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Summary

The longterm sustainability of humanOs water consumption is being challenged by climate change, population
growth, socieeconomic development and intensified competition finite water resources among diféat
sectors.Previous studies into the relation between human consumption and indirect water resources use have
unveiled the remote connections in virtual water (VW) trade networks, which show how communities
externalize their water footprint (WF) to pkx far beyond their own region, but little has been done to
understand variability in timewith a focus on crop production, consumption and trade of China, this study
quantifies the inteannual variability and developments in consumptive (green andWEs)and VW tradén

China over the period 1972008 (Part 1) and assessesonsumptive WFs and VW trade of China under
alternative scenarios for 2030 and 2@P@art 2) We consider five driving factors of change: climate, harvested
crop area, technologyjed, and population. Evapotranspiration, crop yields and WFs of crops are estimated at a
51'5 areminute resolution for 22 cropBour future scenarios (8%4) are constructed by making use of three of
IPCC's shared socieconomic pathways (SSE8SP3) and wo of IPCC's representative concentration
pathways (RCP 2.6 and RCP 8.5) and taking 2005 as the baseline year.

Results show thatover the period 1978008, crop yield improvements helped to reduce the national average
WF of crop consumption per capita 8%, with a decreasing contribution to the total from cereals and
increasing contribution from oil crops. The total consumptive WFs of national crop consumption and crop
production, however, grew by 6% and 7%, respectively. Historically, the net VW v@thiima was from the
waterrich South to the watescarce North, but intensifying Nortb-South crop trade reversed the net VW flow
since 2000, which amounted 6% of NorthOs WF of crop production in 2008. ChinaOs domestigoinder

VW flows went dominatly from areas with a relatively large to areas with a relatively small blue WF per unit
of crop, which in 2008 resulted in a traddated blue water loss of 7% of the national total blue WF of crop
production.By 2008, 28% of total water consumption o fields in China served the production of crops for
export to other regions and, on average, 35% of theralaped WF of a Chinese consumer was outside its own
province. Across the foufuture scenarios and for most crops, the green and blue WFsmee will decrease
compared to the baseline year, due to the projected crop yield increase, which is driven by the higher
precipitation and C@concentration under the two RCPs and the foreseen uptake of better technology. The WF
per capita related to foazbnsumption decreases in all scenarios. Changing to thenkstsdiet can generate a
reduction in the WF of food consumption of 44% by 2056.a result of the projected increase in crop yields
and thus overall growth in crop production, China will reeeits role from net VW importer to net VW
exporter. However, China will remain a big net VW importer related to soybean, which accounts for 5% of the
WF of Chinese food consumption (in S1) by 2050.

The past of China shows that domestic trade, as govésnedonomics and governmental policies rather than

by regional differences in water endowments, determines-rieggonal water dependencies and may worsen
rather than relieve the water scarcity in a couniy.future scenarios show that China couldaatta high

degree of food sebufficiency while simultaneously reducing water consumption in agriculture. However, the
premise of realizing the presented scenarios is smart water and cropland management, effective and coherent

policies on water, agriculte and infrastructure, and, as in scenario S1, a shift to a diet containing less meat.






Part 1. Water footprint s and inter -regional virtual water flows in China over 1978  -2008"

1. Introduction

Since the beginning of this millennium the body of scienliferature on water footpriWWF) and virtual water

(VW) trade assessment is expanding exponentially, as withessed by the number of papers published on the topic
in Web of ScienceTheWF, as a multdimensional measure of freshwater used both direntlyirdirectly by a

producer or a consumer, enables to analyse the link between human consumption and the appropriation of water
to produce the mducts consumed (Hoekstra, 201BheconsumptiveVF of producing a crop includesgreen

and blue componenteferring to onsumption of rainfaland irrigation water respectively, thus enabling the
broadening of perspective on water resources as proposefalkgnmark and RockstrSm2@04. The
consumptive WF is distinguished from the degradative WF, ttealbedgrey WF, which representse volume

of water requiredo assimilatepollutants enteringreshwater bodiesThe WF ofhumanconsumption whin a

certain geographic areansists of an internal Wieferringto the WF within thareaitself for making prodicts

that are consumed within the area, and an externalr#¥érringto the WF in other areas for making products
imported by and consumed within the geograangaconsidered (Hoekstra et al., 201Thus,tradein water

intensive commodities like crop®sults into saalled VW flows between exporting and importing regions
(Hoekstra, 2003)Crop trade saves water resources for an administrative region if it importsintatesive

crops instead of producing them domestically (Chapagain et al., 2006).

WF and VW trade studies have been carried out for geographies at different scales, from the city (Zhang et al.,
2011) to the globe (Hoekstra and Mekonnen, 2012). Despite the vast body of literature, little attention has been
paid to the annual variabilityna longterm changes of WFs and VW flows as a result of climate variahitidy

structural changes in the economy. Most work thus far focussed on employing different models and techniques
to assess WFs and VW flows, considering a specific year or shaot pefryears. The effects of lofigrm

changes in spatial patterns of production, consumption, trade and climate on WFs and VW flows have hardly
been studied. This is paramount, though, for understanding how human pressure on water resources develops

overtime and how changing trade patterns influence iregional water dependencies.

The objective ofPart 1of this reportis to quantify the effect of inteannual variability of consumption,
production, trade and climate on crogdated green and blu&/Fs and inter-regional VW trade, using China
over the period 1978008 as a case studyirst, weassess the historical development of the green and blue
WFs related to cromonsumptionin China, per province. Second, we estimate, accounting for the climate
variability within the period considerethe green and blugVFsrelated to croproduction at a 35 areminute
resolution year by year,crop by crop Third, we quantifythe annual interegional VW flows based on
provincial crop trade balancesrfeach cop. Finally, we estimate national water savings as a result of

international and interegional crop tradé/Ne considertwenty-two primarycrops (Table 3), hich coveed 83%

" This part of the repois based onzZhuo, L., Melonnen, M.M. and Hoekstra, A.Y. (2016) The effect of ieenual
variability of consumption, production, trade and climate on-cetgted green and blue water footprints and inegional
virtual water trade: A study for China (192808), Water ResearcB4: 7385.
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of national crop harvested area in 200B@C, 2013) and 97% and 78% of the totdlie and green WF of
Chinese crop production in the period 19885, respectivg (Mekonnen and Hoekstra, 2011). In this study

we exclude the grey WF of crops because of our focus ondnteral variability and the fact thaanability in
climate playsa role particularly in estimating green and blue WFs, not in estimating greyW~fcus on the
direct green and blue WF of crop growing in the field, thus excluding the indirect WF of other inputs into crop
production, like the WF of machineries and ggyeused. The study area isaMland China, which consists of

31 provinces and can be grouped into eight regibits ).
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Figure 1. Provinces and regions of Mainland China.

China is facing severe water scarcity (Jiang, 2A8L5. Since the economiecforms in 1978, the Chinese
people consume increasing levels of oil crops, sugar crops, vegetables and fruits (Liu and Savenije, 2008).
Chinesecrop consumption per capita rose by a factor 2.1 over the period2D®83(FAO, 2014) while
ChinaOs populatiagrew from 0.96 to 1.31 billion (NBC, 2013). In order to meet the increasing food demand,
ChinaOs crop production grew by a factorfth® 1978to 2008 (FAO, 2014), witkan increase obnly 4% in

total harvested aredut a31% growth inirrigated areaThe expansion of the irrigated area occurred mainly
(77%) in the watescarce North, which now has 51%tb€ national arable land, but only 19% of the national
blue water resources (Wu et al., 2010; Zhang et al., 2009). Agriculture is the biggest water Gkina,
responsible for 63% of national total blue water withdrawals (MWR, 2014) and 88% of the total WF within
China (Hoekstra and Mekonnen, 2012urrently, the Yellow River basin in theokth suffers moderate to
severe blue water scarcityring seven monthsf the year mostly driven by agricultural wateise (Zhuo et al.,
2016&). The Yongding He Basin in northern Chjreadensely populated basin serving water to Beijing, faces
severe water scarcity all year loffijoekstra et al., 2012). It is éstated that abou64% of ChinaOs it
population, mainly from the dlth, regularly facesevere blue water scésc (Mekonnen and Hoekstra, 2016

The competition between different sectors over water resources has become severe (Zhu et alhi2b18%
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led to the adoption athe No. 1 Document by the State Council of China (SCPRC, 2ah@puning a four
trillion CNY (~US$600 billion) invesnentover ten years to guarantee water supplies through the improvement
of water supplyinfrastructure This includes the construction of new reservoirs, drilling of wells, and
implementation of intebasin water transfer projects (Gong et al., 2011; Yu, 2GEljyvell agargets to increase
water productivity.

Today, China is the country with the largest WF esdaib crop consumption and the second largestéléted

to crop producthn (Hoekstra and Mekonnen, 2012). Furthermore, China has substantive VW import through
crop imports Dalin et al., 2011 At presenthet VW trade through cropradeis from the drierNorth to the
wetter South (Ma et al., 2006; Cao et aD11). In 2005,ChinaOs domestic food tra@sulted innationalnet

water savingoverall buta netlossof blue water (Dalin et al., 2014), as a result of differences in WF of crops

(m®t*) amongtradingprovinces Klekonnen and Hoekstra, 2011

There have beequite a number of previous studies on the WFChinesecrop consumption (Hoekstra and
Chapagain, 20972008 Liu and Savenije, 2008; Mekonnen and Hoekstra, 2011; Ge et al. 2011; Hoekistra an
Mekonnen, 2012; Cao et al., 2015), the WRChinesecrop production (Hoekstra and Chapagain, 2008

Siebert and DSII, 2010; Liu and Yang, 2010; Fader et al., 2010; Mekonnen and Hoekstra, 2011; Ge et al. 2011,
Cao et al., 2014a,b), ddhinaOs inteational VW imports and exportassociated with crop traqeloekstra and

Hung, 2005; Hoekstra and Chapagain, 20008 Liu et al., 2007; Fader et al., 2011; Hoekstra and Mekonnen,
2012; Dalin et al., 203Zhen and Chen, 2018hi et al., 2014and on VWflows within China (Ma et al., 2006;

Guan and Hubacek, 2007; Wu et al., 2010; Cao et al., 2011; Han and Sun, 2013; Sun et al., 2013; Dalin et al.,
2014; Feng et al., 2014; Wang et al., 2014; Zhang and Anadon, 2had;and Chen, 2014; Fang and Chen,
2015; Jiang et al., 2015; Zhao et al., 201Bgspite all those studies, analysesniér-annual variabilityand
long-term changesn spatial WF and VW trade patterns are rare, not only in studies for China but in general.
While in anothempaper Zhuo et al.,2016a)we show the inteannual variations in WFs afrop productionas

well as interannual variation of blue water scarcity (with a focus on the Yellow River basin), in the current
study we also consider intannual variability in WFs ofcrop consumptia and in intefregional and
international VW trade (for China as a whole).






