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Abstract
This paper evaluates the relationship between virtual water trade and water scarcity
quantitatively, but with two modifications to the way the previous studies capture water
endowment. First, we use economic water availability, not physical resource base, as a measure
of water endowment, and second, we take a view of relative scarcity, not absolute scarcity. We
compare the direction and volume of actual virtual water trade estimated by the multi-regional
input-output (MRIO) model, and those theoretically predicted from the relative water
endowment of each country by the Heckscher-Ohlin-Vanek (HOV) model. We find that 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
heterogeneity, it turns out that about 83% of virtual water flows in the right direction. But if we
focus on low-income countries, this relationship gets rather vague.
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1. Introduction
Water is a resource that has a huge imbalance in the spatial allocations of supply and
demand. It is unevenly endowed on the globe mostly due to the planetary structures such as
atmospheric circulation, ocean currents, water cycle, land topographies, and even continental
drifts before the birth of humankind. Socioeconomic factors including population, industry, and
technology, on the other hand, have not necessarily developed in coincidence with these
planetary structures. In particular, it is in relatively dry regions in South Asia and Sub-Sahara
that the highest population growth in this century has taken place and will last in the coming
decades, which will broaden the imbalance even further (Falkenmark et al., 2009).
Virtual water has traditionally been expected to fill this gap. Namely, countries or regions
with scarce water can make up for insufficient supply of domestic water by importing virtual
water from other countries or regions with abundant water.

