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Abstract

This paper evaluates the relationship between virtual water trade and water scarcity
gquantitatively, but with wo modifications to the way the previous studies capture water
endowment. First, wase economic water availability, not physical resource base, as a measure
of water endowment, and second, take a view of relative scarcity, not absolute scartig.
conpare the direction and volume of actual virtual water trade estimatétehbyultiregional
inputoutput (MRIO) model and those theoretically predicted from the relative water
endowment of each country lille HeckschetOhlin-Vanek (HOV) model.We find thd the
general directions and volume of world virtual water trade are reflecting the relative water
scarcity of countries to a considerable extent. In particular, if we introduce technological
heterogeneityit turns out that about 83% of virtual water fl@in the right directionBut if we

focus on lowincome countrieghis relationship gets rather vague
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1. Introduction

Water is a resource that hashugeimbalancein the spatial allocatianof supply and
demand It is urevenly endowd on the globenostly due to the planetargtructurs such as
atmospheric circulation, ocean currgnivater cycle, land fmographiesand even continental
drifts before the birth of humankin8ocioecaomic factors includingpopulation,industry, and
technology, on the other hand, hawet necessarilydevelopedin coincidence withthese
planetary structuresn particular, itis in relatively dryregionsin South Asia and SuBahara
that the highest population growih this centuryhas taken place and wikstin the coming
decades, which wilbroaden thémbalance even furthéFalkenmark et al., 2009).

Virtual water hagraditionally been expected to fill this gaplamely,countries or regions
with scarce water camake up forinsufficient supply of domestic watdsy importing virtual
water fromother countries or regions witlabundant water They can Hereby alleviateghe
economic and politicatressof mobilizing valuabé domestic resources to importaplteducts
and redirect them tmore productive purposes preserve them for watershed ecosystems and
landscapes

These intuitive expectations are in panfirmed by standardtrade theorieson factor
endowmentsand trade patterng-or example, the Hecksch®hlin theorem, one of the most
famous propositions in trade theorgrovesthat each country exports goods that use its
relatively abundant factor intensiveliecksher and Ohlin, 199) The logical consequence of
this isthat water-scarce countries woulble a net importer of virtual water (Raer, 2012).In
other words, virtual water isxpected to flow from wateabundant countries to watsecarce
countries.

However,the conclusions ofostprevious empirical workdo not support treeintuitive
andtheoretical expectatian They have found no explicit relatidretween virtual water trade
and waer scarcity exceptery few extremely watesscarce countries iarid or desert climate
Forinstance Yang et al. (2003)evealsthatthere is no significant relationship between cereal
import and domestic water resources in countries above the threshbleD0fQ/capita/year,
which is even below the famousalkenmarkwaterstress threshold of 1,70Q, althoughthe
import risesexponentially with dcreasing water resources in a feauntries bellowl,500 Q.?
Hoekstra and Hung (2005) quantifilse volume of virtual water flows embodiédcrop trade
andconcludes that there i simple relation between water scarcity and water dependency of
cowntries. They think this ibecauseavater scarcity is driver of croptrade to a limited extent

compared to other determinants such as land, labor, and tectesoighpagairand Hoekstra



(2008) implements similar analysis but with much more comprehensive estimation of virtual
water for 285 crop products and 123 livesk products. But they concludbat the relation
between water scarcity and water import dejggcy is not as stightforward as one would
expectexcepta few countries with extremely high water scarcity in the Middle Hdm.reason
is that under thecurrent trade regimewater is seldom the dominant factortetenining
international trade ofvater-intensive commodities compared to other igpitang et al. (2006)
divides net imporers of virtual waterinto three groups aording to water availability, and
compars the volume of net import of each grouput they conclude¢hat water scarcity has
relatively limited role in shaping the global virtual water trade flolssum most empirical
worksshare a quite pessimistic view on ttentribution of virtual water trade to alleviate water
scarcity

This paperrevisitsthis issueBut in so doingwe make twanodifications tothe way the
previous studiesapturewaterendowmenbof each countnand itsscarcity

First, we use economicwater availability, not physical resource bases a measure of
water endowment. The previous studhesve usedthe ultimate amount of water physically
existing within a counyr. For instanceYang et al. (2003) uses the amount of renewable water
resource ofa country, which is defined as the sum of the mean annual surface runoff and
groundwater recharge. In Hoekstradadung (2005) and Chapagain and Hoekstra (2008), the
index of national water scarcity is defined as the ratio of total water use to theevolum
renewable water resource

But these ultimate physical quantitiase not necessarily an appropriate meagorea
direct ceterminant of economic activiti@scluding virtual water tradelrhey contain theamount
of water that is not accessildeie totechnological constraints or infigient infrastructure, or
the amountwithdrawal of which is institutionally reficted for preservation ofwatershed
ecosystems andndscapes.