2. Method and data

2.1. Estimating water footprint related to crop consumption

The annual green and blue W6f crop consumptionin m®y™) were estimated per croper yearat provincial level

based on the bottomp approach (Hoekstra et al., 2011). The WF related to consumption of a ctgp) (mas
calculatedper yearby multiplying the provincial crop consumption volumey® with the WF of the crop for the
province (nit"). Crop consumption volumes per capita were obtained fromStneply and Utilization Accounts
expressed ircrops primary equivalent of FAO (2014)We assumed consumption per capita data the same for all
provinces. For edible crops, we took the sum of GieodO and Ofood manufacturedO columns and added an amount
representing seed and waste. Regarding the latter amount, we took a part of the utilization for seed and waste basec
the utilization of crops for food and food manufactured relative to theaitdn of crops for feed. For cotton and tobacco,

we took the Oother useO column as consumed quantities. The WF of crops per province were calculated as:

Pprov[p]! WFpI’Od,pI’O\I p] +" (l L ﬂ 'WF proc{e ﬂ’)
Pprov[p]+" IJ q

D

WFprov[ p] =

in which Ryofp] (t y'Y) representshe production quantity of crop, Ifp] (t y) the impated quantity of crop from
exporting placee (other regions in China or other countries), Wpolpl] (m*t™h) the specific WF of crop production in
the province, and Wkq dp] (m*t™h) the WF of the crop as produced in exporting pkackn exampleof WF estimation

related to crop consumption is provided for wheat in the year 2006 in Appendix 1.

2.2. Estimating water footprint of crop production

The green and blue WFs of crppoductionwere estimated year by year dtSbarc minuteresolution The green and

blue WF (in nit™) of a crop within a grid cell is calculated as the actual green and blue evapotranspiratioRH&Y, m

over the growing period divided by the crop yield (Y, th&T and Y were simulated per crop per grid per year &t dai
basis using the pluim version of FAOOs crop water productivity model AquaCrop version 4.0 (Steduto et al, 2009; Reas
et al., 2009; Hsiao et al., 2009). The separation of green and blue ET was carried out by tracking the daily green and bl
soil waterbalances based on the contribution of rainfall and irrigation, respegtfettywing Chukalla et al. (2015) and

Zhuo et al. (2016a).

2.3. Estimating inter-regional virtual water flows

Inter-regional VW flows (my™) related to crop trade were calated per yearby multiplying the interregional crop
trade flows (t ¥/) with the WF of the crop (f™) in the exporting regiorSinceinter-regionalcroptrade statistics are not

available, we took the following steps:

1) The provincial crop trade balamor net import of a crop (t)y was estimated as the total provincial crop utilization
minus the provincial crop productiofihe national use of a crop for direct and manufactured food as given by FAO

(2014) was distributed over the provinces based owipcial populations. The national use of a crop for feed was
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distributed over provinces proportional to the national livestock units (LU) per province. LU is a reference unit
which facilitates the aggregation of different livestock types to a commonuimithe use of a Olivestock unit
coefficient® obtained by converting the livestock body weight into the metabolic weight by an exchange ratio (FAC
2005). We used the livestock unit coefficients for East Asia from Chilonda and Otte (2006): 0.65 fpOdaftie

sheep and goats, 0.25 for pigs, 0.5 for asses, 0.65 for horses, 0.6 for mules, 0.8 for camels, and 0.01 for chicke
Finally, we downscale national variations in crop stock to provincial level by assuming provincial stock variations
proportionatto the provincial share in national production.

We assume that international crop imports and exports relate to the provinces with deficit and surplus of the croj
respectively (following Ma et al., 26). Further we assume that crdpficit provinces pmarily receive from crop
surplus provinces within the same region and subsequBitlinsufficient surplus within the region itse from

other cropsurplus regions.

A crop-deficit region is assumed to import the crop preferentially from thesmopus region which has the highest
agricultural export values to the crdeficit region, according to the muhggional inputoutput tables of the
agricultural sector for the years 1997 (SIC, 2005), 2002 and 2007 (Zhang and Qi, 2011). How source rggyons sup
deficit regions is determined in a few subsequent rounds. The source regions per region per allocation round a
listed in Table 1.We assume that in each round the crop source regions supply crops to the deficit regions

proportionally to their deficit

Table 1. Crop source regions per region for Mainland China.

Crop source regions per allocation round

Region* Provinces
1 2 3 4 5 6 7
R1 Northeast (N) Heilongjiang, Jilin, Liaoning R3 R7 R6 R8 R5 R4 R2
R2  Jing-Jin (N) Beijing, Tianjin R3 R7 R1 R6 R8 R5 R4
R3  North Coast (N) Hebei, Shandong R7 R1 R6 R8 R2 R5 R4
R4  East Coast (S) Jiangsu, Shanghai, Zhejiang R6 R7 R3 RI1 R8 R5 R2
R5  South Coast (S) Fujian, Guangdong, Hainan R6 R8 R7 R3 RI1 R4 R2
Shanxi (N), Henan (N), Anhui (N), Hubei
R6  Central (S), Hunan (S), Jiangxi (S) R3 R7 R1 R8 R5 R4 R2
R7 Northwest(N) mner Mongolia, Shaanxi, Ningxia, R6 R3 R8 R1 R5 R4 R2
Gansu, Qinghai, Xinjiang
R8 Southwest(s)  Sichuan, Chongging, Guangxi, Yunnan, o7 gy Rg R3 R5 R4 R2

Guizhou, Tibet

* N = North China; S = South China.

The total croprelated net VW import (ffy™) of a province is equal to the international net VW import plus the-inter

regional net VW import of the province. The WFs* (i) of crops imported from abroad were obtained from Mekonnen

and
VW

Hoekstra (2011)assuming constant green and bW&s of importedcrops per sourcecountry. The provincial net

export related to a certain crop export is calculated by multiplying the net crop export volumev{thythe WF

(m3t?) of the crop in tk province.
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2.4. Quantifying water savings through crop trade

Water saving through crop tradevere estimated using the method of Chapagain et al. (2006).international crop
traderelated water saving of a province3(yit) was calculated by multipiiyg the net international import volume of the
province (t ¥') by the WF per tonne of the crop in the provincé {f). The intefregionalcrop traderelated water
saving was estimatesimilarly, by multiplying the net interegional import volume of thprovince (y™) with the WF

per tonne of the crop in the province3@). If a specific crop is imported and not grown in the province itself at all, the
national average WF per tonne of the crop was uSedrall traderelated water savings follow fno the difference in the

WEF of a crop in the importing and exporting province (Hoekstra et al., 20i¢n calculated tradeslated water
savings are negative, we talk about traelated Owater lossesO, which refer to cases whereby crops are traded from

region with relatively low water productivity to a region with relatively high water productivity.
2.5. Data

The GIS polygon forChinese provincewas obtained from NASMG(2010). Provincial populationstatistics over the

study periodand numbers of thdifferent livestock types were obtained from NBSC (20%#8)d dita onChinaOs
international trade per crop (in tyfrom FAO (2014) Data onmonthly precipitation, reference evapotranspiratod
temperature at 3B0 arc minute resolutiomvere take from Harris et al.(2014). Figure 2 shows the nterannual
variation of national averag@recipitation and reference evapotranspirationgfEaEross China over the period 1978
2008 Data on irrigated and raifed areas for each crop &t%arcminute resolutbn were takerfrom Portmann et al.
(2010). For crops not available this source we usedMonfredaet al. (2008). Harvested areas and yields for each crop
were scaled per year to fit the annual agriculture statistics at province level obtained from 20BS)CHor crops not
reported in NBSC (2013), we used FA@014). Soil texture data were obtained from Dijkshoorn e{28108). For
hydraulic characteristics for each type of soil, the indicative values provided by AquaCrop were used. Data on total so

water capacity were obtained from Bat{2612).Details on datasets used can be foum@able 2.

Inter-annual variation of precipitation & ET,in China (1978-2008)
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Figure 2. Inter-annual variation of national average precipitation and reference evapotranspiration (ETo) across China over
the period 1978-2008. Data source: Harris et al. (2014).
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Table 2. Overview of data sources.

Data type

Spatial resolution

Source(s)

GIS database of administrations

Annual population statistics

Statistics on annual total production and total
harvested area of each crop

Statistics on crop trade

Monthly climate data on precipitation and ETo
Irrigated and rain-fed area of each crop

Soil texture

Total soil water capacity

Provincial

Provincial

Provincial/national

International

30! 30 arc minute
5! 5 arc minute
1:1,000,000

5! 5 arc minute

NASMG (2010)
NBSC (2013)

NBSC (2013) / FAO (2014)

FAO (2014)

Harris et al., 2014

Portmann et al., 2010) / Monfreda et al. (2008)
Dijkshoorn et al. (2008)

Batjes (2012)
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3. Results
3.1. Water footprint of crop consumption

Over the study period 1978008, Chinese annual per capita consumption of the 22 considered crops has grown by a
factor 1.4, from 391 to 559 kg capThe national average WF per capita related to crop consumption reduced by 23%,
from 625 nicap’ (149 nfcap'blue WF) in 1978 to 48m*cap” (94 nt cap’blue WF) in 2008 Fig. 3), which was

mainly due to the decline in the WF per tonne of crops (Table 3). The decline in the WF per tonne of crop resulted fror
improved crop yields within China as well as the expanded internationaktimparops from other countries with
relatively small WF. The share of the WF related to the consumption of oil crops (soybean, groundnuts, sunflower an
rapeseed) in the total consumptive WF per capita grew from 8% in 1978 to 21% in 2008 (Fsga 3sut of the
increased proportion of oil crops in Chinese consumption.

Water footprint related to crop consumption per capita in China
700 A

7 Green WF zBlue WF

600 -
500 -
400 -
300

200 4

1978 1983 1988 1993 1998 2003 2008

Water footprint (m®/ cap / y)

Water footprint of crop consumption per capita in China
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Figure 3. National average water footprint per capita (m3 cap'1 y'l) related to crop consumption in China, specified by water
footprint colour (upper graph) and by crop group (lower graph). Period: 1978-2008. The figures represent crop
consumption for food, thus excluding crop consumption for feed.

Due to differences in the WF (in®t1) of the consumed crops in the different provinces, there were differences among
provinces in tens of WFs per capita, ranging from 367 to 60%ap’y™ for the total consumptive WF and from 29 to
228 ntcap’y™ for the blue WF in the year 2008. Fourtgemovinces, mostly located in Southwest, Northeast, North
Coast and East Coast, have a WFgagita below the national average (Fig. 4). Three provinces with the largest WF
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per capita related to crop consumption in 2008 were Ningxia (6Ddapt y?), Guangxi (587 rhcap® y?) and
Guangdong (586 ftap'y™). Chongqing had the smallest WErpcapita (367 ficap’y™). Provinces with a blue WF

per capita smaller than the national average are mostly located in Southwest, Northeast and East Coast. The th
provinces with the largest blue WF per capita in 2008 are all located in theseibrthwest: Inner Mongolia (228
cap'y™), Xinjiang (214 nmicap*y™) and Ningxia (213 ricap'y™). Anhui had the smallest blue WF per capita (29 m

cap'y™).

Although the total consumption of the 22 considered crops doubled between 1978 andi2088% of population

growth in China, the national WF related to crop consumption increased only by 6%, from 599 to 632 BjllfgRig

5), thanks to the decline in the WF of crops’ (). The share of North China in the total national consuraptiF of

crop consumption decreased from 48 to 44% over the study period, amongst other driven by the slightly faster populatic
growth in the South. At provincial level, Shanghai had the largest increase in the WF of crop consumption, a 2.3 time
increaseover the study period (from 4.6 to 10.5 billioriyif), followed by Beijing with a 2.0 times increase (from 4.4 to

8.6 billion nty™). This was mainly driven by the doubling of the population in these two megacities (from 11.0 to 21.4

million in Shanghaand from 8.7 to 17.7 million in Beijing).

2008

st

Blue water footprint per capita

Water footprint per capita
[m3/caply]

[m3/caply] o\ .

