planting date  Relative crop growing stages HIp Max. rooting depth (m)
Lini Laev Lid Liae Irrigated Rain-fed

Winter wheat ~ 15th October 048 022 022 007 40% 15 1.8
Spring wheat 15th March 0.15 0.19 044 022 39% 1 15
Rice 1st May 020 020 040 020 43% 05 1
Maize 1st May 020 027 033 020 44% 1 17
Sorghum 1st May 0.15 027 035 023 39% 1 2
Millet 15th April 014 021 039 025 38% 1 2
Barley 15th May 0.13 0.21 042 025 39% 1 15
Soybean 1st June 0.13 0.17 0.50 020 44% 0.6 13
Potato 1st May 0.19 023 035 023 59% 04 0.6
Sweet potato 1st May 0.13 0.20 0.40 0.27 69% 1 1.5
Cotton 1st April 0.17 028 0.31 025 38% 1 1.7
Sugar beet 15th April 028 022 028 022 71% 07 12
Groundnut 15th April 025 032 025 018 43% 05 1
Sunflower 15th April 0.19 027 035 019 31% 08 1.5
Rapeseed 15th March 020 040 020 020 25% 1 1.5
Tomato 15th January 0.22 030 030 0.19 40% 0.7 15
Apple 1st March 0.13 0.21 054 013 20% 0.7 15

2 Sources: reference harvest indexes from Xie et al. [70] and Zhang and Zhu [79]; planting dates from Chen et al.
[13]; relative crop growing stages and maximum rooting depths from Allen et al. [2] and Hoekstra and Chapagain [28].

saturation and field capacity. The drainage ability is zero when the
soil water content is lower than or equal to field capacity [50].

By tracking daily incoming and outgoing water fluxes at the
boundaries of the root zone we were able to separate the green and
blue soil water balances at a daily basis. The CRy is assumed to be
zero because the ground water depth is considered to be much larger
than 1 m [2]. In order to obtain initial soil water content at the be-
ginning of the growing period, following the method and assumption
from [57], the initial soil water moisture was simulated from the max-
imum soil water content through two years rain-fed fallow land prior
to the planting date. The initial soil water moisture at the start of the
growing period is assumed as green water.

The contribution of precipitation (green water) and irrigation
(blue water) to surface runoff is calculated based on the respective
magnitudes of precipitation and irrigation to the total green plus blue
water inflow. The green and blue components in DP and ET are cal-
culated per day based on the fractions of green and blue water in the
total soil water content at the end of the previous day. The green soil
water content (Sgreen) and blue soil water content (Sp) are thus cal-
culated as:

PR
Sgreen[t] = Sgreen[t—1] + (PR[t] +IRRyy — Ro[t]) x m
Sgreen(t—
- (Dp[t] + ETm) x gs[t—[ll . 3)
IRR ¢
Soiuett) = Soiue(t-1) + (PR + IRy = ROyy) x (e e

Shiue[t—
_ (DP[t] + ET[t]) X Absl[:xlln

In AquaCrop, the daily crop transpiration (Tr}, mm) is used to de-
rive the daily gain in above-ground biomass (B) via the normalized
biomass water productivity of the crop (WP*, kg m—2):
Tr[t]
ETO[t]

B=WPx )" (4)

WPx is normalized for the carbon dioxide (CO,) concentration of the
bulk atmosphere, the evaporative demand of the atmosphere (ETy)
and crop classes (C3 or C4 crops). The normalization makes the model
applicable to diverse locations and seasons [50]. The harvestable por-
tion (the crop yield Y, t ha=1) of B at the end of the growing period is
determined as product of B and the harvest index (HI, %):

Y=HIxB (5)

HI is adjusted to water and temperature stress depending on the
timing and extent of the stress by an adjustment factor (fy;) from the

reference harvest index (Hlp):
HI = fH] X HIO (6)

Vanuytrecht et al. [66] examined the sensitivity of Y to inputs
in the AquaCrop model, and found that simulated Y is particularly
sensitive to the root and soil parameters. Therefore, before running
AquaCrop, input parameters on crop calendar, maximum effective
root depth and HIy for each crop were carefully selected from dif-
ferent sources for the current study (Table 1). Values of other crop
parameters used in the study are taken from Raes et al. [50]. Several
studies [1,4,33,35] have verified that the model performs at accept-
able accuracy level in Y simulations and the accuracy level was rel-
atively higher for irrigated crops than rain-fed crops. This is due to
the fact that if the soil water content reaches below the threshold
affecting the canopy senescence in the model, the simulated canopy
will die resulting in an underestimated or even zero Y [35,50]. There-
fore, in order to avoid such modeling failures at rain-fed fields, we set
the initial soil moisture such that the soil water threshold for canopy
senescence for each crop is met.