Obviously, it cannot be denied thaélhese physical upper linsihave someeffects on the
way the country utilizes its water resouredsleast in a long rynas we discuss ithe final
section But most individual economic entities such as factories, farmers, and housegholds
through the accumulation of whe decisions oproductionor consumptiorthe trade patterns
of a country are formed, do not takéo account theesourcesinavailableo them.And there is
no reason to account these unavailable amount as a part of water endowment, even though
children or elderly persons physically, or legally, unable to veor#t working hour over legal

limit are not accounted as labor endaswnt, or the buildings or railwaythat are still under a



planning phase are not accounted as capital endowment.

What matters for individuadecisionsof economic entitie is the amount of water that is
economically availablgvithin a countrylt is the amounto beallocated amongntities through
somesort ofsocial institutios; in the case of blue water, through water markaiblic water
authorities,community rules)egal rights, orany combinatiors of these In the case of green
water, althoughrainwateritself is not allocatedthrough socialinstitutions, the allocation of
lands on whichiherainfalls functiors as a substitute

However, mlike labor force data in labor statistics, there is no internationally comparable
indicator thatmeasures an upper limit of water supply excluding the amount technically or
institutionally unavailable. One of the alternative ways is to utilize the amount of actual water
use in a countras a proxy for economic water availabiliBpecifically we adopthe amount of
consumptive water use for domestic agricultypralduction.We explorein detailthe validity of
this indicatoras a proxyn section3.

The £cond modification is thatie switch fromabsolutescarcity to relative scarcityAs
stated in somef theprevious studies, water is not the only factor that determines trade patterns.
In addition totechnologicalconditiors or traderelated policy measuresthe endowmenbf
various production factors other than watersuch as labgrcapital, and land may have a
substantial influence on tradkecisons of each countryBut the way differentfactors affect
themis not in a separate manneas implicitly supposed in thee literatures.Standard trade
theoriesincluding the Heckschebhlin theorem have linked trade decissomvith relative
scarcity ofproduction factorswhich is defined as follows; country 1 is relatively scarce in
water if Wi/t' 1 w'112 whereW' and!‘ denote the endowment of water and the other
factor in country!. What matterdereis not how scarce wateor any other factoglone is but
ratherhow scarcet is in relation to the endowment of other facd@ompared to other countries.
Accordingly, the statement in the previous literasubat other factors are momaportant than
water is not aorrect propositiofirom an economic point of view.

In order to evaluate the responsiveness of virtual water trade to relative water scarcity in a
theoretically consistent mannewve employthe HedkscherOhlin-Vanek (HOV) model The
HOV modelis the Ofactor contentO version of the HeckSindin model Feenstra, 2004 It
predics thedirection and volume of factor conteanddebased onmelative fictor endowmenstof
a country. We use theredicting power of the HOV model to derive referetregle patternso
examinethose of actual virtual water

In sum, this papegvaluateghe relatioshipbetween virtual water trade and water scarcity



guantitativelyby comparing the direction and volume aftualvirtual water trade and those
theoretically predictethy the HOV modefrom therelative water endowmemtf each country
measuredn terms of economic availability

The rest of the paper is structuredfalfows. Section 2 estimatdbke actual virtual water
flow embodied in international trad&ection 3 derivethe predicted trade patterns of virtual
water, and then examigsthe correspondencegth the actuapatterrs. Section 4 concludes and

refers someemaining issues.
2. Estimation of actual virtual water trade

2.1 Modeland data

We estimatethe actual virtual water flow embodied in international trade usirey
multi-regional inpwoutput (MRIO) modelThe inpuBoutput approach is one of thep-down
methods to measure environmental impacts embodied in international trade such as virtual
water® Three different models hawgpically beenused according to the purposes and scopes
of analysis: the singleegional inpuboutput (SRIO) model, theilbteral trade inpdoutput
(BTIO) model, and the muHiegional inpuboutput (MRIO) model. They diffemainly in terms
of the range of countries/regions analyzed, assumptions of technology, and the way in which
intermediate goods are treafe@he primaryadvantages of the MRIO modedmpared to the
other modelsre, first, it useslifferent technologies for differembuntry/region, and second, it
distinguishes products imported as final goods and those imported as intermediatedripats
it can describeomplexmutual transactionbetween dirent industries across borders