They can thereby alleviate the

economic and political stress of mobilizing valuable domestic resources to importable products,
and redirect them to more productive purposes or preserve them for watershed ecosystems and
landscapes.
These intuitive expectations are in part confirmed by standard trade theories on factor
endowments and trade patterns. For example, the Heckscher-Ohlin theorem, one of the most
famous propositions in trade theory, proves that each country exports goods that use its
relatively abundant factor intensively (Heckscher and Ohlin, 19911). The logical consequence of
this is that water-scarce countries would be a net importer of virtual water (Reimer, 2012). In
other words, virtual water is expected to flow from water-abundant countries to water-scarce
countries.
However, the conclusions of most previous empirical works do not support these intuitive
and theoretical expectations. They have found no explicit relation between virtual water trade
and water scarcity except very few extremely water-scarce countries in arid or desert climates.
For instance, Yang et al. (2003) reveals that there is no significant relationship between cereal
import and domestic water resources in countries above the threshold of 1,500 ㎥/capita/year,
which is even below the famous Falkenmark water-stress threshold of 1,700 ㎥, although the
import rises exponentially with decreasing water resources in a few countries bellow 1,500 ㎥.2
Hoekstra and Hung (2005) quantifies the volume of virtual water flows embodied in crop trade
and concludes that there is no simple relation between water scarcity and water dependency of
countries. They think this is because water scarcity is a driver of crop trade to a limited extent
compared to other determinants such as land, labor, and technologies. Chapagain and Hoekstra
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(2008) implements a similar analysis but with much more comprehensive estimation of virtual
water for 285 crop products and 123 livestock products. But they conclude that the relation
between water scarcity and water import dependency is not as straightforward as one would
expect except a few countries with extremely high water scarcity in the Middle East. The reason
is that, under the current trade regime, water is seldom the dominant factor determining
international trade of water-intensive commodities compared to other inputs. Yang et al. (2006)
divides net importers of virtual water into three groups according to water availability, and
compares the volume of net import of each group. But they conclude that water scarcity has a
relatively limited role in shaping the global virtual water trade flows. In sum, most empirical
works share a quite pessimistic view on the contribution of virtual water trade to alleviate water
scarcity.
This paper revisits this issue. But in so doing, we make two modifications to the way the
previous studies capture water endowment of each country and its scarcity.
First, we use economic water availability, not physical resource base, as a measure of
water endowment. The previous studies have used the ultimate amount of water physically
existing within a country. For instance, Yang et al. (2003) uses the amount of renewable water
resource of a country, which is defined as the sum of the mean annual surface runoff and
groundwater recharge. In Hoekstra and Hung (2005) and Chapagain and Hoekstra (2008), the
index of national water scarcity is defined as the ratio of total water use to the volume of
renewable water resource.
But these ultimate physical quantities are not necessarily an appropriate measure for a
direct determinant of economic activities including virtual water trade. They contain the amount
of water that is not accessible due to technological constraints or insufficient infrastructure, or
the amount withdrawal of which is institutionally restricted for preservation of watershed
ecosystems and landscapes.
Obviously, it cannot be denied that these physical upper limits have some effects on the
way the country utilizes its water resources at least in a long run, as we discuss in the final
section. But most individual economic entities such as factories, farmers, and households,
through the accumulation of whose decisions on production or consumption the trade patterns
of a country are formed, do not take into account the resources unavailable to 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 work and working hour over legal
limit are not accounted as labor endowment, or the buildings or railways that are still under a
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planning phase are not accounted as capital endowment.
What matters for individual decisions of economic entities is the amount of water that is
economically available within a country. It is the amount to be allocated among entities through
some sort of social institutions; in the case of blue water, through water markets, public water
authorities, community rules, legal rights, or any combinations of these. In the case of green
water, although rainwater itself is not allocated through social institutions, the allocation of
lands on which the rainfalls functions as a substitute.
However, unlike labor force data in labor statistics, there is no internationally comparable
indicator that measures 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 country as a proxy for economic water availability. Specifically we adopt the amount of
consumptive water use for domestic agricultural production. We explore in detail the validity of
this indicator as a proxy in section 3.
The second modification is that we switch from absolute scarcity to relative scarcity. As
stated in some of the previous studies, water is not the only factor that determines trade patterns.
In addition to technological conditions or trade-related policy measures, the endowment of
various production factors other than water, such as labor, capital, and land, may have a
substantial influence on trade decisions of each country. But the way different factors affect
them is not in a separate manner as implicitly supposed in these literatures. Standard trade
theories including the Heckscher-Ohlin theorem have linked trade decisions with relative
scarcity of production factors, which is defined as follows; country 1 is relatively scarce in
water if 𝑊 ! /𝐿! > 𝑊 ! /𝐿! , where 𝑊 ! and 𝐿! denote the endowment of water and the other
factor in country 𝑖. What matters here is not how scarce water, or any other factor, alone is, but
rather how scarce it is in relation to the endowment of other factors compared to other countries.
Accordingly, the statement in the previous literatures that other factors are more important than
water is not a correct proposition from an economic point of view.
In order to evaluate the responsiveness of virtual water trade to relative water scarcity in a
theoretically consistent manner, we employ the Heckscher-Ohlin-Vanek (HOV) model. The
HOV model is the “factor content” version of the Hecksher-Ohlin model (Feenstra, 2004). It
predicts the direction and volume of factor content trade based on relative factor endowments of
a country. We use the predicting power of the HOV model to derive reference trade patterns to
examine those of actual virtual water.
In sum, this paper evaluates the relationship between virtual water trade and water scarcity
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quantitatively by comparing the direction and volume of actual virtual water trade and those
theoretically predicted by the HOV model from the relative water endowment of each country
measured in terms of economic availability.
The rest of the paper is structured as follows. Section 2 estimates the actual virtual water
flow embodied in international trade. Section 3 derives the predicted trade patterns of virtual
water, and then examines the correspondences with the actual patterns. Section 4 concludes and
refers some remaining issues.

2. Estimation of actual virtual water trade

2.1 Model and data
We estimate the actual virtual water flow embodied in international trade using the
multi-regional input-output (MRIO) model. The input–output approach is one of the top-down
methods to measure environmental impacts embodied in international trade such as virtual
water.3 Three different models have typically been used according to the purposes and scopes
of analysis: the single-regional input–output (SRIO) model, the bilateral trade input–output
(BTIO) model, and the multi-regional input–output (MRIO) model. They differ mainly in terms
of the range of countries/regions analyzed, assumptions of technology, and the way in which
intermediate goods are treated.4 The primary advantages of the MRIO model compared to the
other models are, first, it uses different technologies for different country/region, and second, it
distinguishes products imported as final goods and those imported as intermediate inputs so that
it can describe complex mutual transactions between different industries across borders.
The theoretical framework of the MRIO model is as follows. Suppose there are 𝑀
countries with 𝑁 sectors. In equilibrium, the 𝑁×1 output vector 𝐱 ! ≡ 𝑥!!