2.2. Estimating grey water footprints in crop production

The grey WF related to crop production refers to the volume of
water needed to assimilate the fertilizers and pesticides applied to
the field that reach groundwater through leaching or surface water
through runoff or soil erosion [29]. In the current study, we consider
the effect of nitrogen (N) and phosphorus (P), thus excluding the ef-
fect of other nutrients and fertilizers. At a 5x5 arc min grid and an-
nual basis, we estimated the grey WF of crop production related to
N and P from both mineral and manure fertilizers during the period
1961-2009. The grey WF per unit of crop (WFgrey, m* t~1) was calcu-
lated following the formula [29]:

o x AR 1

WFgroy = ———— x =
ey (Cmax — Cnat) x Y

(7)
where o represents the leaching-runoff fraction, AR (kg ha~!) the ap-
plication rate to the field (the sum of mineral and manure fertilizer),
Cmax (mg 1~1) the maximum acceptable concentration of the nutrient
in the receiving water body, and cpa¢ the natural concentration of the
nutrient in the receiving water body. We used values for cpax and cpat
from China’s national surface water quality standard [44] and average
values for « as suggested in Franke et al. [23]: 0.1 for N, 0.03 for P.
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The mineral and manure fertilizer application rates by crop and
per grid cell were estimated following [39]. For both artificial fertil-
izer and manure, the fertilizer consumption volumes are expressed
in terms of N and P amounts. The fertilizer volume per crop per year
per grid cell was calculated from the total annual national fertilizer
consumption for the crop times the production share of the grid cell.
The correlated AR in a grid cell was calculated by dividing the crop-
specific fertilizer volume by the harvested area of the crop. The ma-
nure input for a nutrient was calculated by multiplying the livestock
density with animal specific excretion rates for the nutrient and ex-
cretion collection rates. Five types of livestock were considered: cat-
tle, goats, sheep, pigs and poultry. Excreta can be produced in either
stables or meadows [39]. We only consider the excreta produced in a
stable for manure supply. We used 90%, the share of the manure for
cropland use in developing countries suggested by Smil [59]. Part of
the N in animal manure is lost through NH3 volatilization. Following
the assumption from Bouwman et al. [7], 60% of the N in the manure
is effective for fertilizer.

2.3. Blue water footprints related to industry and municipal sectors

The data on industrial and domestic water consumption for 1978-
1997 are only available in the form of averages over five-year periods.
The values for 1978-1982 and 1988-1992 for the YRB were directly
available from YRCC [74]; the values for 1983-1987 and 1993-1997
were estimated based on national water withdrawal for industry and
household obtained from FAO [19]. In the latter case, we assumed the
blue water consumption to be a fraction of blue water withdrawal,
taking the fraction equal as the average for the years 1978-1992. Sim-
ilarly, we assumed the blue water consumption in YRB to be a fraction
of the national total equal as the average for the years 1978-1992. For
the period 1998-2009, we use annual estimates for industrial and do-
mestic water consumption from YRCC [75].

The blue WFs related to the industrial and municipal sectors in
the YRB were downscaled to grid level based on a population density
map of the YRB, which was extracted from the 2.5 arc min resolu-
tion population density map for China from CIESIN [14]. For down-
scaling industrial water use, it would have been preferred to use spa-
tial data on industries within the basin, but in absence of such data
we used the population density map, following Hoekstra et al. [30].
Monthly industrial and domestic water consumption was obtained
by distributing the annual value equally over the 12 months without
accounting for the possible variation.