The theoretical frameworlof the MRIO model is as follows. Suppose there Bfe
countries with! sectors. In equilibrium, the Nx! output vectorx” ={!};-; n oOf

country r can be expressed as

=gy ! +Ze”! (1)

where!* ={1;7} ~ isthe! !l transaction matrix beteen domestic sectorssually
obtained fromdomestic inpubutput tabls, ! is a column vector of 1d ¢ !), !'" is the
vector offinal demandof domestic goodd (! 1), and ! " is thevector of exports of domestic

goods to countryt (N! 1). !'* can be divided intgoods forintermediate inputs anfbr final



demandas!" ! 1" 1 +1" where!" is a transaction matrix from Ossectors to! Os

sectorsandy' is ! Odinal demandof ! Oggoods.The equation (1) cathusbe transformed

into 1Tt et eyt ety et 1t {1} o denote the coefficient
matrix of domestic transactions with each technical coefficient! of! !ji 1!} and
1" {ri} o, be thecoefficient matrix of transactions fromOssectors to! Os sectors
with Tho 1ttt Thenwegett!' 1 1" 1 43 A1 1" 4311 Defining
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we haveX! AX! !. By transforning this, we obtain the equilibrium equation thie MRIO

modelas

=01 1)ty )

The data forZ™, which is necessary to calculate the-difigonal elements oA, is
usuallyestimated from bilateral tradw data and domestic inpautput tables, by assigning
the total amount of transacti®nf each good between two countries to individual sectors in the
importing county according to the share of each seatathe total import of that good from the
world (Peters et al., 2011)

Let ¢' ! {cf b1, be thecolumn vector (! 1) of the amount of water uskper dollar
of production ineachindustry in country!. We call this amount water intensityet ! denote
a diagonal matrix! ! ! I" ) that has each element bf !l =111 | | on the diagonal.

Thevector of domestigvater useof country !, ! [ is obtained by

=11t (3)
It is the amount of water directly used in the production processes locategniny . As long
as the physical location of the water use is in the geographic area of the country, it is accounted
in the calculation even if the produced goods were exported to other countries.

The vector ofwater use embodied ithe consumptionof country r, Wy, in other word, the

vector of virtual water flowis obtainedoy using (2)as



Wi )t

'l is defined as! ! [/} /i ! !'{i], where apostrophes mean transposed
it {0y ”}” IS the column vector!(! 1) of water usein country! embodied in the
consumptionof country !'. I'" 1 1ttt ittt 1" 1 s g part of final productiorfproduction
for final demand}hat is exported to country.

We use the bilateral tradbow and domestiégnput-output data of Global Trade Analysis
Project (GTAP) version 8.1 (Narayanan et al., 2012) with 134 countries/reggidns7 sectors
to construct the MRIO modeThe international transportation pool in GTAP is endogenized in
I matrix by tracing the steps of Peters et al. (2011).

Due to data limitation, water intensities are calculated only for agricultural primary
products, i.e. water used for growing crops and raising livestbo&y areobtained for each
sectorof each country by dividinghe volume of water uskby the sectorby its outputof GTAP
in dollars. The water uder each crop i€alculated by multiplyinghe 20022012 average
annualproductiors of 145products oFAOSTAT with green and blue water footprint per toin
each productaken fromMekonnen and Hoekstra (201Then it isreorganized intéhe GTAP
secbr classification according to tleerrespondenadn Table 1.The water use for crops is
restricted to consumptive use for evapotranspiration in fields, not including return flows to
runoffs or aquifers. The vter use for raising livestock the sum of drinking water, service
water, andgreen water used for grazing in pasture|aalen fromMekonnen and Hoekstra

(2012) but the water used fgrowing feed crops are accoadtin crop water.