[~ 1367 - 481 (national average) 29 - 107 (national average)
1481 - 586 . 107 - 213

N 586 - 604 . 213 - 228

Figure 4. ChinaOs pruincial average total and blue water footprints per capita (m3 cap'1 y'l) related to crop consumption in

2008. The figures refer to crop consumption for food, thus excluding crop consumption for feed.

WEF of crop consumptionin China North v.s. South China
700 | mGreen WF mBlue WF 100%
o 600 80%
£ 500 0
S 400 60%
=300 40%
= 200
20%
100
0 0%
1978 1983 1988 1993 1998 2003 2008 1978 1983 1988 1993 1998 2003 2008

Figure 5. Consumptive water footprints (WFs) of crop consumption in China (left), and the relative contributions of North
and South China to the total (right). The figures refer to crop consumption for food, thus excluding crop consumption for feed.
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Table 3. National average water footprint of crops consumed in China for the years 1978 and 2008.

1978 2008

Green WF Blue WF Total WF Green WF Blue WF Total WF

m3t’ m3t’ m3t” m3t’ m3t’ m3t’

Wheat 2080 817 2897 839 312 1151
Maize 1412 121 1534 754 66 819
Rice 1486 615 2101 961 384 1345
Sorghum 1080 88 1168 714 45 759
Barley 839 558 1397 832 198 1030
Millet 2042 184 2225 1811 133 1945
Potatoes 264 7 271 189 7 196
Sweet potatoes 74 40 114 67 21 88
Soybean 3718 677 4395 2024 110 2134
Groundnuts 3165 395 3560 1345 191 1536
Sunflower seed 2177 289 2466 1087 184 1270
Rapeseed 4292 0 4292 1736 0 1736
Seed cotton 5093 539 5632 1278 503 1781
Sugar cane 208 3 211 120 1 121
Sugar beet 372 0 372 66 0 66
Spinach 100 8 107 79 4 83
Tomatoes 126 3 129 68 2 70
Cabbages 181 15 196 130 7 137
Apples 1367 157 1524 314 39 353
Grapes 1011 304 1314 316 104 421
Tea 33518 226 33744 8517 144 8662
Tobacco 2381 84 2465 1633 13 1646

National averages are calculated weighing the water footprints of domestically produced and imported crops.

3.2. Water footprint of crop production

The total green plus blue WF in China of producing the 22 crops considered increased over the pef2603.8y8 %,

from 682 billion nTy™ (23% of blue) to 78 billion m*y™ (19% of blue)(Fig. 6), while total production of those crops
grew by a factor 2.2. The relatively modest growth of the WF can be attributed to a significant decrease in the WFs pi
tonne of crop, which in turn result from an increaserwps yield. The national average WF of cereals (wheat, rice,
maize, sorghum, millet, and barley), for example, decreased by 46%, from 203@#0 n?t™ blue WF) to 1146 it

(249 nit! blue WF), due to an almost twold increase in cereal yieldrém 2.9 to 5.6 t hd) (Fig. 7). These findings
correspond to longerm decreases in WFs per tonne found in a case study for the Yellow River basin by Zhuo et al.
(20164a). Interannual climatic variability contributed to the fluctuations in consumptives \(ff t) over the years.

When comparing the fluctuations in the average green and blue WFs of a cereal crop in China over the pe2iiB1978
(as shown in Fig. 7o the variations in annual precipitation andy©&Ver the same period (Fig. 2), we firithtthe blue

WEF inversely relates to precipitation, and that the green and total consumptive WFs show a weak positive relgtion to ET
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In years with relatively large precipitation, the ratio of blue to total consumptive WF is generally smaller, a fiatling t

could be expected because irrigation requirements will generally be less.

The total harvested area of the considered crops increased by 16% in the North and decreased by 13% in the South.
harvested area and the total consumptive WF of crop piodudécreased in the provinces that have relatively high
urbanization levels (Beijing, Tianjin, Shanghai, Chongging, Zhejiang, Fujian, Hubei, and Guangdong) and are mosth
located in the waterich South. The most significant drop in the total consumpiitie of crop production (a 65%
decrease) was in Shanghai and Zhejiang, with halved harvested areas. At the same time, the other provinces mo:
located in the watescarce North, experienced increases in the total consumptive WF of crop production. The most
significant increase (fivefold) in the total consumptive WF was observed in Inner Mongolia, which is located inthe semi
arid Northwest, where the harvested area expanded by a factor 3.5 and the irrigated area by a factor 2. The contribut
of the waterscarce North to the WF of national crop production increased from 43% in 1978 to 51% in 2008 as a resul

of increasing cropping area in the North compared to the South and increased irrigation in the North (Fig. 6).

WEF of crop productionin China North v.s. South China
800 100%
mGreen WF mBlue WF
=~ 80%
05- 600
= 60%
[}
= 400
< 40%
2
200 20%
0 0%

1978 1983 1988 1993 1998 2003 2008 1978 1983 1988 1993 1998 2003 2008

Figure 6. Consumptive water footprints (WFs) of crop production in China, and the relative contributions of North and

South China.

Water footprint per tonne of a cereal crop in China
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Figure 7. Green and blue WF of cereals (m3 t-1) and cereal yield (t ha-1) in China.
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Figure 8 showshe spatial distribution of the total consumptive WF (imy) of crop production, as well as the share of
blue in the total, averaged over the period 12008. Large total consumptive WFs correlate with large overall
harvested areas and/or the production of relatively watensive crops, while a large shaof blue WF in the total
reflects the presence of intensive irrigated agriculture. In the-aedhNorthwest and North Coast, blue WF shares
exceed 40%, with Xinjiang having the highest share (54%), followed by Hebei (43%) and Ningxia (35%).

Cereals (wkat, maize, rice, sorghum, millet and barley) accounted for 74% of the overall consumptive WF of the 22 crop:
considered, 87% of the blue WF, and 71% of the green WF. More than half of the total blue WF within China was from rict
fields (51%), followed byvheat (28%). Rice (32%) and wheat (20%) together also shared half of the total green WF.
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Figure 8. Spatial distribution of consumptive water footprints (WFs) (mm y'l) of crop production (left) and the share of the
blue WF in the total (right) in China.

3.3. Crop-related inter-regional virtual water flows in China

ChinaOs annual net VW import from abroad nearly tripled over the perio2@988&from 34 to 95 billion fy™). The
external WF related to crop consumption in China as a whole was 6% otahat1978 and 13%n 2008. The inter
regional VW flows within China were larger than the countryOs international VW flow. The sum of ChinaOs inter
regional VW flows was relatively constant over the period 18380 (with an average of 187 billior®*"), and rose to

a bit higher level during the period 206@008 (average 207 billion Y§™*) (Fig. 9). With a total consumptive WF of
Chinese crop production in 2008 of 730 billioiyit and a total gross inteegional VW trade of 207 billion fy™, we

find that 28% of total water consumption in crop fields in China serves the production of crops for export to other region
When we consider blue water consumption specifically, we find the same value of 28%. Further we find that, on averag
in 2008, 35% bthe croprelated WF of a Chinese consumer is outside its own province. For some provinces we find
much larger external WFs in 2008: 92% for Tibet (83% in other provinces, 10% abroad), 88% for Beijing (68% in other
provinces, 20% abroad) and 86% for SHaig66% in other provinces, 20% abroad).

The estimated interegional trade of the crops considered increased by a factor 2.3 over the study period, but the sum ¢
inter-regional VW trade flows increased only modestly due to the general decline in WEnperof crops traded.
Trade in rice is responsible for the largest component in theriegésnal VW trade flows, although its importance is

declining: ricetrade related interegional VW flows contributed 48% to the total integional VW flows in Cma in
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1978, but 30% in 2008. More and more rice was transferred from the Central region, which has a relatively large WF p¢
tonne of rice, to deficit regions. Rice production in Central accounted for 38% of total national rice production in 1978
and 44%in 2008. The South Coast became a net rice importer since 2005 due to its increased rice consumption (11%
national rice consumption in 2008) and reduced rice production (from 15% of national rice production in 1978 to 9% ir
2008). Wheat and maizerelated interregional VW flows increased over the period 120808 by 62% and 60%,
respectively, due to the estimated increased-iatgional trade volumes of the two staple crops (from 9 to 36 millidrfary

wheat, and from 17 to 51 million t'yfor maiz), driven by North ChinaOs increased share in national crop production but

decreased share in national crop consumption.

Inter-regional vs. International crop-related virtual water flows of China
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Figure 9. ChinaOs interegional and international virtual water flows.

Historically, VW flows within China went from South to Nbrtbut over time the size of this flow declined and since the
year 2000 the VW flowbrelated to the 22 crops studied h&rgoes from North to SouttFig. 10). In 2008, the North
to-South VW flow is related to twelve of the twerttyo considered crops (wlt, maize, sorghum, millet, barley,
soybean, cotton, sugar beet, groundnuts, sunflower seed, apples and grapes). Still, other crops, most prominently rice,
from South to North. The main driving factor of the reversed VW flow is the faster increasadatiion in the North

and the faster increase of consumption in the South. By 2008, theetatgd net VW flow from North to South has
reached 27 billion ffy™, equal to 7% of the total consumptive WF of crop production in the North.

Fig. 11 presentshe net VW trade balances of all provinces for the years 1978 and 2008afarWotrade as well as for

blue and green VW trade separately, with positive balances reflecting net VW import and negative balances indicatin
net VW export. The figure also aWs total, blue and green net VW flows between North and South and the international
net VW flows towards the North and South. International net VW imports to both North and South increased. With
regard to blue water, China was a net VW exporter to othartdes in the 1978, which was mainly from the South and
mostly related to rice exports. With the increased crop consumption of the Chinese population, China as a whole becai

a net blue VW importer in 1990 and remained since.

Over the whole study peripave find a blue VW flow from South to North. It is the green VW flow, and with that the

total VW flow, that reversed direction in the study period. This is the first study that shows this, because previous studie
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didnOt distinguish between the greentsind components in the VW flow between North and South. The reason for the

continued blue VW flow from South to North is the continued trade of rice in this direction.

The provinces Zhejiang, Guangdong and Fujian, all located in the South, have change@tfi’dW exporters to net

VW importers, in the years 1999, 1987 and 1981, respectively. By 2008, Guangdong was the largest net VW importin
province (36 billion My™), followed by Sichuan (18 billion fiy™®) and Zhejiang (15 billion fiy™). In the mearime, the
provinces Henan and Shandong in the North became net VW exporters, in 1993 and 1983, respectively. In 2008, ti
three largest cropelated net VW exporters were Heilongjiang (21 billiohy), Jiangxi (12 billion my™) and Anhui

(10 billion my™).

The interregional VW network related to crop trade has changed significantly over thepstidg (Fig. 12). The Jing

Jin, Northwest, and Southwest regions werdigle net VW importers. The net VW import of Jidm, where Beijing is
located, fom other regions has more than doubled, from 4.5 to 9.7 billfyitnwhich can be explained by the 84%
growth of its population. Central was net VW exporter over the whole study period, with a net VW export increasing
from 28 to 52 billion My™. EastCoast and South Coast have changed from net VW exporter in 1978 to net VW importer
in 2008, while North Coast reversed in the other direction. The direction of the net VW flow from South Coast to
Northeast has been reversed during the study period dueeteersed direction of rice trade between the two regions.

While Northeast shifted from a net importer of rice to a net exporter, the reverse happened in South Coast.

Crop-related net virtual water flow from North to South China
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Figure 10. Net virtual water transfer from North to South China resulting from inter-regional crop trade.