2.4. Blue water scarcity assessment

Blue water scarcity in a catchment is defined as the ratio of the
total blue WF (m3 y~!) to the maximum sustainable blue WF (m?3
y~1) in that catchment during a specific time period [29,30]. In this
study, monthly blue water scarcity in the YRB during 1978-2009 was
calculated at 5x5 arc min grid. The total blue WF was estimated by
summing the crop-related blue WF as calculated in the current study
and the blue WFs from the industrial and domestic sectors estimated
based on YRCC [75]. The monthly maximum sustainable blue WF was
calculated as the ‘natural runoff’ minus ‘environmental flow require-
ment’. The monthly natural runoff for the study period was obtained
from the hydrological model PCR-GLOBWB [65,68,69] at a spatial res-
olution of 6 x 6 arc min (~9 km x 11 km in the YRB), which was
resampled to a resolution of 5 x 5 arc min. The performance of the
PCR-GLOBWSB for the YRB is good in reproducing variability and mag-
nitudes of monthly natural discharge [65]. The ‘environmental flow
requirement’ was estimated based on the presumptive standard pro-
posed by Richter et al. [52] and Hoekstra et al. [29] and earlier applied
by Hoekstra et al. [30]. According to this standard, 80% of monthly
natural runoff is allocated to the environment. The maximum sus-
tainable blue WF per grid cell was calculated as 20% of the total

Table 2
Share of excretion produced in stables and excretion rates per livestock category.?

Livestock Share of excretion Excretion rate
produced in stables (%) (kg nutrient head~! y=1)

N P

Cattle 46 50 10

Goats 10 10 2

Sheep 10 10 2

Pigs 100 12 4

Poultry 100 0.6 0.19

2 Sources: shares of excretion produced in stables from Bouwman et al. [6] and Liu
et al. [39]; excretion rates from Sheldrick et al. [56].

natural runoff from that cell and upstream grid cells, minus the blue
WEF in upstream grid cells.

Blue water scarcity is classified into four levels [30]: ‘low’ when
the blue WF is smaller than 20% of natural runoff, i.e. when the blue
WF is smaller than the maximum sustainable blue WF; ‘moderate’
when the blue WF is between 20% and 30% of natural runoff; ‘signif-
icant’ when the blue WF is between 30% and 40% of natural runoff;
and ‘severe’ when the blue WF exceeds 40% of natural runoff.

2.5. Data

The GIS polygon data for the YRB and drainage directions at a res-
olution of 30 x 30 arc s were extracted from HydroSHEDS dataset
[37]. For the period 1961-2009, monthly precipitation, ETy and tem-
perature data at 30 arc min resolution were extracted from CRU-
TS-3.10.01 [26]. Data on irrigated and rain-fed area for each crop at
5 arc min resolution were obtained from Portmann et al. [48]. For
crops not available in this database, we used the 5 arc min crop area
map from Monfreda et al. [45]. Yearly areas and yields for each crop
within the YRB were scaled to fit the yearly agriculture statistics at
province level of China obtained from NBSC [46]. For tomatoes, we
used estimates of FAOSTAT [20], because NBSC [46] does not con-
tain tomato-specific statistics. The data on crop calendar, maximum
root depth and reference harvest index are presented in Table 1. Soil
texture data were obtained from ISRIC Soil and Terrain database for
China at a 10 km? resolution [15]. For hydraulic characteristics for
each type of soil, the indicative values provided by AquaCrop were
used. Data on total soil water capacity (in %vol) at a spatial resolution
of 5 arc min were obtained from Batjes [5].

Annual chemical fertilizer use statistics for China for the study pe-
riod 1961-2009 were obtained from IFA [32]. Total fertilizer use in the
YRB was estimated based on the ratio of the crop area in the YRB to
the crop area in China as a whole. Total fertilizer use in the YRB per
year was downscaled to crop-specific fertilizer use based on the data
on fertilizer use per crop in China as reported by FAO [18]. Livestock
density data for the year 2000 were taken from Robinson et al. [53].
The livestock density data for other years were scaled with the yearly
national stock statistics for different types of livestock obtained from
NBSC [46]. The share of excretion produced in stables was obtained
from Bouwman et al. [6] and Liu et al. [39] (Table 2). Following Bouw-
man et al. [7], it was assumed that 90% of the manure was applied
to crop fields and that 60% of the nutrients applied to the field in the
form of manure is taken up by the plant. The livestock nutrient ex-
cretion rates by type of animal were obtained from the baseline data
provided by Sheldrick et al. [56] (Table 2). The values for cpmax and cpat
for the calculation of grey WF were taken from the national surface
water quality standard of China [44] (Table 3).

3. Results
3.1. The water footprint of crop production

Over the period 1961-2009, the average annual total green-blue
WF of crop production in the YRB was 48.8 x 10° m3 y~1, of which
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Fig. 1. Annual variability of green, blue and grey water footprints of crop production in the Yellow River Basin. Period: 1961-2009. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).