Table 1 GTAP sectors and FAOSTAT products

GTAP sector ID FAOSTAT product ID
1 27
2 15
3 44,56,71,75,79,83,89,92,94,97,101,103,108
4 116,122,125,135,136,137,149,216,217,220,221,222,223,224,225,226,234,35

67,372,373,388,393,394,397,399,401,402,403,406,414,417,423,426,430,446,
3,486,489,490,495,497,507,512,515,521,526,530,531,538413644,547,549,55
,552,554,558,560,567,568,569,571,572,574,577,591,592,600,603,619

5 176,181,187,191,195,197,201,203,205,210,211,236,242,249,254,260,265,26]
80,289,292,296,299,328,333,336,339

6 156,157,161

7 773,777,780,782,88,789,800,809,821

8 656,661,667,677,687,689,692,693,698,702,711,720,723,748,826,836




2.20verview of the esults
Figure 1a) shows thevhole picture of thevorld virtual waterflows betweerregions.The
widths of arrowsand the numbenepresent th volume of net expas{ R/year) Figure Ib) and

(c) illustrate these flows from the sidd¥ net exporters and net importers regpely.






Figure 1 (b)Netvirtual water export$o each region
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Figure 1(c) Netvirtual water importsrom each region
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Figure 2International balances of virtual water trade/year)

(Countries with a population of over 20 millions)
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South and Central America and Southeast Asia are the primal sourcesvofrftheirtual
water flows directed to almost all part of the world. In particular, the export from South and
Central America to Europe is the largest of the flows between regions. North America follows
these two regions, but its destinations are inclimeBurope, MENA & West Asia, and Japan.

The exports from East Asia and S8bhara are mainly towards Europe.

With regard to the net importer side, Europe is the world largest virtual water demander,
importing from almost all part of the world except Japad BIENA & West Asia. The second
largest importing region is MENA & West Asia, also importing from all part of the world
except Japan.

Figure 2 shows the international balances of virtual water trade of the countries with a
population of over 20 millions. e world largest net exporters are Brazil, Argentina, and China,
followed by the countries in Southeast Asia such as Thailand, Indonesia, and Malaysia. The
largest importers are countries such as Japan, Germany, United Kingdom, Italy, and South
Korea. In @rticular, the deficit of Japan is outstanding, representing about 9.2% of the net trade
volume of the worldJapan depends about 90% of the water embodied in its consuroption

foreign water resources.

3. Examination of actual virtual water trade by theoretical predictions

The predicted values of virtual water tradee given in three different way$y the
standard HOV model with identical technologikgthat with heterogeneous technologies, and,
additionally,by the basic water requirement to reduce the undernourished populafgcstart

by explainng the generaideaof the standardHOV model

3.1Theoretical frameworks

Suppose there ar! countries with! industries and! production factors.In the
standardHOV model, it is assumed thabuntries diffelin the endowrant of production factors,
but have identical constargturnto-scale productiotechnologiesandidentical and homothetic
preferences. In additionve assume the factor prices are equalirefieetrade.

Let !+ denotethe amount of factot that is drectly and indirectly required fmne unit
of production in indstry ! , which comprisesa matrix! ! {' 3}y w1y o usually alled
atechnology matrixLet ' ! {I{}, 1y, and!' ! {1{}, 4, denotethecolumnvectors of

outputs and factor endowments of countryrespectivelyand!' and!' bethe vectors of
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world total production and factor endowmentst !' 1 {I{},,,4, bethecolumn vector of
consumptionof country!. Due to identical and homothetic preferences, it follows that the

consumption vectors of all countries are proportional to each other. This £nable write

1'1 1" where!' denotescountry ! Osshareof world consumptior(! ' I (111)!I ¥, 141
l),and !’ is the vector ofvorld total consumption. If trade is balanced, thHénis equal to
country ! Os share eforld GDP.Let ' I 1'1 I'' denotethevector of net exports of country

I,
In the standard HOV model, it is proved that the following relation exists between the

factor contents of trad!' andtherelativefactor endowments (Vanek, 1968);

forotr oty ! (4)

This is he statement of the HOYheorem. 1 the endowmenbf factor ! of country!
relative to itsworld endowment exceeds countrDs share of world GOP{!!{ ! !'), then
we saythatcountry ! is relatively abundant in factor. In that casethe factor content of trade
in factor ! should be posite, and conversely itountry ! is relatively scarce in factor
(1i!'} <k'). This provides one of the theoretical supports orttovement of virtual water
trade In addition, (4) can be used aa prediction of thevolume not just the directionspf
virtual watertrade reflectingherelativewaterendowmenbtf each country

However, thepredicting power of the standard HOV modetompanyingarious strong
assumptionshas mostly been rejectedby empirical test since 1980s (Bowen et al.,, 1987,
Trefler 1995; etc.)Previous studies havehustried a series ofnodified versims ofthe HOV
model by relaxing somef the strongassumptios.