3.4. National water saving related to international and inter-regional crop trade

As shownin Fig. 13, ChinaOmtal national water saving as a result of international crop trade highly fluctuated,
amounting to 41 billion rffy™ (6% of total national WF of crop production) in 1978 and 108 billioty(15% of total
national WF of crop production) in 2008. From 1981 onwards, -meigional crop trade in China started to save
increasing amounts of water for the country in total, igarto 121 billion my™ (17% of the total national WF of crop
productionpy 2008. Interregional crop trade in China did not lead to an overall saving of blue water; instead, the trade
pattern increased the blue WF in China as a whole, due to thth&éadtlue WFs per tonne of crop in the exporting
regions were often larger than in the importing regions. The blue water loss resulting freregiteal trade was 20
billion m®*y™ (13% of national blue WF of crop production) in 1978 and 9 billidy h{6% of national blue WF of crop

production) in 2008. The decrease was the result of the increased blue water productivity over the years.
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Figure 11. ChinaOs provincial cropelated total (a), green (b) and blue (c) net virtual water imports for 1978 (left) and 2008
(right). The net virtual water flows between North and South and the international net virtual water flows of North and
South are shown by arrows, with the numbers indicating the size of net virtual water flows in billion m? y'l.
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Figure 12. Inter-regional VW flows in China as a result of the trade in 22 crops for 1978 and 2008. The widths of the
ribbons are scaled by the volume of the VW flow. The colour of each ribbon corresponds to the export region. The net VW

exporters are shown in green segments, the net VW importers are shown in red segments.

Table 4 lists the national water saving related to international andr@gemal trade of China, per crop, for both 1978

and 2008. In recent years, soybean playdibhgest role in the national water saving of China through international crop
trade, which confirms earlier findings (Liu et al., 2007; Shi et al., 2014; Chapagain et al., 2006; Dalin et al., 2014). We
found that before 1997 the largest national wateingarelated to international trade was for wheat trade. In 2008,
international trade of only four of the 22 crops considered (soybean, rapeseed, cotton and barley) resulted in natior

water saving for China. The international export of tea led to théegtazational water loss in 2008.

Most of the national water saving related to imgional crop trade in 2008 was due to trade in rapeseed, wheat and
groundnuts. Due to the increasing integional trade of rapeseed (from 0.8 million™tip 1978 to5 million t y* in

2008), the generated water saving increased by a factor 4.5 over the study period. The biggest contributor to the natiol
water loss through inteegional crop trade was rice, with a national water loss of 29 billidy'nm{11% of tosl

consumptive WF of rice production) in 2008. Particularly krtggional trade in rice and wheat led to blue water losses.
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Figure 13. National water saving (WS) as a result of ChinaOs international and interegional crop trade.

Table 4. National water saving (WS) through international and inter-regional crop trade of China.

National WS through
international crop trade

National WS through inter-

regional crop trade

Blue WS through inter-
regional crop trade

(billion m®y™) (billion m®y™) (billion m®y™)

1978 2008 1978 2008 1978 2008
Wheat 33.8 -0.6 23.9 59.6 -10.4 -3.2
Maize 1.6 -0.9 13.2 35 3.6 -0.6
Rice -4.9 -1.6 -55.7 -28.9 -17.2 -10.7
Sorghum 0.0 -0.1 -1.1 0.0 0.2 0.1
Barley -0.0 0.3 0.0 -0.0 -0.0 -0.0
Millets -0.1 -0.0 3.7 0.7 1.2 0.3
Potatoes -0.0 -0.1 0.7 0.2 0.2 0.1
Sweet potatoes -0.0 -0.0 0.3 0.2 -0.5 0.1
Soybean 0.4 86.1 1.7 -1.3 1.0 0.7
Groundnuts -0.1 -0.9 3.5 10.2 1.8 43
Sunflower -0.0 -0.2 0.1 0.1 0.1 0.1
Rapeseed -0.0 20.4 13.7 64.9 0.0 0.0
Sugar beet 0.0 -0.0 -01 0.2 -0.0 -0.0
Sugar cane 0.0 0.0 -0.0 3.0 0.1 0.3
Cotton 12.9 9.4 0.1 0.0 0.2 -0.3
Spinach -0.0 -0.0 0.0 0.1 0.0 0.0
Tomatoes -0.0 -0.0 0.8 7.3 0.0 0.1
Cabbages -0.0 -0.1 -0.0 -0.0 -0.0 -0.0
Apples -0.1 -0.9 -0.4 0.6 -0.0 -0.1
Grapes -0.0 -0.0 -0.0 -0.2 -0.0 -0.5
Tea 2.7 -2.5 -0.0 0.3 0.0 0.0
Tobacco -0.0 -0.2 0.4 0.2 0.1 0.1
Total 40.7 108.1 4.6 120.6 -19.6 -9.3
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3.5. Discussion

We compared the national average WF of each crop {if)mas estimated in the current study with three previous
studies that gave average values for different periods: Mekonnen and Hoekstra (2011) 200896u et al. (2007)
for 19992007 and Shi et al. (2014) for 198608 (Fig. 14)Our estimates match well with previous reported values,

with R-square values of 0.96, 0.89 and 0.98 for the three studies, respectively.
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Figure 14. Comparison of current estimates of national average consumptive water footprint of each crop (in m3t'1) with
results from Mekonnen and Hoekstra (2011), Liu et al. (2007) and Shi et al. (2014).

A number of limitations should be taken into account when interpreting thiésresthis study. First, in simulating WFs

of crops, a number of crop parameters, such as harvest index, cropping calendar and the maximum root depth for e:
type of crop, were taken constant over the whole period of analysis. Second, the annuah wédirlaéanitial soil water
content for each crop (at the beginning of the growing season) in each grid cell was not taken into consideration. Thin
we assumed, per crop, that the changes in cropping area over the study period only happened in ghdreedls
harvested area for that crop existed around the year 2000 according to the database used (Monfreda et al., 20
Portmann et al., 2010). Fourth, in estimating WFs of crop consumption, the spatial variation of per capita crog
consumption levels (e.girban vs. rural) was ignored due to lack of data. Finally, the specific trade flows between crop
surplus and crop deficit regions were estimated assuming stattcregional inpuoutput tables as explained in the

method section.

The various assumptig that have been taken by lack of more accurate data translate to uncertainties in the results. Th
assumptions on harvest indexes and maximum root depths mainly affect the magnitude of modelled crop yield levels; tl
effect of uncertainties in these mégarameters has been minimized by the fact that we calibrated the simulated yields
in order to match provincial yield statistics. Regarding assumed cropping calendars and initial soil water content values,
detailed sensitivity analysis to these two ghtés has been carried out by Zhuo et al. (2014) for the Yellow River basin,

the core of Chinese crop production, and by Tuninetti et al. (2015) at global level. By varying the crop planting date b
+30 days, Zhuo et al. (2014) found that the consumpti¥ediVcrops generally decreased by less than 10% with late

plantingdate due to decreased crop ET and that crop yields hardly changed. By changing the initial soil water content k

1 mm ni', Tuninetti et al. (20155howed that an increment in the initial soil water content resulted in decreases in

consumptive WF due to higher yield. Again, the effects on yield simulations were diminished byioalitardit yield
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statistics. Since none of the factors mentioned can influence the order of magnitude of the outcomes, the bro:
conclusions with respect to declining WFs of crops {f, declining WFs per capita (hy™ cap®), increasing total WFs

of consumption and production fry™) and the reversing of the VW flow between South and North China, are solid.



4. Conclusions

For China as a whole, even though the per capita consumption of considered crops grew by a factor of 1.4 over the st.
period, ClinaOs average WF per capitd ¢ap'y™) related to crop consumption decreased by 23%, owing to improved
yields. Due to the population growth (37%), the total consumptive Wi thof Chinese crop consumption increased

by 6%, with a tripled net VW impbas a result of importing crops from other countries. The production of the 22 crops
considered doubled, while the harvested area increased only marginally (4%). The increased crop yields in China ha
led to significant reductions in the WF of cropgg(ehalving the WF per tonne of cereals), resulting in a slight increase
(7%) in the total consumptive WF of crop production. About 28% of total consumptive water use in crop fields in China
serves the production of crops for export to other regions. AXt of the croprelated WF of a Chinese consumer is
outside its own province. By 2000, the North has become net VW exporter through crops to the South. This is in lin
with the findings in earlier studies (e.g. Ma et al., 2006; Cao et al., 2011; Dalin22%1), but we add the nuance that

the NorthSouth VW flow concerns green water. There is still a blue VW flow from the South to the North, although this

flow more than halved over the study period.

If these trends continue, this will put an increagingssure on the NorthOs already limited water resources. Huoengn
SouthNorth Water Transfer Project (SNWTP) may alleviate this pressure to a certain extent, but might be insufficieni
(Barnett et al., 2015). The Middle Route of the SeNtrth Water Tansfer project, which is operational since late 2014,

is transferring 3 billion m3 of blue water per year to support agriculture, with the aim to increase irrigated land by 0.€
million ha in the drier North (SCPRC, 2014jhe GovernmentOs plan to expanihated agriculture by using the
transferred water for irrigation will stimulate crop export from the North and thus further increase the blue VW transfer
from North to South. The blue water supply through the SNWTP will thus not significantly reducesberp on water
resources in the North, but rather support agricultural expanBiforts to reduce water demand will be needed to
address the growing water problems in China.

Crop yield improvements have led to a drop in the WF of crops™mbut further reduction in the WF is possible.
Setting WF benchmark values for the different crops, taking into account the@gogical conditions of the different
regions, formulating targets to reduce the WFs of crops to benchmark levels and makingregiereints to reach

these targets will be important steps toward further reduction of the WF (Hoekstra, 2013). As the economy grows, the p
capita consumption of watémtensive goods such as animal products and oil crops will increase, putting fuetssurpr

on ChinaOs already scarce water resources (Liu and Savenije, 2008). Thus, efforts are necessary to influence the 1
preferences of the population in order to curb the increasing consumption of meat, dairy afidtevetiee crops, which

is usefulfrom a health perspective as well (Du et al., 2004).

The case of China shows that domestic trade, as governed by economics and governmental policies rather than
regional differences in water endowments, determines-iatgonal water dependencies amady worsen rather than

relieve the water scarcity in a country.






Part 2. Water footprint and virtual water trade scenarios for 2030 and 2050°

1. Introduction

Intensified competition for finite water resources among different sectors is challengisgstaeability of human
society. Agriculture is the biggest water consumer, accounting for 92% of global water consuidpgéstra and
Mekonnen, 2012)In China, the worldOs most populous country, agriculture was responsible for 64% of the total blue
water withdrawal in 2014MWR, 2015) About 81% of the nationOs water resources are located in the south, but 56% of
the total harvested crop area is located in the r@igo et al., 2010; NBSC, 2013; Jiang, 20X8hina is a net virtual

water importer rel@ed to agricultural product@Hoekstra and Mekonnen, 2012)ocal overuse of water threatens the
sustainability of water resources in Chiftdoekstra et al., 2012)ChinaOs agricultural water management will be
increasingly challenged by climate changepuydation growth, and socieconomic developmerfNDRC, 2007; Piao et

al., 2010; Jiang, 2015)

The Chinese government pursues-seffficiency in major staple foods (wheat, rice and majR&)RC, 2008; SCPRC,
2014)and has set the Othree red linesO palisysiainable agricultural blue water use, which sets targets regarding total
maximum national blue water consumption (670 billiofyi), improving irrigation efficiency (aiming at 55% at least)

and improving water qualitySCPRC, 2010)However, risksd water security arise not only from blue water scarcity,

but also from scarcity of green water (rainwater stored in soil), which limits the national food production potential
(Falkenmark, 2013)An important question is whether China can pull off thetjsali plan to attain water, food as well

as energy security (Vanham, 2016) under climate change combined with population growth aretcomioic
development. A question relevant for the world as a whole is how the development of Chinese food conamehption
production, given future socieconomic changes and climate change, will impact on the countryOs net crop trade anc

related net virtual water trade.