Table 3
Water quality parameters for grey water footprint estima-
tion in Yellow River Basin.?

Chemical substance  Cpax (Mmg1-1)  cpa (mgl-1)
Phosphorous (P) 0.2 0.02
Nitrogen (N) 1.0 0.2

@ Source: for cpar, we took data for the best water quality
level ‘T in MEP [44].

25% was blue WF (12.4 x 10° m? y~!). The average annual grey WF
was 86.7 x 109 m3 y~! related to N and 37.8 x 10° m3 y~! related to P.
The annual variations of green, blue and grey WFs of crop production
in the YRB over the study period are plotted in Fig. 1. During the study
period, the harvested area of crops considered in the YRB increased
little (by about 5%), but the crop production increased by almost five-
fold. In order to reach the rising targets for crop production, the ir-
rigated area in the YRB has been expanded 1.5 times relative to the
level in the 1960s, which resulted in a 37% larger blue WF in the 2000s
(14.4 x 10° m3 y~!) compared to the 1960s (10.5 x 10° m3 y~1). The
increase in the green WF was less: it was 14% larger in the 2000s
(38.4 x 10° m3 y~1) compared to the 1960s (33.7 x 10° m3 y~1). As
can be seen from Fig. 1, annual green and blue WFs fluctuated in-
versely, i.e., with an increase in green WF the blue WF decreased. The
intensification of crop production and fertilizer application has been
one of main reasons for the severe water pollution in the YRB [78].
According to our estimates, the fertilizer-related grey WFs increased
over the study period by 24 and 36 times for N and P, respectively.
The large increase is not surprising considering the fact that over the
period 1961-2009 total fertilizer use on crop land in China increased
38 and 90 times for N and P, respectively [32].

The relative contribution of crops to the total green plus blue
WEF changed due to changes in cropping patterns in the YRB. In
the period 1961-1965, the five biggest contributors to the green
plus blue WF related to crop production were winter wheat (48%),
spring wheat (8.9%), millet (8.8%), maize (8.3%), and soybean (6.1%),
while for 2006-2009 these were winter wheat (41%), maize (21%),
spring wheat (7.1%), apples (6.7%) and potatoes (5.2%). Over the study
period, crops with increasing green-blue WF of production were

winter wheat, rice, maize, potatoes, sunflower, groundnuts, sugar
beet, rapeseed, tomatoes and apples. Crops with decreasing green-
blue WF were spring wheat, sorghum, millet, barley, soybean, sweet
potatoes and cotton (Table 4). Sunflower has the strongest increase
in its total WF of production during the study period, which is driven
by the huge extension of sunflower planting areas in the YRB (from
1.3 k ha in 1961 to 203 k ha in 2009). Sorghum has the largest de-
crease in the total WF of production, which relates to the decrease in
sorghum planting area by 90%.

In the 2000s, about 62% (8.9 x 10° m3? y~1) of the crop-
related blue WF in the YRB was for wheat production and 21%
(3.0 x 10° m? y=1) for producing maize. The blue WF of maize
production increased nearly five-fold, from 0.65 x 10° m3 y~! in
the 1960s to 3.0 x 10° m3 y~! in the 2000s. On the other hand,
the blue WF of cotton, one of the biggest blue water consumers
in the 1960s, dropped from 0.86 x 10° m3 y~! in the 1960s to
0.63 x 10° m3 y~! in the 2000s, due to the decline in its irrigated
area (~307,000 ha in the 1960s to ~201,000 ha in the 2000s). Re-
garding the green WF, wheat and maize accounted for about 62% in
the 2000s (43% from wheat, 19% from maize). For rapeseed, which
is one of the fully rain-fed crops, the green WF share increased from
1% (1960s) to 5% (2000s). Among the crops, maize had the largest
grey WF related to both N (60% of the total) and P (48% of the to-
tal), followed by soybean (5% of total related to N, 12% of total related
to P).

The variation of the total crop-related green-blue WF at basin
level is mainly caused by the increase in irrigated area and variation
in climatic conditions (like PR and ETy). The increase of the irrigated
area caused the overall increasing trend of the annual blue WF in the
YRB, while climate variability contributed to the inter-annual fluc-
tuation of the blue WF. We found that the blue WF decreases with
increased PR and increases with increased ETy, which confirms the
finding of Zhuo et al. [80] that the blue WF of crop production is more
sensitive to ET than to PR.