!!!,…!

of

country 𝑟 can be expressed as

𝐱 ! = 𝐙 !! 𝟏 + 𝐲 !! +

𝐞!" ,

(1)

!

!!
where 𝐙 !! ≡ 𝑍!"

!,!!!,…!

is the 𝑁×𝑁 transaction matrix between domestic sectors usually

obtained from domestic input-output tables,

𝟏 is a column vector of 1s (𝑁×1), 𝐲 !! is the

vector of final demand of domestic goods (𝑁×1), and 𝐞!" is the vector of exports of domestic
goods to country 𝑠 (𝑁×1). 𝐞!" can be divided into goods for intermediate inputs and for final
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demand as 𝐞!" = 𝐙 !" 𝟏 + 𝐲 !" , where 𝐙 !" is a transaction matrix from 𝑟’s sectors to 𝑠’s
sectors, and 𝐲 !" is 𝑠’s final demand of 𝑟’s goods. The equation (1) can thus be transformed
into 𝐱 ! = 𝐙 !! 𝟏 + 𝐲 !! +

!

!!
𝐙 !" 𝟏 + 𝐲 !" . Let 𝐀!! ≡ 𝑎!"

!,!!!,…!

denote the coefficient

!!
!!
matrix of domestic transactions with each technical coefficient of 𝑎!"
≡ 𝑍!"
/𝑥!! , and
!"
𝐀!" ≡ 𝑎!"
!"
with 𝑎!"
≡

!,!!!,…!
!"
𝑍!"
/𝑥!! .

be the coefficient matrix of transactions from 𝑟’s sectors to 𝑠’s sectors
Then we get 𝐱 ! = 𝐀!! 𝐱 ! +

𝐱!
!
𝐗≡ 𝐱 ,
⋮
𝐱!

𝐀!!
!"
𝐀≡ 𝐀
⋮
𝐀!!

𝐀!"
𝐀!!
⋮
𝐀!!

…
…
⋱
…

!" !
!𝐀 𝐱

+ 𝐲 !! +

𝐀!!
𝐀!! ,
⋮
𝐀!!

!𝐲

𝐘≡
!

!"

. Defining

𝐲!!
𝐲 !! ,    
⋮
𝐲 !"

we have 𝐗 = 𝐀𝐗 + 𝐘. By transforming this, we obtain the equilibrium equation of the MRIO
model as

𝐗= 𝐈−𝐀

!!

𝐘.

(2)

The data for 𝐙 !" , which is necessary to calculate the off-diagonal elements of 𝐀, is
usually estimated from bilateral trade-flow data and domestic input-output tables, by assigning
the total amount of transactions of each good between two countries to individual sectors in the
importing country according to the share of each sector in the total import of that good from the
world (Peters et al., 2011).
Let 𝐜 ! ≡ 𝑐!!

!!!,…!

be the column vector (𝑁×1) of the amount of water used per dollar

of production in each industry in country 𝑟. We call this amount water intensity. Let 𝐂 denote
a diagonal matrix (𝑀𝑁×𝑀𝑁) that has each element of 𝐜 !   (𝑟 = 1, … 𝑀) on the diagonal.

The vector of domestic water use of country 𝑟, 𝐖!! is obtained by
𝐖!! = 𝐂𝐱𝑟 .

(3)

It is the amount of water directly used in the production processes located in country 𝑟. 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 of water use embodied in the consumption of country 𝑟, 𝐖!! , in other word, the
vector of virtual water flow, is obtained by using (2) as
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𝐖!! = 𝐂 𝐈 − 𝐀

!!
!!
!!
𝐰!,!
⋯ 𝐰!,!
𝐖!! is defined as 𝐖!! ≡ 𝐰!,!
!
!
𝐰!,!
≡ 𝑤!,!,!