In Part 2 of thigeportwe assesgreen and blu&/FsandVW trade in China under alternative scenafms2030 and

2050, with a focus on crop production, consumption and trade. We consider five driving factors of change: climate
harvested crop area, technology, diet, and populaiitsmconsidethe same22 primary cropgTable 3)as inPartl of

this reprt. We take the year 2005 as the baseline. The spatial resolution of estimating the WF of crop prisdbidtjon

5 arc min.

A number of WF and VW trade scenario studies are available, some at globglHadef et al., 2010; Pfister et al.,
2011; Hanadd et al., 2013a,b; Konar et al., 2013; Liu et al., 2013; Ercin and Hoekstra, 2014; Haddeland et al., 2014,
Wada and Bierkens, 2014)thers focussing on Chirf@homas, 2008; Mu and Khan, 2009; Xiong et al., 2010; Dalin et
al., 2015; Zhu et al., 2015%e\eral studies suggest that blue water scarcity in China will increase as a result of a growing
blue WF of crop production and a decreasing blue water availability in the course of'tbendry (Mu and Khan,

2009; Xiong et al., 2010; Pfister et al., 20Hanasaki et al., 2013a; Hanasaki et al., 2013b; Haddeland et al., 2014;

Wada and Bierkens, 2014owever, the scenario analyses generally exclude the potential decrease of consumptive WF:

" This part of the report is based @uo, L., Mekonnen, M.M. and Hoekstra, A.Y. (2016) Consumptive water footprint and virtual
water trade scenarios for Chinwith a focus on crop production, consumption and trade, Environment Intealaidn21£223.
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per unit of crop under the combined effect of climate and teobiwall progress. Besides, regarding the consumptive WF

of crop production in climate change scenarios, the findings of several studies contradict ea&hotkémal. (2015)

find a significant increased total blue WF for croplands in northwest, souttrehsbuthwest China as a result of climate
change under IPCC SRES B1, A1B and A2 scenarios by-2086. On the contrary,iu et al. (2013Yind that both blue

and total consumptive WFs will decrease in the North China Plain and southern parts of @himaease in the other

parts of the country under the IPCC SRES AlFl and B2 scen@thiosnas (2008jinds a decreased blue WF in north

and northwest China by 2030, based on a climate change scenario extrapolated from a regression trend derived from
time series for 1951990.Fader et al. (2010dndZhao et al. (2014project a decline in consumptive WF per tonne of
crops in China as a result of climate change under the IPCC SRES A2 scenario, owing to increased crop yields becat
of increased C@fertilization. By considering five socieconomic driving factors for 205&rcin and Hoekstra (2014)
developed four global WF scenarios from both production and consumption perspectives. Under two of the global Wi
scenarios, ChinaOs WF of agricultural prddocwvill increase, while it will decrease in the other two WF scenarios.
Dalin et al. (2015)ssess future VW trade of China related to four major crops and three livestock products by 2030
under socieeconomic development scenarios. They find that the ¥\fort of Chinarelated to major agricultural
products tends to increase given sestmnomic growth by 203Konar et al. (2013passess future global VW trade
driven by both climate change and seemnomic developments for 2030, and find that Chinareifiain the dominant
importer of soybean. But they consider only three crops (rice, wheat and soybean) and neglected changes in crop yielc
climate changes. By taking a more comprehensive apprathdying 22crops (Table3), looking at production,
consumption as well as trade, and considering climate change as well agcmoionic driving factor® the current

study aims to achieve a broader understanding of how the different driving forces of change may play out.



2. Method and data

2.1 Scenario set-up

Scenarios are sets of plausible stories, supported with data and simulations, about how the future might unfold fro
current conditions under alternative human cho{@esasky et al., 2011)n the current study we build on th& B°.CC
AssessmenReport(IPCC, 2014) which employs a new generation of scenafdess et al., 2010)including socie
economic narratives named shared s@zionomic pathways (SSR€ONeill et al., 2012)nd emission scenarios named

representative concentration pathw@€Ps)(van Vuuren et al., 2011)

Five SSPs (SSP3SP5) were developed within a tdonensional space of soegonomic challenges to mitigation and
adaptation outcomeg®ONeill et al., 2012Fig. 153. In sustainability scenario SSP1, the world makéatively good
progress towards sustainability: developing countries have relatively low population growth as well as rapid economi
growth; increasingly developed technology is put towards environmentally friendly processes includisglyslding
techndogies for land; the consumption level of animal products is low. In mioldtee-road scenario SSP2, the typical
trends of recent decades continue, with a relatively moderate growth in population; most economics are stable wi
partially functioning andjlobally connected markets. In fragmentation scenario SSP3, the world is separated into regions
characterized by extreme poverty, pockets of moderate wealth and a bulk of countries that struggle to maintain livin
standards for a strongly growing populati@nd slow technology development. In inequality scenario SSP4, mitigation
challenges are low due to some combination of low reference emissions and/or high latent capacity to mitigate. Whil
challenges to adaptation are high due to relatively low incamgelow human capital among the poorer population and
ineffective institutions. In conventional development scenario SSP5, the world suffers high greenhouse gas emissions a
challenges to mitigation from fossil dominated rapid conventional developmerite Wtver socieenvironmental
challenges to adaptation are due to robust economic growth, highly engineered infrastructure and highly manage
ecosystems. From SSP1 to SSP3, secianomic conditions increasingly pose challenges and difficulties to mitigdte

adapt to climate change. In order to cover the full range from the best to the worst possible future conditions of China, w
choose to consider the two extreme scenarios SSP1 and SSP3. SSP1 represents a world with relatively low challenge
both climate change mitigation and adaptation, and SSP3 represents a world with relatively large challenges in bot

respects. In addition, we consider the middle of the road scenario SSP2 with an intermediate level of challenges.

The IPCC distinguishes four RCHRGP 2.64.5,6 and 8.5) based on different radiative forcing levels by 2100 (from 2.6
to 8.5 W/nf) (van Vuuren et al., 2011)n this study, we consider the two climate change scenarios RCP2.6 (also called
RCP 3PD)(van Vuuren et al., 2007and RCP8.5Riahi et al., 2007)RCP2.6 represents pathways below th& 10
percentile and RCP8.5 pathways below th& p@rcentile of the reference emissions raggess et al., 2010)By
combining the RCPs and SSPs, a matrix framework was proposed showing thataseithdevel of mitigation efforts
corresponds to a decreased level of climate ha@aidgler et al., 2010)For the purpose of our study we constructed
two scenarios S1 and S2 by combining climate scenarios forced by RCP2.6 witle@muwmic scenarioSSP1 and
SSP2, respectively. In addition, we constructed two scenarios S3 and S4 that combine climate outcomes forced
RCP8.5 with SSP2 and SSRP8spectively (Fig. 8b).
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The assumptions for the four scenariosSBllare summarised in TalBe The fivedriving factors of change considered

in this study have been quantified per scenario as will be discussed below.

Population. The SSPs of the IPCC consist of quantitative projections of population growth as gilé&sAy(2013)
(Table 6).

Climate.Climate hange projections by four Global Climate Models (GCMs) within the Coupled Model Intercomparison
Project (CMIP5) (Taylor et al., 2012) were used: CanESM2 (Canadian Centre for Climate Modelling and Analysis),
GFDL-CM3 (NOAA Geophysical Fluid Dynamics Labooay), GISSE2-R (NASA Goddard Institute for Space
Studies), and MPESM-MR (Max Planck Institute for Meteorology). The models were selected from nineteen GCMs in
such a way that the outcomes of the selected GCMs span the full range of projections fon@héwpitation (mm) for

spring and summer (March to July), when most crops grow. The projections by CanESM2 andCMBDEpresent

relatively wet conditions and the projections by GESER and MPIESM-MR relatively dry conditions (Tabl@é).

@ Increasing socio-economic challenge for mitigation and adaptation
o SSP5 SSP 3 -
§ Conventional Fragmentation _ >
E development (High challenges) g
e =
2. 8 SSP 1 SSP 2 SSP 3
<] 7]
g SSP 2 5
82 Middle of the road @
o E (Intermediate challenges) 2
g8 3 RCP 2.6 S1 52
2 )
2 SSP 1 ssP4 il
§ Sustainability Inequality ﬁ
E (Low challenges) g RCP 8.5 s3 sS4

Increasing socio-economic challenges
for adaptation

@ (b)

Figure 15. (a) SSPs in the conceptual space of socio-economic challenges for mitigation and adaptation. Source: OONeill
et al. (2012). (b) Definition of scenarios S1-S4 used in the current study in the matrix of SSPs and RCPs.

Table 5. Summary of the four scenarios S1-S4 in the current study.

S1 S2 S3 S4

Shared socio-economic pathway (SSP) SSP1 SSP2 SSP2 SSP3

Population growth Relatively low Medium Medium Relatively high

Diet Less meat Currenttrend Currenttrend  Current trend

Yield increase through technology ) ) )

development High Medium Medium Low
Representative concentration pathway (RCP) RCP 2.6 RCP 2.6 RCP 8.5 RCP 8.5

climate outcomes (GCMs) CanESM2, GFDL-CM3, GISS-E2-R and MPI-ESM-MR

Harvested crop area (IAM) IMAGE IMAGE MESSAGE MESSAGE
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Table 6. Population projections for China under SSP1 to SSP3.

2030 2050
2005
SSP1 SSP 2 SSP 3 SSP1 SSP 2 SSP 3
Population
(million) 1307.59  1359.51 1380.65 1398.88 1224.52 1263.14 1307.47
million

Source: IIASA (2013).

Table 7. Projected changes in national average precipitation (PR), maximum temperature (Tmax), Minimum temperature
(Tmin), reference evapotranspiration (ETo) and CO2 concentration in China for the four selected GCMs for RCP2.6 and
RCP8.5 by the years 2030 and 2050 compared to 2005.

RCP2.6 RCP8.5
Changes in climate variables CanE GFDL- GISS- ESI:/-I- CanE  GFDL- GISS- £ I:/-I-
SM2 CM3 E2-R SM2 CM3 E2-R
MR

Year: 2030
Relative changes in annual PR 15% 12% 1% 4% 16% 8% 2% 7%
Increase in Tmax (°C) 1.9 24 0.9 1.2 22 2.6 1.4 1.6
Increase in Tmin (°C) 1.7 2.0 0.5 0.9 2.1 22 1.1 1.4
Relative changes in annual ETo 3% 5% 2% 2% 3% 5% 3% 2%
Relative changes in CO»
concentration 19% 18%
Year: 2050
Relative changes in annual PR 19% 20% 3% 5% 24% 20% 6% 7%
Increase in Tmax (°C) 22 3.1 0.9 1.3 35 43 2.2 2.7
Increase in Tmin (°C) 2.1 25 0.5 1.0 3.5 3.7 1.8 2.6
Relative changes in annual ETo 3% 8% 2% 2% 6% 11% 5% 5%
Relative changes in CO»

17% 42%

concentration

Harvested crop areaWe use the harmonized land use (HLU) scenarios provided at a resolution of 30 by 30 arc min
from Hurtt et al. ( 2011)We downsale the original data to a 5 by 5 arc min resolution. The changes in cropland area,
provided as a fraction of each grid cell, were obtained from the IMAGE nfeaelVuuren et al., 2007pr the RCP2.6
pathway and the MESSAGE mod@ao and Riahi, 2006;i&hi et al., 2007¥or the RCP8.5 pathway. We apply the
projected relative changes in the cropland area per crop and grid cell to the current cropland area per crop and grid cell
provided by Portmann et al. (2010) aMednfreda et al. (2008)The total larvested crop area for the selected crops in
China was 124.9 million ha in the baseline year 2005, and is projected to increase by 19% from 2005 to 2050 in RCP2
and by 4% in RCP8.5, on the expense of forest and pasture land uses (Hurtt et al., 2011).