The upper, middle and lower reaches accounted for 23%, 49% and
28%, respectively, of the annual average green-blue WF of crop pro-
duction in the YRB in the 2000s. Over the study period, the increase
of the basin’s total blue WF mainly happened in the upper reach,
while the increase in the total green WF was mainly in the lower
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Table 4

Percentage increases in water footprint of crop production in the Yellow River Basin from the period 1961-1970 to the

period 2001-2009.

Crop Increase in total WF (%) Increase in WF per ton of crop (%)
Green  Blue Grey Total green-blue ~ Green  Blue Grey Total green-blue
Winter wheat -1 18 280 4 -77 -73 -12 -76
Spring wheat =27 25 333 -2 -52 -18 184 -36
Rice 121 167 1320 135 -56 —46 225 -53
Maize 125 362 1890 165 —80 -59 76 -77
Sorghum -83 -86 1210 -83 -59 —66 3080 -60
Millet -79 -77 809 -79 —42 -36 2470 —43
Barley -73 -58 787 -73 -66 —46 1030 —65
Soybean -37 —40 811 -38 -53 —46 662 -51
Potato 46 196 1590 51 —66 =31 295 -65
Sweet potato —41 -37 1170 -8 —45 —41 1080 —46
Cotton -17 -27 634 -20 —64 —69 217 -67
Sugar beet 76 - 3490 76 —63 - 645 -63
Groundnut 266 409 1370 282 —66 -52 37 —64
Sunflower 9110 14900 14100 9630 —44 -8 -13 —-41
Rapeseed 385 - 2510 385 -77 - 25 -77
Tomato 251 357 1640 258 -57 —44 113 -56
Apple 1248 1700 2310 1290 -69 -58 —44 —68
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Fig. 2. The relative contribution of the upper, middle and lower reaches to the annual blue (left graph) and green (right graph) water footprints of crop production in the Yellow
River Basin. Period: 1961-2009. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

reach. Fig. 2 shows the relative contribution of the three reaches to
the annual blue and green WFs of crop production in the basin over
the period 1961-2009. Over the whole period, the middle reach had
the largest share in both the blue and green WF in the basin as a
whole, because of its larger share in the basin’s total cultivated area
(~59% in 2009). With the construction and expansion of main irri-
gation zones (e.g. Qingtongxia and Hetao irrigation districts) in the
arid and semi-arid upper reach, the crop-related WF in this reach as
well as the share in the basin total constantly increased and dou-
bled during the five decades. The share of the upper reach in the
total blue WF in the YRB reached 37% in 2009. The blue WF in the
lower reach fluctuated but remained more or less constant over the
study period, although the share in the basin’s total blue WF dimin-
ished. The green WF in the relatively wet lower reach increased al-
most two times due to increased cultivation of rain-fed crops such as
rapeseed.

The spatial distribution of the total green-blue WF of crops in the
YRB (Fig. 3a) follows the distribution of the harvested crop area. The
blue share in the total green-blue WF (Fig. 3b) is obviously large in
the places where the irrigated areas are most concentrated (Fig. 3c).
Also, blue WFs are larger in the drier area of the upper reach (> 60% of
the total) than in the semi-arid middle reach and relatively wet lower
reach (~40% of the total). The lower reach has high levels of both PR
and ETj. In this region, there is a large potential to improve produc-
tivity in rain-fed agriculture. Increased production in the lower reach
can contribute to the lessening of the need to produce in the drier re-
gions of the basin and thus to the reduction of irrigation and blue WF
in these regions.

3.2. The water footprint per ton of crop

Over the period 1961-2009, the green and blue WF per ton of crop
in the YRB reduced significantly, while the grey WF increased. This
is shown for the case of cereal crops (wheat, rice, maize, sorghum,
millet and barley) in Fig. 4. The average green-blue WF of cereal crops
in the YRB decreased from 6540 m3 t~! in the 1960s to 1570 m3 t~! in
the 2000s. The sharp reduction of the green and blue WFs per ton of
cereals is a result of the improved crop yields. The land use for crop
production within the YRB, adding up to around 10 million hectare
for the crops considered in this study, changed little during the five
decades studied, but crop production increased by a factor five. Due
to the expansion of the irrigated area, the ratio of blue to green WF
increased. Meanwhile, the grey WF per ton of cereals rose because
of the increasing application rates of artificial fertilizer. Fig. 4 shows
how the reduction in consumptive water use (the green plus blue WF)
was offset by an increase in degradative water use (the grey WF). The
overall grey WF was determined by the N-related grey WF, which was
generally bigger than the P-related grey WF. Among the crops studied,
the grey WF of sorghum showed the strongest increase (Table 4).