!!!,…!

!

!! !"

𝐘

.

, where apostrophes mean transpose and

is the column vector (𝑁×1) of water use in country 𝑞 embodied in the

consumption of country 𝑟. 𝐘 !" ≡ 𝐲!!! 𝐲 !!! ⋯ 𝐲 !"!

!

is a part of final production (production

for final demand) that is exported to country 𝑟.

We use the bilateral trade-flow and domestic input-output data of Global Trade Analysis
Project (GTAP) version 8.1 (Narayanan et al., 2012) with 134 countries/regions and 57 sectors
to construct the MRIO model. The international transportation pool in GTAP is endogenized in
𝐀 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 livestock. They are obtained for each
sector of each country by dividing the volume of water used by the sector by its output of GTAP
in dollars. The water use for each crop is calculated by multiplying the 2002–2012 average
annual productions of 145 products of FAOSTAT with green and blue water footprint per ton of
each product taken from Mekonnen and Hoekstra (2011). Then it is reorganized into the GTAP
sector classification according to the correspondences in 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 water use for raising livestock is the sum of drinking water, service
water5, and green water used for grazing in pastureland, taken from Mekonnen and Hoekstra
(2012), but the water used for growing feed crops are accounted in crop water.

Table 1 GTAP sectors and FAOSTAT products
GTAP sector ID
1
2
3
4

5
6
7
8

FAOSTAT product ID
27
15
44,56,71,75,79,83,89,92,94,97,101,103,108
116,122,125,135,136,137,149,216,217,220,221,222,223,224,225,226,234,358,366,3
67,372,373,388,393,394,397,399,401,402,403,406,414,417,423,426,430,446,461,46
3,486,489,490,495,497,507,512,515,521,526,530,531,534,536,541,544,547,549,550
,552,554,558,560,567,568,569,571,572,574,577,591,592,600,603,619
176,181,187,191,195,197,201,203,205,210,211,236,242,249,254,260,265,267,270,2
80,289,292,296,299,328,333,336,339
156,157,161
773,777,780,782,88,789,800,809,821
656,661,667,677,687,689,692,693,698,702,711,720,723,748,826,836
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2.2 Overview of the results
Figure 1(a) shows the whole picture of the world virtual water flows between regions. The
widths of arrows and the numbers represent the volume of net exports (㎦/year). Figure 1(b) and
(c) illustrate these flows from the side of net exporters and net importers respectively.
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Figure 1 (a) World virtual water flows (㎦/year)

Figure 1 (b) Net virtual water exports to each region
/year
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Figure 2 International balances of virtual water trade (㎦/year)
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South and Central America and Southeast Asia are the primal sources of the world virtual
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 inclined to Europe, MENA & West Asia, and Japan.
The exports from East Asia and Sub-Sahara 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 Japan and MENA & 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. The 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 particular, the deficit of Japan is outstanding, representing about 9.2% of the net trade
volume of the world. Japan depends about 90% of the water embodied in its consumption on
foreign water resources.

3. Examination of actual virtual water trade by theoretical predictions

The predicted values of virtual water trade are given in three different ways; by the
standard HOV model with identical technologies, by that with heterogeneous technologies, and,
additionally, by the basic water requirement to reduce the undernourished population. We start
by explaining the general idea of the standard HOV model.

3.1 Theoretical frameworks
Suppose there are 𝑀 countries with 𝑁 industries and 𝐿 production factors. In the
standard HOV model, it is assumed that countries differ in the endowment of production factors,
but have identical constant-return-to-scale production technologies and identical and homothetic
preferences. In addition, we assume the factor prices are equalized by free trade.
Let 𝑏!" denote the amount of factor 𝑙 that is directly and indirectly required for one unit
of production in industry 𝑛, which comprises a matrix 𝐁 ≡ 𝑏!"
a technology matrix. Let 𝐱 ! ≡ 𝑥!!