Crop yield increase through technology developmehtcording to a recent global yield gaps analysis for major crops
(Mueller et al., 2012)it is possible to increase yields by 45%% for most crops. For ChinaOs case, studies are available

only for wheatmaize and riceMeng et al. (2013)eported that experimental attainable maize yield was 56% higher than
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the average farmersO yield (7.9 t)ha China for 20072008.Lu and Fan (2013jound that the yield gap for winter
wheat is 47% of the actual yield the North China PlairZzhang et al. (2014¢stimated that the national average yield

gap for rice is 26% of the actual yield. With limited land and water resources available to expand the acreage c
croplands, the only way to enlarge production is ®ydyincreaséHuang et al., 2002)n a scenario analysis on potential
global yield increase®e Fraiture et al. (200%onclude that yield growth can reach-28% for rainfed cereals and 30

77% for irrigated cereals as compared to the year 2000. Dadattk of quantitative data on crop yield growth under
each SSP, we took the values frora Fraiture et al. (2008s a starting point by assuming a yield increase of 72% from
2000 to 2050 in SSP1, 46% in SSP2, and 20% in SSP3. Assuming a linear inoréfasectiop yield over time,
corresponding vield increases over the period are 34% in SSP1, 22% in SSP2, and 10% in SSP3, and
corresponding yield increases over the period are 60% in SSP1, 40% in SSP2, and 18% in SSP3.

Diet. We make usef the two diet scenarios for East Asia for 2050k et al. (2009)We assume the lesseat
scenario for SSP1 and the currtn@ind scenario for SSP2 and SSP3. We assume that the conversion factor from the
kilocalorie intake to kilogram consumption efch type of crop per capita remains constant over the years. As shown in
Table8, theshare of animal products in the Chinese diet will decrease by 37% in thredasscenario and increase by

4.4% in the currentrend scenario, compared to baseline YR&45.

Table 8. Two diet scenarios for China.

Consumption per capita 2005 2050

in kcal/day per category Current-trend scenario® Less-meat scenario
Cereal 1458 1552 (6.4%) 1709 (17.2%)
Roots 187 149 (-20.6%) 201 (7.6%)
Sugar crops 60 85 (41.7%) 124 (106.7%)
Oil crops 246 288 (17.1%) 265 (7.8%)
Vegetables and fruits 247 205 (-16.9%) 219 (-11.2%)
Other crops 95 66 (-30.4%) 82 (-13.5%)
Animal products 586 612 (4.4%) 372 (-36.5%)
Total 2879 2956 (2.8%) 2973 (3.3%)

a. Source: FAO (2014);
b. Values were generated according to the scenarios for East Asia by Erb et al. (2009), with relative changes from 2005

level in brackets.

2.2. Estimating water footprints and virtual water trade

Following Hoekstra et al. (2011)green and blue WFs of prodng a crop (mt™) are calculated by dividing the total
green and blue evapotranspiration (EFhai') over the crop growing period, respectively, by the crop yield (Y;}.ha
Daily ET and Y were simulated, at a resolution level of 5 by 5 arc min, tMtH=FAO crop water productivity model
AquaCrop(Hsiao et al., 2009; Raes et al., 2009; Steduto et al., 2B0Bywing Zhuo et al. (2016athe daily green and
blue ET were derived based on the relative contribution of precipitation and irrigation dailhgreen and blue soil
water balance of the root zone, respectively. In AquaCrop, the daily crop transpiration (Tr, mm) is used to derive th

daily gain in aboveground biomass (B) via the normalized biomass water productivity of the crop, whicimalized
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for the CQ concentration of the bulk atmosphere, the evaporative demand of the atmospheem@E¥rop classes. The
harvestable portion (the crop yield) of B at the end of the growing period is determined as product of B and the harve
index. Harvest index is adjusted to water stress depending on the timing and extent of the stress (Hsiao et al., 2009; R¢
et al., 2009; Steduto et al., 2009). Therefore, changes of crop yield to climate changes were simulated through AquaCr
modelling by takingconsideration of effects of changes in precipitationg Bid CQ concentration. We considered
multi-cropping of rice (i.e. twice a year in southern China) and assumed single cropping for other crops. The simulated
of each crop for the baseline year vgaaled to match provincial statisti®¢BSC, 2013) The projected Y under climate
scenarios was obtained by multiplying the scaled baseline Y by the ratio of the simulated future Y to the simulate:

baseline Y, corrected for the assumed Y increases pearsge

The water footprint of food consumption (W, os M YY) includes the WF related to the consumption of crops and
crop products as well as the WF related to the consumption of animal products. The WF related to crop consdmption (r
y'Y) undereach scenario was obtained, per crop, by multiplying the crop consumption VOluEp&.dEt y'Y) by the WF

per tonne of the crop (Whs, unitcrop M°t™). The WF related to the consumption of animal producty finwas estimated

by multiplying tatal animal products consumption £ma. fod, kcal y') by the WF per kilocalorie of animal products

(WFcons, unit animal m3 kcarl)-

Cerop, fooaWas calculated, per crop, as the crop consumption per capita (in RgyCpgimes the projected popuian
(Table 2). We consider the seed and waste as part of the food consumption. The fraction of seed and waste in the ¢
consumption is assumed to be constant in the coming decades and calculated as the ratio of total waste and seed tc
total crop usen the baseline yeafFAO, 2014) WFcons, unit cropVas calculated, per crop, &%y. (1). The WF of the
imported crop, taken as the global average WF of the crop as reportddkoynnen and Hoekstra (2011lere the
possible changes in global average WIemips to global changes under each scenario were not considered. Under each
scenariothe tradevolume of a crofl¢oop t y!) equals to the sum of the crop consumption for foogh{Geod and the
crop consumption for feed (G, eea t y’l) minus he national production of the crop.f). A negative value fof.p

means export. The crop impogh) multiplied with WFj,oqrefers to the net VW import related to trade in the cropy(hn

Cerop, feeaChanges with animal products consumption,clitis driven by population growth, personal income growth and
diet changeg$Rosegrant et al., 1999; Du et al., 2004; Bouwman et al., 2005; Keyzer et al., 2005; Liu and Savenije, 2008
Trostle, 2008; Nonhebel and Kastner, 2011; Shiferaw et al., 2011; Hoekstd Mekonnen, 2012; Hoekstra and
Wiedmann, 2014)Here we assume that the relatichange in Gop, reegunder each scenario is the same as the relative
changes in the total consumption of animal products, which is driven by corresponding diet chab¢gest) and

population growth. Gop, eedin China for the baseline year 2005 was obtained #&®@ (2014)

Values for Wkons, unit animain China in the baseline year were obtained fidoekstra and Mekonnen (2012}he WF of
animal feed contributes 98 to the WF of animal produc{®ekonnen and Hoekstra, 20123nimal productivity (i.e.
animal production output per unit mass of feed),Gauctiviyy, %0) Was assumed to grow in the future as a result of higher
offtake rates and higher carcass weights or milk or egg y{Bldsnsma, 2003)We use the projections onyoductivity for

the various types of animal products Bguwman et al. (@05) for East Asia from 1995 to 2030, assuming a linear
increase. We took a weighted average based on production of each type of animal product in the bag®iB8@ear

2013) which implies an animal productivity increase of 4% by 2030 and 8% by 20Bpaced to the baseline year
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2005. Therefore, in each scenario, MWE unit anmavas estimated by considering relative changes in the WF of animal

feed ( WFfeed %) and productivity:

" s g 1 PO .
" | HS WHS WSO 12005! ( e ) LTI Ly

"#$ N"#$ N1"#$1%
(1! Aproductivity)

WFeawas calculated as a weighted average ohgha in the WF of feed crops §WFeedcrops %0) and changes in the
WF of other feed ingredients (i.e. pasture, crop residues and other roughag@8wly other %), given their

corresponding shares in the total WF of animal feed in Chinge{Rehsand PCteed other %0):

P g DUT g gop ! P H ey wwge 1Y g e D P H ey ey e TVHD

We assume that the composition of the animal feed in China stays constant. Currently, the 13csefectedm 22
considered crops (wheat, maize, rice, barley, millet, sorghum, potato, sweet potato, sugar cane, sugar beet, soybe
sunflower seed and rape seed) account for 75% of the total feed crop consumption in @EAQtyY2014)and
contribute 70%and 86% to the green and blue WFs of feed crops consumed in China, respétctbedgtra and
Mekonnen, 2012)For the selected crops we account changes in WF by yield increase for each crop under each scenari
For the feed crops that are not includedhia current study, the WFeq otherWas assumed in line with the average level

of assessed crop yield increase under each scenario. The valuggsffpgind pcked otherfOr green and blue WFs were
obtained fromMekonnen and Hoekstra (2012)

ChinaOs international virtual water trade was estimated per crop by considering the difference between the WF of cr

production and the WF of crop consumption (in the form of food, feed, seed or waste) within China.

2.3. Data

The downscaled GCM outputs@by 5 arc min grid level for China on monthly PR, Tmax and Tmin were obtained from
RamirezVillegas and Jarvis (2010). Since this dataset does not include datagowedETalculated monthly ETO with
inputs on temperature through the Pensivaomteith methd introduced in Allen et al. (1998) for the baseline year 2005
and each climate scenario. Then the monthly ETO under each climate scenario was corrected by adding the absol
changes in the calculated ETO from 2005 to the values of 2005 inTRdhtabaseThe projected COconcentrations

(in ppm) under the two RCPs were obtained from IIASA (2009).