Fig. 5 shows the spatial variation in the green-blue WF per ton of
cereal for five different decades. The WF within the YRB reduced from
>3000 m3 t~! in most areas in the 1960s to about 500-2000 m3 t~!
in the 2000s. But some regions in the western part of the basin still
have low water productivity (large WF per ton). The reason is that
there is low precipitation and no or little irrigation in this region (see
Fig. 3¢), causing high water stress and low crop yields. It is worth not-
ing, though, that there is little cultivation activity in this region. In the
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2000s, rapeseed had the largest consumptive water use (2678 m3 t~1)
among the crops considered, followed by soybean (2214 m3 t~1).

3.3. Blue water scarcity within the YRB

The annual blue WF of crop production in the YRB accounts for
73% of the long-term average total blue WF in the basin (including
the WF of the industrial and municipal sectors). Blue water scarcity in
the YRB during the period 1978-2009 was assessed by comparing the
total blue WF from agriculture, industry and households to the maxi-
mum sustainable blue WF. According to our estimate, the annual blue
WEF in the YRB as a whole accounted for 19-52% of the natural runoff,
with 31% as the multi-year average, which is higher than the maxi-
mum sustainable level (~20% of the natural runoff). Fig. 6 compares,
at an annual basis, the total blue WF and the blue WF of crop pro-
duction alone to the maximum sustainable blue WF and also shows
the annual precipitation at the YRB over the study period. The results
show that, at yearly scale, relatively large total blue WFs (resulting
from additional water demands in agriculture) occur in relatively dry
years, when the maximum sustainable blue WF is relatively small,
thus enlarging the blue water scarcity.

In order to assess the monthly variability of the blue water scarcity
in the YRB, Fig. 7 shows the monthly natural runoff, maximum sus-
tainable blue WF, and blue WF for 1978-2009. The peak of monthly
blue WF within a year is asynchronous with the flood season in the
basin. The blue WF generally peaks about two months earlier (May-
July) than the natural runoff (July-September), which was also ob-
served by [30]. Natural runoff is generally largest from June to Oc-
tober, following the rain season, while the blue WF is largest with
the crop growing period from March to July and decreases with
higher precipitation after July. As a long-term average, the basin ex-
periences moderate to severe blue water scarcity for seven months
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per year (January-July), of which on average five months severe
(generally March-July).

Fig. 8 zooms in on the monthly blue water scarcity in the YRB
for selected wet (2003), dry (2000, 2007) and average (2005) years
in the most recent decade of the study period. Monthly blue WF
generally peaks in May-]July, but the peak in the wet year is much
lower than in the average and dry years. Even in the wet year though,
the basin experienced moderate to severe blue water scarcity during
seven months per year. In the dry year of 2007, there were eleven
months in which the blue WF exceeded the maximum sustainable
level. Within the study period, the highest value of the monthly blue
water scarcity index was 20, observed in April 2000. Although wa-
ter use for irrigation is the main cause of high blue water scarcity in
the YRB, it incidentally happens that moderate to severe blue water
scarcity occurs outside the cropping season, in the period November-
February, due to the WF of industries and household.

The spatial distributions of monthly blue water scarcity in the YRB
in a dry year (2000) and a wet year (2003) are illustrated in Fig. 9 for
April (when blue WFs are growing while blue water availability is still
low) and July (when both water footprints and blue water availability
are high). The eastern part of the upper reach, the northern part of
the middle reach, and most of the lower reach suffer severe blue wa-
ter scarcity throughout the year. In both dry and wet years, about 90%
of the basin is likely to face severe blue water scarcity till the start of
the flooding season around June. During the last half of the year, the
part located in the Tibetan Plateau (western part of the upper reach)
has low blue water scarcity because of the absence of irrigation ac-
tivities and because most of the total basin runoff is generated here.
Due to the uneven distribution of the blue WF and available blue wa-
ter resources across the YRB, about half of the basin still experiences
severe blue water scarcity even in the flood season of the wet year
even though the blue water scarcity for the basin as a whole is low.
This shows the relevance of considering blue water scarcity at a finer
spatial scale than river basin level as is usually done.