The modified modek are roughlyclassified inthree groupsthe modelsincorporating
heterogeneougroduction technologies by relaxing the identical technology assumption (Trefler,
1993; Trefler, 1995Maskus and Nishiok&009; etq), thoserelaxng the assumption of factor
price equalization avis and Weinstein, 2001; Aftaur et al., 2011; etg. and those
consideing the effects of trade related frictions such as transportation costs by using gravity
models (Helpman, 199®avis and Weinstein, 2001; Artdlur et al., 2011; et}.

This paper uses, in addition to ethstanded specification,the one incorporating
heterogeneous technologies

One of the simplest ways of incorporatitgterogeneous technologiés to allow a

productivity of eaclproductionfactorto varyacrosscountriesLet ! ;| denote the productivity
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of factor! in country ! relative to the productivity irthe benchmarlkcountry, the United
States in this papefhen the effectiveendowment offactor ! in country ! becomes! | !} .

The HOV equation catherebybe rewritten in terms of theffective endowmestas

!!!!!!!!!!!!!!ZI!’!!! (5)

where! ' is a diagonal matrix witH | on the diagonal, andl is atechnology matrix of the
benchmaricountry.

However, equatiolf5) has as many paranees as observations and therefite the
data perfectly. lmely it does not function as a test of the HOV equadioy more Trefler
(1995) avoidedhe problem of perfect fit by restrioy theway ! { variesacross countries
Specifically, Trefler modiftd the model by usind', which represents a Hickeutral

factoraugmenting technologynstead of! .' ;

!!!!!!!!’v!!!!ZI!!V!! (6)

Unlike equation(5), thisdoesnot necessarily holdxactly. We therefore introduce an
additive error term anahoose parameters to minimize theum of square residuals. This
enabls us to avoid the mblem of perfect fit and to be back in thaditional econometric

approachkeenstra, 2004

3.2 Test methodologies andala

We examine howactual virtual water tade reflects water scarcity by comparing its
direction and volume with those of three different theoretical predgtiginst, we employ the
predictions from thestandard HOV model of equatiof), and second,we use another
predictions fromthe modified mode of equation (6) with Hicks-neutral technological
heterogeneity.In addition to the fitness to these economically reasonable predictions, we
perform the third examination from a social perspective of reducing undernourished population
in the world.RockstSm et al. (2007) and Falkenmark et al. (2009) estimated vapor flow of
1,300 Q/capita/year would be needed on average, in the case of no improvement on water

productivity, to ensure a balanced diet of 3,000 kcal/capit&/daijh 20% calories from animal
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products. We calculate the gap between the water endowment of each country and its total
annual water requirement given by multiplying 1,3Q0with its population, and compare it
with the actual net virtual water export of that country

For each predictionwe implement four different tests, according to Trefler (1995) and
Artal-Tur et al. (2011); the sign test, the weighted sign test, the Omissing tradeO test, and the
slope test.

The sign test compares the signs of the actual and predicted value ofwatetrade for
every country, and evaluates the proportion of correct matches. A sign match implies that the
country in fact is a net exporter/importer of virtual water that the theory predicts. However,
since a random assignment of sign still generate®ct matches of about 50% if the size of the
samples is large enough, considerably higher percentage is required to conclude that the
correspondences are strong. In addition, the basic sign test treats all matches equally, so that it
does not reflect thquantitative impact of OcorrectO or OincorrectO virtual water trade. Thus, we
implement the weighted sign test by weighting the estimates of sign test with the predicted trade
volume of each country.

OMissing tradeO is an issue Trefler (1995) has painteabout the standard HOV model
that actual factor contents of trade are an order of magnitude smaller than the predictions based
on relative factor endowments. In short, virtual water is not traded as much as the volume
predicted by theory, even thoughfiows in the right direction. We implement the Omissing
tradeO test according to the methodology of Trefler (1995); calculating the ratio of the variance
of the observations to the HOV predictions. The smaller the ratio is, the less the actual virtual
water trade is than the HOV predictions.