!!!,…!

and 𝐯 ! ≡ 𝑣!!

!!!,…!

!!!,…!  ,!!!,…,!

usually called

denote the column vectors of

outputs and factor endowments of country 𝑟 respectively, and 𝐱 ! and 𝐯 ! be the vectors of
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world total production and factor endowments. Let 𝐝! ≡ 𝑑!!

!!!,…!

be the column vector of

consumption of country 𝑟. Due to identical and homothetic preferences, it follows that the
consumption vectors of all countries are proportional to each other. This enables us to write
𝐝! = 𝑘 ! 𝐝! , where 𝑘 ! denotes country 𝑟’s share of world consumption (𝑘 ! ∈ 0,1 ,

!𝑘

!

=

1), and 𝐝! is the vector of world total consumption. If trade is balanced, then 𝑠 ! is equal to
country 𝑟’s share of world GDP. Let 𝐞! ≡ 𝐱 ! − 𝐝! denote the vector of net exports of country
𝑟.
In the standard HOV model, it is proved that the following relation exists between the
factor contents of trade 𝐟 ! and the relative factor endowments (Vanek, 1968);
𝐟 ! ≡ 𝐁𝐞! = 𝐁(𝐱 ! − 𝐝! ) = 𝐯 ! − 𝑘 ! 𝐯 !

(4)

This is the statement of the HOV theorem. If the endowment of factor 𝑙 of country 𝑟
relative to its world endowment exceeds country 𝑟’s share of world GDP (𝑣!! /𝑣!! > 𝑘 ! ), then
we say that country 𝑟 is relatively abundant in factor 𝑙. In that case, the factor content of trade
in factor 𝑙 should be positive, and conversely if country 𝑟 is relatively scarce in factor 𝑙
(𝑣!! /𝑣!! < 𝑘 ! ). This provides one of the theoretical supports to the movement of virtual water
trade. In addition, (4) can be used as a prediction of the volume, not just the directions, of
virtual water trade reflecting the relative water endowment of each country.
However, the predicting power of the standard HOV model accompanying various strong
assumptions has mostly been rejected by empirical tests since 1980s (Bowen et al., 1987;
Trefler 1995; etc.). Previous studies have thus tried a series of modified versions of the HOV
model by relaxing some of the strong assumptions.
The modified models are roughly classified in three groups; the models incorporating
heterogeneous production technologies by relaxing the identical technology assumption (Trefler,
1993; Trefler, 1995; Maskus and Nishioka, 2009; etc.), those relaxing the assumption of factor
price equalization (Davis and Weinstein, 2001; Artal-Tur et al., 2011; etc.), and those
considering the effects of trade related frictions such as transportation costs by using gravity
models (Helpman, 1999; Davis and Weinstein, 2001; Artal-Tur et al., 2011; etc.)
This paper uses, in addition to the standard specification, the one incorporating
heterogeneous technologies.
One of the simplest ways of incorporating heterogeneous technologies is to allow a
productivity of each production factor to vary across countries. Let 𝜋!! denote the productivity
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of factor 𝑙 in country 𝑟 relative to the productivity in the benchmark country, the United
States in this paper. Then the effective endowment of factor 𝑙 in country 𝑟 becomes 𝜋!! 𝑣!! .
The HOV equation can thereby be rewritten in terms of the effective endowments as

𝐟 ! ≡ 𝐁𝐞! = Π! 𝐯 ! − 𝑘 !

!

Π! 𝐯 ! ,

(5)

where Π! is a diagonal matrix with 𝜋!! on the diagonal, and 𝐁 is a technology matrix of the
benchmark country.
However, equation (5) has as many parameters as observations and therefore fits the
data perfectly. Namely it does not function as a test of the HOV equation any more. Trefler
(1995) avoided the problem of perfect fit by restricting the way 𝜋!! varies across countries.
Specifically, Trefler modified the model by using 𝛿 ! , which represents a Hick-neutral
factor-augmenting technology, instead of 𝜋!! ;

𝐟 ! ≡ 𝐁𝐞! = 𝛿 ! v! − 𝑘 !