3.4. Discussion

The current study has been able to assess the inter- and intra-
annual variation of the WF of crop production and the blue water
scarcity over a few decades at a high spatial resolution in the YRB.
Comparing the estimated blue and green WFs in total terms (in m3
y~1) (averaged for the period 1996-2005) with Mekonnen and Hoek-
stra [41] shows that the blue WF estimated in the current study
agrees better (by 3% lower) to the estimations by Mekonnen and
Hoekstra [41] than the green (by 33% lower) and total WF (26% lower).
The current total blue WF in the YRB is 4% higher than the assessment
by Cai and Rosegrant [8] (for the year 1995). Green-blue WFs per ton
of crop were compared with three studies on the YRB [9,41,80] as
shown in Fig. 10. Differences are mostly within the range of +30%,
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Fig. 5. . Spatial distribution of the decadal average green-blue water footprint (m> t~1) of cereal crops in the Yellow River Basin in the period 1961-1970 (left) and 2000-2009
(right). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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which has been reported as the uncertainty range for WF estimates
generated from input uncertainties [80]. Table 5 compares the green,
blue and grey WFs of crops in the YRB as estimated in the current
study with results from Mekonnen and Hoekstra [41] and Zhuo et al.
[80]. The models used and assumptions made in different studies may
enhance the level of differences among WF studies. For example, our
estimation on the green WF of rapeseed was more than two times
the value from Mekonnen and Hoekstra [41], because they calibrated
the crop yield at national level while in the current study the calibra-
tion was at provincial level, and the rapeseed productivity in the YRB
is lower than the national average level. Although we used the same
input climate data sources as Zhuo et al. [80], our estimates on the
consumptive WF per unit of crop are lower because of the different
assumptions on initial soil water content: Zhuo et al. [80] assumed
initial soil water content to be at its maximum, i.e. at soil water hold-
ing capacity, while in the current study we estimated initial soil wa-
ter content based on the soil history before planting. The grey WFs
of crops presented in the current study are substantially larger than
in Mekonnen and Hoekstra [41], which can be explained by the fact
that (i) we considered manure fertilizer in the grey WF estimation,
which was not considered in Mekonnen and Hoekstra [41] and (ii)
we used a stricter assumption on the difference between the maxi-
mum allowable and natural N concentration (Cmax — Cpat in Eq. 7), viz.
0.8 mg I-! in the current study versus 10 mg 1=! in Mekonnen and
Hoekstra [41].

The current study focused on the YRB, but the method used, com-
bining data from climate observations, hydrological models and na-
tional statistics, can be applied to other basins as well. Of course,
our study is based on a number of limitations. First of all, not all
crops were included, although the crops included were responsible
for 93% of total crop production in 2009. Also, the WF of forestry and
animal husbandry is not included in our simulations. Furthermore,
the effects of reservoirs and inter-basin water transfers (the South
to North Water Transfer Project) on the temporal and spatial pat-
terns of blue water availability were not considered in the current
assessment. Given the fact that blue water withdrawal from reser-
voirs or transfer projects can make up the blue water shortage in dry
months, the maximum sustainable blue WF may have been under-
estimated and the blue water scarcity over-estimated for some places
and months within the basin. However, the presented results on blue
water scarcity under natural background conditions, at high spatial
and temporal resolution, provide valuable information for improv-
ing blue water management (i.e. how to manage reservoirs and wa-
ter transfer projects to optimally relieve water scarcity). By focussing
on blue water scarcity, we excluded an assessment of green water
scarcity and the effect of grey WFs on resultant water pollution levels
throughout the basin.

Even though based on the most recent insights [52], the assumed
environmental flow requirement (80% of natural runoff) may seem
too strict and be the reason for the high water scarcity in the basin.
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We tested the sensitivity of our water scarcity result by computing
scarcity also when assuming an environmental flow requirement of
37% of natural runoff [8,58] or 55% of natural runoff [73]. We found
that although the number of months facing moderate to severe blue
water scarcity reduced from the current seven months (January-July)
to four months (March-June) with the lowest standard (37%), the spa-
tial distribution of blue water scarcity did not change much even in

the wettest month in a wet year, with more than half of the basin was
still under significant to severe blue water scarcity.