Finally, we implement a linear regression to see the slope of the correspondence. For each
model, we regress the actual net exports against the predictions. If the model fits perfectly, we
would have the value of coefficient equal to one (slopgadegre).

As mentioned in the introductiomye use the amount @ctual water usas a proxy for
economic water availabilitySpecifically, we calculate the amount of consumptive water use for
domestic agricultural productiony summing all elements of the vectb/ in (3). Using
actual wateuseas an endowment measure has both advantages and disadvahtpgesry
advantage is that it does not contain the amount of water unavailable to economic entities. In
addition, it is relatively easy to calculate from existing data in an internationally comparable
manner.

On theother hand, the indicator of actual teause has defect thatheoretically it may
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underestimate economic water availability in the case of underemployhéme production
factor (water) namely, water is not used up to tiveit of economicavailability as a result of
adjustmat between gpply and demand in water markets in good market if water is not
directly traded In particular, one might imagina situation in whichhere remains a huge
amount of water both physically and leya accesddle but left unexploitedin some
waterabundant countries such as Canada and Brazil.

But, in reality, thefraction of underemployment idimited, though not zeroto certain

extentregarding the amount of consumptive waterfosesome reasons.

First, he data we use is the amount ohsumptive water use, over 90% of which is from
green water at least in watabundant region§See Figure 3)As far as consumptive use of
green water is concerned, it is difficult to generate a situation of underemployGment.
possible situation of undemployment is that, within givenarea of agricultural land, there is
certain amount of green water that is physically available but left unused by crop plants.
However, if precipitation is sufficient, it is neither technically feasible nor economically
reasonable t&eep plantsartificially from extractingfree soil water originated from rain up to
the maximum amount for that variety, unless you create exceptional conditions such as covering
plants by shelters with no costs. Even if precipitation is ntlwe@ the maximum amount, the
plants do not extract water any more. Thereftre,excess amount should not be considered as
OunusedO water endowment, but as physically unavailable water. Of course, it is possible to use
this excess amount in other placasin the future, if it flows into runoffs or infiltrates to
aquifers and is withdrawn afterwards. But it should be counted as consumptive use of blue
water, not of green water.

In the heterogeneous technology modet¢ endowments débor, capital, landand water
areusedto estimate productivity differenceg/e use the labor force data of 2007 of the World
Bank’ andthe capital input data of GTAP. The landedata is obtainedy using harvested
area of 14%roductsand area of permanent and tempomagadows and pastureEFAOSTAT,

reorganized into the GTAP sector classification according to the correspondence of Table 1.

3.3 Results

Figure 4and Table 2 show the results.
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3.3.1HOV model with identical technologs

The result of the sign testnplies 73% of the countries that are expected to be a net
exportefimporterin fact are exportingnporting virtual water.The proportion improves t67%
in the weighted sign test. 8ilar results are foundvenfor low-incomecountries with less than
2,000 US dollar/capita of GDPThus, thegeneraldirections of virtual water trade flows are
considered toeflectrelative water scarcity of each countoya considerable extent

However, there arextremdy large Omissing tras@ inthe identicatechnology model, as
seen in Trefler (1995)0s teshich indicateghat the volume ofvirtual watertradein fact is
much less thanthe model predictsWe can also observhis tendency in the scatter diagram

where theoveralldistribution sticks to thedrizontal axis.

3.3.2HOV model withheterogeneou®chnologies

In the specification with heterogeneous technologies, the results of the weighted sign test
and the Omissing tradeO test reighificant improvemesst The weighted sign test indicates
about83% of virtual water flow in the direction predicted from the HOV model, although the
ratio of the simple sign test ®&ightly less than that of the identical technology model. The
value of Omissing tradeO considerabiproved compared to the extne deviation of th
identical technologynodel. The result of Trefler (1995) pressm similar improvement from
0.032 to 0.486, indicating that large parttidé Omissing trad® can be explained by relaxing
the dentical technology assumption.

However, he correspondence between the predictions and the actuab&emi@es much
weaker forlow-income countries with less than 2,000 US dollar/capita of GIbie.match of
the weighted sign tes$ as good as random selectidvie can observifom the scatter diagram
that some countries are exportimgich more than the predictions, making the value of Omissing

tradeO more than 10.