3. Results

3.1. Water footprint of crop production

For most of the crops studied, consumptive WFs per tonne of crop were projected to decrease acesexiall, as
shown in Table 5. Taking cereal crops (wheat, rice, maize, sorghum, millet and barley) as an example, compared to t
baseline year 2005, the consumptive WF per tonne of cereal crops reduced by 41%, 35%, 36% and 24% till 2050 unc
S1, S2, SAand S4, respectively, averaged across the four GCMs. From Figure 2 we can see that the reductions in ti
WFs of cereal crops were mainly driven by significant increases in crop yields, which have larger impact than the
relatively small changes in ET undeach scenario. The effects of climate change on WF of crops can be observed by
comparing scenarios S2 and S3 under the same SSP and different RCPs. Positive effects on crop yields by increased !
fertilization have been widely reportédao et al., 2007Tao and Zhang, 2011; Wada et al., 2013; Zhao et al., 2014)
which is also shown in the current result. With relatively small differences gnakd precipitation for RCP 2.6 and
RCP8.5 (sefable7), scenario S3 for RCP8.5 with significant higher @0nentration had higher cereal yields than
scenario S2 for RCP 2.6 (Fi@6). The effect of the application of better technology on the WF can be observed by
comparing S1 versus S2 (both RCP2.6) and S3 versus S4 (both RCP8.5). The scenarios with a higihteclevelogy
development (S1 and S3) have a higher yield increase and a lower WF per tonne of crop. The increase in irrigated cer
yields is around 20% higher than the increase infedncereal yields under each scenario, which reflects the limits o
yield increases by water stress on +fd fields. The reduction of the blue WF per tonne of cereal crop is higher than for
the green WF under each scenario. This is because of the decrease in irrigation requirements and thus in blue ET &
result of pojected increases in precipitation across the GCM scenarios for both RCP2.6 and RCP 8.5. The relativ
changes in the national average yield for the selected crops under the four scenarios from 2005 to 2050 are listed
AppendixIV.
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mRCin green WF
mRCin blue WF

= RC in consumptive WF
»RCin yield

@ RC in irigated yield
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Figure 16. Relative changes (RC) in water footprint (WF) per tonne of a cereal crop, cereal yield and average ET at cereal

croplands in China across scenarios as compared to the baseline year 2005.
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Table 9. Relative changes in the green, blue and total consumptive water footprint (m3 t") of the 22 considered crops in China across

scenarios, compared to the baseline year 2005

Baseline 2005

Relative changes in consumptive WF per tonne of crops compared to

baseline level (%)

Crop 2030 2050
Consumptive WF Yield
(m*£) (tha S1 S2 S3 S4 S1 S2 S3 S4
Wheat Green 990 -20 -12 -18 -9 -31 -21 -35 -23
Blue 713 4.28 -31 -24 -23 -15 -43 -34 -44 -33
Total 1703 -25 -17 -20 -1 -36 -27 -38 -27
Rice Green 948 -33 -26 -28 -20 -44 -36 -42 -31
Blue 280 6.26 -38 -32 -30 -22 -48 -40 -44 -33
Total 1229 -34 -27 -28 -20 -45 -37 -42 -31
Maize Green 736 -37 -30 -4 6 -49 -42 -17 -2
Blue 161 5.29 -45 -40 -35 -28 -57 -51 -46 -36
Total 898 -38 -32 -10 0 -51 -43 -22 -8
Sorghum Green 914 -34 -28 -22 -14 -44 -36 -32 -19
Blue 58 447 -18 -10 -12 -2 -33 -24 -25 -1
Total 972 -33 -27 -22 -13 -43 -35 -32 -19
Millet Green 1374 -43 -37 -41 -34 -52 -46 -50 -41
Blue 47 2.10 -37 -30 -37 -30 -50 -43 -50 -41
Total 1422 -42 -37 -41 -34 -52 -45 -50 -41
Barley Green 727 -9 0 -21 -13 -25 -15 -39 =27
Blue 60 4.14 -34 -28 -35 -28 -46 -39 -52 -43
Total 787 -1 -2 -22 -14 -27 -16 -40 -28
Soybean Green 2517 -33 -26 -28 -21 -45 -37 -42 -32
Blue 142 1.71 -47 -41 -35 -28 -60 -54 -50 -40
Total 2659 -33 -27 -29 -21 -46 -38 -43 -32
Green 236 7 17 -26 -18 -9 3 -41 -30
Sweet potato  Blue 11 22.18 -31 -24 -34 -26 -42 -34 -52 -43
Total 247 5 15 -27 -19 -1 2 -42 -31
Potato Green 192 29 42 -19 -10 -13 -1 -36 -24
Blue 7 14.52 -27 -20 -27 -19 -44 -35 -46 -35
Total 199 27 40 -19 -1 -14 -2 -36 -24
Cotton Green 1404 -26 -18 -28 -20 -38 -29 -43 -32
Blue 244 3.92 -20 -12 -28 -20 -36 -27 -46 -36
Total 1648 -25 -17 -28 -20 -37 -28 -43 -33
Sugar cane Green 120 47 62 -15 -6 -6 7 -27 -13
Blue 1 63.97 12 23 -45 -39 -9 4 -57 -49
Total 121 47 61 -15 -6 -6 7 -27 -14
Sugar beet Green 100 -66 -62 -67 -63 -72 -68 -73 -68
Blue 0 37.51 13 24 -69 -66 -10 3 -75 -70
Total 100 -66 -62 -67 -63 -72 -68 -73 -68
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Groundnut Green 1616 -16 -8 -25 -17 -33 -23 -41 -30
Blue 133 3.08 -25 -17 -26 -18 -41 -32 -46 -36
Total 1749 -17 -9 -25 -17 -34 -24 -41 -31
Sunflower Green 896 -46 -41 -39 -32 -55 -49 -52 -43
Blue 79 1.89 -38 -32 -38 -31 -51 -43 -53 -44
Total 976 -46 -40 -39 -32 -55 -49 -52 -43
Rape seed Green 1416 179 3 13 -13 -4 -9 4 -31 -19
Total 1416 3 13 -13 -4 -9 4 -31 -19
Tomato Green 66 40 54 -3 8 49 71 -19 -4
Blue 1 35.00 -21 -14 -42 -36 -26 -16 -62 -55
Total 67 39 53 -4 7 48 69 -20 -5
Cabbage Green 129 -20 -13 -26 -18 -30 -20 -41 -29
Blue 7 33.68 -38 -32 -32 -25 -75 -71 -44 -33
Total 135 -21 -14 -26 -18 -32 -23 -41 -30
Spinach Green 96 -36 -29 -39 -33 -43 -35 -41 -30
Blue 24 19.35 -47 -42 -43 -37 -56 -50 -58 -51
Total 120 -38 -32 -40 -33 -46 -38 -44 -34
Grape Green 346 -31 -24 -29 -21 -42 -33 -43 -33
Blue 134 14.19 -29 -22 -24 -16 -42 -33 -41 -30
Total 479 -30 -23 -28 -20 -42 -33 -43 -32
Apple Green 374 -31 -24 -33 -26 -41 -32 -48 -38
Blue 27 12.70 -46 -40 -43 -37 -55 -49 -59 -52
Total 401 -32 -25 -34 -27 -42 -34 -49 -39
Tea Green 9178 -27 -20 -24 -16 -42 -34 -34 -21
Blue 142 0.89 -51 -46 -52 -46 -65 -60 -57 -49
Total 9320 -27 -20 -25 -17 -42 -34 -34 -22
Tobacco Green 1831 -34 -27 -28 -20 -45 -37 -42 -31
Blue 53 1.97 -39 -32 -31 -23 -53 -47 -48 -38
Total 1884 -34 -27 -28 -20 -45 -37 -42 -31

Figure17 shows maps of mulGCM averaged projected changes in green, blue and total consumptive WF per tonne of
cereal crop over the period 20@850 under RCP8.5. Under this RCP, the nationarage green, blue and total
consumptive WFs of cereal crops are projected to decrease by 7%, 19% and 10%, respectively. Reductions in both gre
and blue WFs of cereal crops larger than 40% were mostly located in Northwest China, which includes thedupper a
middle reaches of the severely water stressed Yellow River Basin, due to the projected increases in annual precipitati
by more than 60% across GCM scenarios (see AppdhdiXhe projected wetter climate in the Northwest helps to
reduce the water €8s on raiffed fields and the resulted yield loss. In most areas in the Northeast, the green and blue
WEF per tonne of crops was projected to increase by more than 40% as a result of the projected increaselin ET

decrease in precipitation in the Nords¢ across the GCM scenarios (Apperdixl).
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Relative changes in green WF per tonne of a cereal crop (RCP8.5, 2005-2050)
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Figure 17. Changes in green, blue and overall consumptive water footprint (WF) per tonne of cereal crop in China over the
period 2005-2050 under RCP8.5.
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In Fig.18 we plotted the relative changes in Wér ponne of the crops studied against the corresponding relative changes
in crop yield under each scenarithe referenial line indicates the relative changes in WFs when only yields change
(thus without the effect of changing ET on WFs). The verticaladiew of the dots from the line shows the impact of
changing ET on WFs. The dots below the line, which is the majority, show the positive impact of reduced ET on
reducing the WF per unit mass of crops.
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Figure 18. Relationship between relative changes in crop yields and relative changes in corresponding water footprint per

tonne of crop. One dot refers to the projection for one crop under one GCM for one scenario for one year.

Over the period 2008050, the total national consumptive WF (ifyi) of crop production increases by 18% under
RCP2.6 (S1 and S2), and by 0.8% under RCP8.5 (S3 and S4), as a result of the combined effect of climate change ¢
projected changes in harvested crop area. The impact of projected changes in harvested crop aweh RGEr (19%
increase from 2005 to 2050 under RCP2.6 and 4% decrease under RCP8.5) on the total WF was significant, becai
average ET per hectare over croplands increases by only 3.1% from 2005 to 2050 for RCP2.6 and by 5.6% for RCP8
The total green W of crop production increases under both RCPs (by 21% from 2005 to 2050 under RCP2.6 and by 4%
under RCP8.5). The total blue WF increases under RCP2.6 (by 4.3% to 2050) and decreases under RCP8.5 (by 10%
2050).

3.2. Water footprint of food consumption

The water footprint of food consumption per capita in China decreases across all scenarios as compared to the base
year (927 micap'y™), driven by the decreased WF per tonne of most crops. The largest decrease in the WF of fooc
consumption per cafai (by 44% to 2050) is observed under scenarioF81L {9). This large decrease is due to the dess
meat diet combined with the largest decrease in consumptive WF per unit of crops and animal products. S4 shows t
most modest decrease in the WF of foodstomption per capita (20% to 2050), which is due to diet type (cttresmd

diet) and a relatively low reduction level in the WFs per unit of crop and animal product compared to the other scenario:
In Ocurrent trendO diet scenarios$8®, animal producconsumption was the largest contributor (<4626) to WF of

food consumption followed by cereal consumption 32%) and oil crop consumption (~148%). In the Oless meatO
scenario (S1), the WF of animal product consumption decreased significantly9%bfrddd 2005 to 2050) and became
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the second largest contributor, after cereal consumption, to total WF of Chinese food consumption. This reduction we
driven by decreases in both animal product consumption (by 37% to 2050) and WF per unit calorie gfradinctd
(by 43% to 2050).

Water footprint scenarios of food consumption per capita in China
1000 -

= Animal products
800 4 Other crops

m Vegetable and Fruits
600 + = Oil crops

= Sugar crops

400 4 = Roots
m Cereal

200 -

Water footprint per capita (m?cap/y)

2005 2030 2050

Figure 19. Water footprint of food consumption per capita under the four scenarios of China.

The total national consumptive WF of food consumption is projected to decrease across all scenarios, compared to t
baseline level ©2005 (1212 billion my™) (Fig. 20). Evenunder an increased population by 2030, we observe a decrease
in the total WF of consumption. The main reason for this decrease is the decrease in WF per unit of consumed crop a
animal products, and the factttthe population increase to 2030 remains modest. The more significant decrease by 205C
is a combination of the projected declining population and the further decrease in WFs per unit of crops and animi
products. In S1, with the smallest population sirel the largest decrease in WF per capita, the total WF of food
consumption drops most, decreasing on average by 24% and 47% by 2030 and 2050, respectively. With tfnerclirrent
diet, the smaller decrease in the WF of food consumption in S4 compar2datal $3 results from the relatively large

size of the population and the relatively high WFs per unit of crops and animal products.
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Figure 20. Changes in ChinaOs green, blue and total consumptive water footprint of food consumption across scenarios, as
compared to the baseline year 2005. The green, blue and overall consumptive water footprints in 2005 are 1030, 183, and

1212 billion m®y™?, respectively.
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The reductions in blue WFs are higher than those in green WFs across all scenarios, in linehigttetheductions in

the blue WFs per unit of production, which result from climate change and yield improvements through technology. Tht
reduction in the green WF of food consumption in S1 is higher than in the other scenarios, as a result of lmfer shar
roots and sugar crops in the diet and the low fraction of blue WF in the total consumptive WF per unit for roots and sugi
crops (~23% for root crops and ~8% for sugar crops).