3.5. Conclusion

We assessed the inter-annual variation of WF of crops in the YRB
for 1961-2009 with a daily time step, as well as the blue water
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Table 5

Comparison between estimated green, blue and grey water footprint of crops in the Yellow River Basin in the current study and previous studies. Period: 1996-2005.

Green WF (m3 t~1)

Blue WF (m3 t~1)

Grey WF (m? t1)

Crop Current Mekonnen and Zhuo et al. [80] Current study Mekonnen and Zhuo et al. [80] Current study Mekonnen and
study Hoekstra [41] Hoekstra [41] Hoekstra [41]
Wheat 1241 702 1955 510 532 203 463 313
Rice 414 510 558 225 482 440 5164 215
Maize 542 745 816 195 13 294 7682 293
Sorghum 731 960 45 35 10771 13
Millet 1383 1568 89 30 4993 222
Barley 789 587 61 32 2245 143
Soybean 1626 2370 2130 482 459 163 11075 241
Potato 279 205 15 15 1002 102
Sweet potato 36 257 57 5 1265 64
Cotton 1205 1386 494 343 3366 601
Sugar beet 306 159 0 0 1578 97
Groundnut 1621 1347 296 108 1080 262
Sunflower 1096 2301 145 264 6106 467
Rapeseed 2832 1272 0 0 6617 532
Tomato 198 179 19 5 1631 106
Apple 563 745 72 23 645 286
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Fig. 10. Comparison of estimated water footprints (WF) of crops with results from
previous studies. Each data point refers to the WF of a crop. Period: 1996-2005 for
Mekonnen and Hoekstra [41] and Zhuo et al. [80], and 2000-2009 for Cai et al. [9].

scarcity for the period 1978-2009 at monthly basis. The total blue WF
of crop production, contributing 25% to the total green-blue WF as a
long-term average, increased by 37% from the 1960s till the 2000s,
while the green WF grew by 14%. The N- and P-related grey WFs
increased by factors of 24 and 36, respectively, along with the in-
creased use of fertilizers. Blue WFs of crop production were larger
in years with lower water availability. The increase of the basin’s to-
tal blue WF in the study period mainly happened in the upper reach,
and the share of the upper reach in the basin’s total blue WF exceeds
the share of the lower reach since 1998. Green and blue WFs of crops
per ton reduced significantly (with a factor four for cereal crops) due
to improved yields, but the benefits of increased water productivity
were completely offset by the five-fold increase in crop production.
Related to the expansion of the irrigated area, the proportion of the
blue WF in the total green-blue WF increased. Grey WFs per hectare
grew quicker than yields, with the net effect that grey WFs per ton of
crop increased.

The analysis of blue water scarcity in the YRB showed that the
assessment of water scarcity gives more insight when carried out at
high spatial resolution level and monthly basis than when done at
basin scale and annual basis. But even at basin scale, the annual to-
tal blue WF was 19 to 52% of annual natural runoff, and 31% as a
long-term average. The annual figures, however, hide the fact that
the period with relatively large blue WF (March-July) does not co-
incide with the period with largest runoff (June-October). On aver-
age, the basin faces moderate to severe blue water scarcity during
seven months of the year (January-July), of which five months severe

(generally March-July). The detailed spatial analysis reveals that the
eastern part of the upper reach, the northern part of the middle
reach, and most of the lower reach suffer severe blue water scarcity
throughout the year. Even in the wettest month in a wet year, about
half of the area of the YRB still suffered severe blue water scarcity,
especially in the basin’s northern part.

Despite the severe water scarcity in the YRB, the Chinese govern-
ment plans to expand the irrigated cropland area by 12% of the cur-
rent till the year of 2030 [ 76]. Therefore the basin is bound to continue
facing severe water scarcity in the years to come. Further improve-
ments in crop water productivity will be necessary to prevent ag-
gravation of the water scarcity problem. Water productivities can be
improved through increasing yields, reducing non-beneficial evapo-
transpiration and enhancing effective use of rainfall [42]. Other op-
tions include optimizing crop planting dates and choosing crops and
varieties that yield more nutritional value per drop of water. Reduc-
ing fertilizer use through precision farming will be key in reducing
water pollution. In addition, increasing crop imports instead of pro-
ducing locally within the YRB during dry years will also help saving
water [12,36].
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