3.3.3Predictons based obasic water requiremetd reduceundernourished population

The sign test reporthat the correct match is nearly 80%, indicating that virtual water
generallyflows in the direction to satisfyhe basic water requirement of each coun@y. the
other handthere islarge amount ofOmissing trade) though not as large as the identical
technology model, and the explanatory power of the regressisoweek.

But, if we focus onthe countries witlthe net exporwithin the range of200 R, the

correspondenceémproves substantially The value of the Omissing trade@st increases
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drasticallyfrom 0.14 to 0.75In addition to the significanimprovement of the explanatory
power of the regressiofitom 0.02 to 071the slopeof the distributionapproacheg5jwith a
coefficient of 0.76We can see this stromprrespondencelearlyin the scatter diagram.

On the other hand, the correspondence becomes much weakaw{ocome countries
just as we saw in the heterogeneous technology moédelmatch of the weighted sign tests

good as random selection, and the valu®wiissing tdeO test drops significantly.
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Table 2 Test results

Specification of predicting model
Test type HOV w/ identical technologies HOV w/ heterogeneous technologies Basic water requirement
113 countries Low-income 113 countries Low-income 113 countries Low-income
Sign test 0.73 0.69 0.62 0.67 0.79 0.67
Weighted sign tes 0.77 0.85 0.83 0.48 0.63 0.53
OMissing  trade 0.03 0.01 1.71 10.48 0.14 0.06
test [0.20] [4.08] [0.75]
Slope test 0.10* (7.07) 0.07* (5.21) 0.56* (4.96) 0.47 (0.85) 0.06 (1.63) 10.04 (0.91)
[0.24* (6.53)] [1.30* (8.84)] [0.73* (16.10)]
R2 0.31 0.44 0.18 0.02 0.02 0.02
[0.30] [0.42] [0.71]
(ConOt.)
Trefler (1995) Artal-Tur et al. (2011)
Identical Heterogeneous Identical Heterogeneous
technologies technologies technologies technologies

0.498 0.71 0.41 0.57

0.71 0.78 0.23 0.72

0.032 0.486 0.03 0.04

10.101 (1.98) 0.065 (1.92)
0.08 0.35 0.07 0.06

1) 113 countries are selected by subtracting grouped regioBTAP (most of them are named as Othe rest of EQ) andiumg
from 134 countries/regions.
2) Square brackets [ ] : results using only the values within #200

3) Parentheses ( )-vilue. Asterisk * : statistically significant at the 1 percent level (only for the estimation of this paper).

4) The results of Adl-Tur et al. (2011) are cited only for the identical technology model (T1) and thenklitkal heterogeneous
technology model (T3).
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Figure 4 Correspondence between predicted and measured values of net virtual water export
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(c) Basic water requirement
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4. Conclusionsand discussions

This paperevaluatse the relationship between virtual water trade and water scarcity
guantitatively but with two modifications tothe way the previous studiesapture water
endowment. First, wantroduce economigvater availability, not physical resource base, as a
measure of water endowmetecond, weake a view of relative scarcity, not absolute scarcity,
to ensure theoretical consistency.

We estimatehe actual flows ofvirtual water trade using the MRIO modahd compare
themwith thetradepatterns theoretically predictecbim the redtive water endowmerf each
country by the HOV model We also performa similar examinationvith regect tothe basic
waterrequiremento reduceundernourished population.

Throughthe four different tests, we fid thatthe general directionsind volumeof world
virtual watertradeare reflecing the relative water scarcity of each countoya considerable
extent In particular, if introduce technological heterogeneity to the HOV predictiabsut
83% of virtual water flow in the predicted directiokdditionally, if we focus on the countries
with the net expontvithin the range 0£200 R, virtual watertrade movesnostlyin accordance
with the surplus and deficitf each countryn satisfyingthe basicwater requiremen

But how should the differencéetweenthe opportunisticview of this paperand the
pessimisticones of the previous studies be understo@tieinterpretation is as follows:irst of
all, actual virtual water trade basically respondsrédative scarcity based oeconomic water
availability, as our resulindicates, not directly to physical endowmentSecondly, bwever,if
the total waterdemandin a countryincreass as the economgnd population growandif it
accompanies sufficient infrastructure improvements, then gap between theconomic
avalability and the physical limit wouldiecreaseThirdly, while the physical limit of water
resourcs (and land) idargelyfixed by the planetary structures as stated in the intrazhyctine
amount of manmade capitslichasmanufactured capital drumancapitalmay increaseas he
economy and population growshis leadgo anunproportional growtlof different production
factors if the above gap islreadyconsiderably smalland as a resulihcreases the relative
waterscarcity of the country.