3.3. National virtual water trade related to crop products

While in the baseline year 2005 China was a net virtual water importer (with respect to trade in the crops considered |
this study), the country will have become net virtual water exporter by 2050, in all scenarios. In scer8B8dhiS1s
already the case in030. The potential reversal of ChinaOs role in the global VW trade network was also reported by
Ercin and Hoekstra (2014but contradicts the projected increase in net VW import of major agricultural products by
Dalin et al. (2015)However, the result dbalin et al. (2015was based on a totally different scenario, with decreasing
irrigation area and reduced exports of crops. The current sfsuMs an enhanced sslifficiency in food supply and a
potential contribution to the global VW trade netwoskeen exporter. TablE0 presents the muCM averaged net VW
import related to crop trade across scenarios. The VW export of China under S1 is larger than in the other scenarios, w
the net VW export as high as 38% of the total consumptive WF of comjugtion. This is the result of the relatively

high increase in crop production, by the relatively high crop yield and expansion of harvested crop area, and smaller crt
consumption due to the projected population decrease anthésddiet. In S4, Chinia still a net VW importer by 2030,

due to the VW import related to the large soybean import, which is larger than the total VW export through all exparted crops

Table 10. Net virtual water import of China related to trade in considered crops, for the baseline year 2005 and

for 2030 and 2050 in the four scenarios.

Net virtual water import 2030 2050

(107 m*y™) 2005 S1 S2 S3 S4 S1 S2 S3 S4
Green water 82 133 -70 -3 65 267 192 139 -40
Blue water 14 -39 -26 -9 9 -71 -59 -48 -23
Total 97 172 -96 -12 73 338 -250  -187 -62

Figure 21 shows the multiGCM averaged net VW import of China related to different crops under the four scenarios.
ChinaOs shift from net VW importer to net VW exporter occurs most in particular through the projected exporaf rice a
wheat. In the baseline year, export of maize contributes most to ChinaOs virtual water export, responsible for 86% of
croprelated VW exports of China. In the future, rice export is expected to become the biggest contributor to Chinal
virtual waterexport, accounting for 38% of total VW export in 2050 in S1, 42% in S2, 33% in S3, and 32% in S4. In S1,
the net VW export related to rice export even becomes 53% of the total WF of rice production in China by 2050. Chin
will remain a big VW importer ralted to soybean in all scenarios. Accordinglémar et al. (2013)China could become
worldOs largest VW importer through soybean trade in the future. In the baseline year, 61% of Chinese soybe
consumption depends on import. By 2050, the projected depeg on soybean imports is 24%, 37%, 45% and 55% in
S1, S2, S3 and S4, respectivelyhe fraction of the external WF in the total WF of crop consumption decreases in all
scenarios, most in S1 and least in($dblel11).
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Figure 21. Net virtual water import of China related to its trade in different crops, for the baseline year 2005 and for 2030

and 2050 in the four scenarios.

Table 11. Fraction of the external water footprint (WF) in the total water footprint of Chinese crop consumption, in the

baseline year and in 2030 and 2050 under the four scenarios.

Fraction of external WF in total 2005 2030 2050

WF of crop consumption S1 S2 S3 S4 S1 S2 S3 S4
Green WF 17% 10% 12% 15% 17% 5% 8% 10% 14%
Blue WF 11% 6% 7% 8% 11% 1% 2% 1% 6%
Consumptive WF 15% 9% 11% 13% 16% 5% 7% 9% 13%

3.4. Discussion

In Table12 we compare the current results with the results from earlier studies where possible. The relative changes i
WEF per tonne of wheat and maize in China in the current study are in the samerdibectmuch larger than the global
average values as suggestedfgder et al., 2010)he differences in magnitude originate from the different geographic
scopes of the studies, but also from the fact that different climate scenarios and crop modsdsl.afde relative
changes in total blue WF at the current irrigated cropland in China from the current study, which considers the impacts
both changing precipitation and g Tare smaller than the estimates for Asia providedPhigter et al. (2011)who
considers the impact of changing precipitation only. The changes in WF of crop production in China found in the curren
study are much smaller than the figures presente@rbin and Hoekstra (2014 he decrease in total WF of food
consumption in scemi@ S1 in the current study is greater than the decrease in scenarios S3 afgic84and Hoekstra
(2014) which are based on the same Jgs=at diet scenario, but exclude the effect of reduced WFs per unit of food
products by climate change that hagéncluded in the current study. The relative changes in VW import related to
soybean for S3 in the current study agree best with the result for thaedlohscenario irKonar et al. (2013)



Table 12. Comparison between the current results and previous studies.
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Changes in consumptive WF per tonne of

Reference Year Study case Scenario
consumed crops (%)
global wheat -0.43/-0.45
Fader et al. (2010) 2041-70 ) SRES A2
global maize -0.35/-0.44
2005-
China wheat RCP 2.6 -27/-36
2050
Current study RCP 8.5 -26/-39
China maize RCP 2.6 -44/-50
RCP 8.5 -71-23
] Changes in total blue WF at current irrigated area
Year Study case Scenario
(%)
2000-
Pfister et al.(2011) Asia SRES A1B -11
2050
2005-
Current study China RCP 2.6 -8
2050
RCP 8.5 -2
Changes in total consumptive WF for crop
Year Study case Scenario )
production (%)
. "S1/S2/S3/S4"
Ercin and Hoekstra 2000-
China based on 89/127/-22/-22
(2014 2050
IPCC AR4
"S1/S2/S3/S4"
2005-
Current study based on 17/17/0.8/0.8
2050
IPCC AR5
) Changes in total consumptive WF for crop
Year Study case Scenario )
consumption (%)
. "S1/S2/S3/S4"
Ercin and Hoekstra 2000-
China based on 79/117/-29/-25
(2014 2050
IPCC AR4
"S1/S2/S3/S4"
2005-
Current study 2050 based on -47/-30/-33/-20
IPCC AR5
Year Study cas e Scenario Net virtual water import (10 o m3y'1)
low yield' /
Konar et al. (2013) 2030 Soybean 'high yield' 25.44 ] 32.44
(SRES A2)
. "S1/S2/S3/S4"
Ercin and Hoekstra Agricultural
2050 based on -171/-152/ -101/-63
(2014 products
IPCC AR4
Current study 2030 Soybean "S1/S2/S3/S4"  60(-19%)/71(-3%)/ 81(11%)/90(21%)
based on
2050 Crop products -338/-250/-187/-62

IPCC AR5
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Currently, four billion people live under severe blue water scarcity for at least for one month a year, and 0.9 bidtion of th
four billion live in China (Mekonnen and Hoekstra, 2016). We added the current results on relative changes in nation:
blue WF (nf y?) of crop production in China under each scenario to the context of current ChinaOs total water blue WI
and compare to the curremaximum sustainable blue WF (Mekonnen and Hoekstra, 2016). In scenarios Sland S2 undel
RCP2.6, the increase of 5% in total blue WF from 2005 to 2050 of crop production will slightly increase current blue
water scarcity of China as a whole from 0.49 (loweblater scarcity) (Mekonnen and Hoekstra, 2016) to 0.51
(moderate blue water scarcity). The projected decrease of 9% in total blue WF of ChinaOs crop production in S3 and
under RCP8.5 will reduce the current blue water scarcity accordingly to 0.4%. ffdee been studies on changes in blue
water availability in China to future climate changes (Hanasaki et al., 2013b; Elliott et al., 2014; Santini and di Paola
2015). The finding on significant decrease in blue water availability in the Yellow Rivén Bamore than 40% from

2005 to 2050 under RCP 8.5 was unified across these studies. According to the current study, even though the total b
WEF of crop production in the Yellow River Basin will decrease by 11% under RCP 8.5 (S3 and S4), the basitillcould
suffer increasing blue water scarcity from the possible declining runoff. While for other parts of China, the current leve
of blue water scarcity (Mekonnen and Hoekstra, 2016) will not change significantly for considered scenarios from 200!
to 205Q given the projected slight increase (~10%) in blue water availability (Hanasaki et al., 2013b; Elliott et al., 2014;
Santini and di Paola, 2015) and current projected slight increase (~4%) in total blue WF of crop production unde
RCP2.6 and decreasesl (%) under RCP8.5.

In addition, there are inherent uncertainties in scenario studies. All scenarios are based on assumptions regarding clim
change and socieconomic developments like population growth, changes in diets, technological improvemeatsiand |
use changes. Different GCMs result in different climate projections for a given emission scenario, which can be
addressed by using the projections from multiple GEBEmenov and Stratonovitch, 201@s we did in the current
study, although we consitid four GCMs only. Finally, the crop model used, the Aquacrop model in our study, and
parameter values chosen, will inevitably result in different yield predictions when compared to studies based othe

models and parameter séfsseng et al., 2013)



4. Conclusion

The study provides a comprehensive analysis of the consumptive WF and VW trade of China by 2030 and 205(
focusing on the agricultural sector, developing four alternative scenarios forced by different levels of population growtt
and by changem production, consumption and climaliéhe four scenarios differ in assumptions and outcomes, but the
projected futures share a few commonalities

0] On average, the WF of producing a tonne of crop decreases due to the combined effect of climate chanc
andtechnology improvements on yield increase. Wetter climate projections in Northwest China potentially
reduce the local blue WF of crop production that can help to reduce the high blue water stress from the

agriculture sector;

(ii) The WF of food consumption peapita decreases, up to 44% by 2050 if diets change to less meat (scenario

S1). The total national WF of food consumption also decreases across all scenarios;

(i) China will shift from net VW importer through crop trade to net VW exporter. How&heéna wil remain

depending on soybean imports.

The results suggest that the target of the Chinese government to achieve higbeffisieliicy in food supply while
simultaneously reducing the WF of crop production (SCPRC, 2010; MOA et al., 2015) is feasibézekdive premise

of realizing the presented scenarios is smart water and cropland management, effective and coherent policies on wa
agriculture and infrastructure, and, in scenario S1, a successful shift to a diet containing less meat.
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Appendix Il. Relative changes in annual precipitation in China from 2005 to 2050
across GCMs for RCP2.6 (left) and RCP8.5 (right)

RCP2.6, CanESM2, 2050 RCP8.5, CanESM2, 2050
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Appendix lll. Relative changes in annual reference evapotranspiration in China from 2005 to
2050 across GCMs for RCP2.6 (left) and RCP8.5 (right)

RCP2.6, CanESM2, 2050 RCP8.5, CanESM2, 2050
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Appendix IV. Relative changes in national average crop yield in China from 2005 -2050

under each scenario

Baseline 2005 Relative changes from 2005-2050 (%)

tha™ s1 S2 S3 S4
Wheat 4.28 7 6 34 29
Rice 6.26 20 17 35 29
Maize 5.29 -10 -8 -3 -3
Sorghum 4.47 9 8 6 5
Millet 21 61 53 7 65
Barley 4.14 -22 -19 31 26
Soybean 1.71 27 24 42 36
Sweet potato 22.18 -51 -45 34 29
Potato 14.52 -32 -28 27 23
Cotton 3.92 4 3 41 34
Sugar cane 63.97 -42 -37 11 10
Sugar beet 37.51 198 174 233 196
Groundnuts 3.08 -9 -8 33 28
Sunflower 1.89 17 15 65 55
Rapeseed 1.79 -35 -31 22 19
Tomato 35 -54 -47 56 47
Cabbage 33.68 -4 -4 40 34
Spinach 19.35 25 21 39 33
Grape 14.19 16 14 41 34
Apple 12.7 39 34 80 68
Tea 0.89 28 24 24 20

Tobacco 1.97 30 27 42 36
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