Accordingly, as long as virtual water trade reflects relative scarcity based on economic
water availability, it will ultimately respond to the physical quantity too, especially in extremely
waterscarce countriesthis is becauséan these countries, the economic availabilitglisse to

the physicallimit, and the water islso scarcein a relative termdue tothe growth of the
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production factors other than wat€onsequentlythe conclusions of the previous studies that
there is no explicitelationshipbetween virtual water tradend water scarcity excepktremdy
waterscarce countries do notcessarily contradict with our result

On the dher hand,if we focus on lowincome countriespur result also showsome
uncertainty in thebove optimistic viewln particular,the weak correspondenegth the basic
waterrequirementsn thesecountries icrucial from a view of eradicatingndernourishmentt
is likely that theweak correspondence is sometimes related to their protective trade policy
measures or oer nontariff barriers that impeda flexible mobilization of virtual water, or
strong rehtionships with specific tradpartners gch as former suzerain thaive achronic
impact on the trading patterns of these countries.

But anaherimportantpotential factoiis the lack of purchasing power the international
crop marketslt is crucialbecause the inaccability to virtual wateron a longterm basisiue to
low purchasing powewould deprive them o&n opportunity to alleviateegative impact of
ever increasing climate variations. In addition, countviéh high population growttwould
heavily depend on horizontal expansion of agricultural lamdsch would have considerable
impacs on ecosystenmiacluding growing deforestatiofralkenmark et al. (20Q0%®stimats that
the potential amount of cropland expansion required by 205W@iftdes with GNI below 1,000
US dollar/capitawill not have enagh puchasing power to import virtual waterould be 261
Mha in the case of thepopulation scenario ofPCCG-SRES A2.In order toavoid these
catastrophic consequences, it is essential to diminish the global income disparity between the
North and South.

Finally, let us briefly note thremmethodologicataveatsf our framework The one is that
the data ofdomesticwater usdn this papemay underestimate economic water availabitity
some countries.

The amount of water use in a country fluctuagesry year for various reasons including
cyclical downturns and any other shtgtm disturbances not related ¢osts ofwater It is
desirableto meke sane adjustments fothese shortermreductions of water use, bue didnOt

mainly becauséhe production data dhe same version @ TAP isobtainedonly for a year.
it is the result of adjustments between demand and supply

and alsoit may be affected by various shderm economic disturbances unrelated to

water resources
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Secondy, different fromthe measure of renewable water resourcedtimesticwater use
in this paper does not guarantee the sustainability of water use. In particular, it may #wount
amount withdrawn in an unsustainable manner such as water from fosséraquith rapid
drawdowns.Finally, the modified HOV model in this paper is onbne of the possible
spedfications. We leave examinationsing other specifications, especially thosgaxing the
assumption of factor price equalization or incorporatingdtiects of gravity as a subject of

future analysis.
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1 The theorem was originally published in the 1919 article by Heckscher and the 1924
dissertation by Ohlin, but translated afterwards in English in the 1991 book edited by
Harry Flam andlune Flanders

2 The threshold had declined from 2,000 Q/capita/year in the early 1980s to 1,500 Q
/capita/year by the end of the 1990 s (Yang et al., 2003).

3 In contrast, the process analysis such as LCA is sometimes called a bottom -up
approach (Feng et al., 2011).

4 The SRIO model uses an input Boutput table of a single country/region and typically
aggregates other countries/regions in Othe rest of the world (ROW).O Also it assumes
identical technologies both for the country analyzed and the ROW. The BTIO model and
the MRIO model use different technologies for each country/region. However, the BTIO
model assumes all imported goods are used for final consumption .

5 Service water refers to the water used to clean the farmyard, wash the animal, and
carry out other services necessary to maintain the environm  ent (Mekonnen and
Hoekstra, 2012 ).

6 This takes the current large post -harvest losses of food into account and is much
higher than the actual food intake (Falkenmark et al., 2009 ).

7 This is to ensure the consistency with the reference year 2007 (and 2004) of GTAP 8.1.
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