!

𝛿 ! V! .

(6)

Unlike equation (5), this does not necessarily hold exactly. We therefore introduce an
additive error term and choose parameters to minimize the sum of squared residuals. This
enables us to avoid the problem of perfect fit and to be back in the traditional econometric
approach (Feenstra, 2004).

3.2 Test methodologies and data
We examine how actual virtual water trade reflects water scarcity by comparing its
direction and volume with those of three different theoretical predictions. First, we employ the
predictions from the standard HOV model of equation (4), and second, we use another
predictions from the modified model 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. Rockström et al. (2007) and Falkenmark et al. (2009) estimated vapor flow of
1,300 ㎥/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/capita/day,6 with 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 1,300 ㎥ with its population, and compare it
with the actual net virtual water export of that country.
For each prediction, we implement four different tests, according to Trefler (1995) and
Artal-Tur et al. (2011); the sign test, the weighted sign test, the “missing trade” test, and the
slope test.
The sign test compares the signs of the actual and predicted value of virtual water trade 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 generates correct 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 the quantitative impact of “correct” or “incorrect” 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.
“Missing trade” is an issue Trefler (1995) has pointed out about 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 though it flows in the right direction. We implement the “missing
trade” 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 (slope of 45 degree).
As mentioned in the introduction, we use the amount of actual water use as a proxy for
economic water availability. Specifically, we calculate the amount of consumptive water use for
domestic agricultural production by summing all elements of the vector 𝐖!! in (3). Using
actual water use as an endowment measure has both advantages and disadvantages. A primary
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 the other hand, the indicator of actual water use has a defect that theoretically it may
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underestimate economic water availability in the case of underemployment of the production
factor (water); namely, water is not used up to the limit of economic availability as a result of
adjustment between supply and demand in water markets, or in good market if water is not
directly traded. In particular, one might imagine a situation in which there remains a huge
amount of water both physically and legally accessible but left unexploited in some
water-abundant countries such as Canada and Brazil.
But, in reality, the fraction of underemployment is limited, though not zero, to certain
extent regarding the amount of consumptive water use for some reasons.

First, the data we use is the amount of consumptive water use, over 90% of which is from
green water at least in water-abundant regions (See Figure 3). As far as consumptive use of
green water is concerned, it is difficult to generate a situation of underemployment. One
possible situation of underemployment is that, within a given area 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 to keep plants artificially from extracting free 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 more than the maximum amount, the
plants do not extract water any more. Therefore, the excess amount should not be considered as
“unused” water endowment, but as physically unavailable water. Of course, it is possible to use
this excess amount in other places or in 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 model, the endowments of labor, capital, land, and water
are used to estimate productivity differences. We use the labor force data of 2007 of the World
Bank,7 and the capital input data of GTAP. The land use data is obtained by using harvested
area of 145 products and area of permanent and temporary meadows and pastures of FAOSTAT,
reorganized into the GTAP sector classification according to the correspondence of Table 1.

3.3 Results
Figure 4 and Table 2 show the results.
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3.3.1 HOV model with identical technologies
The result of the sign test implies 73% of the countries that are expected to be a net
exporter/importer in fact are exporting/importing virtual water. The proportion improves to 77%
in the weighted sign test. Similar results are found even for low-income countries with less than
2,000 US dollar/capita of GDP. Thus, the general directions of virtual water trade flows are
considered to reflect relative water scarcity of each country to a considerable extent.
However, there are extremely large “missing trades” in the identical technology model, as
seen in Trefler (1995)’s test, which indicates that the volume of virtual water trade in fact is
much less than the model predicts. We can also observe this tendency in the scatter diagram
where the overall distribution sticks to the horizontal axis.

3.3.2 HOV model with heterogeneous technologies
In the specification with heterogeneous technologies, the results of the weighted sign test
and the “missing trade” test report significant improvements. The weighted sign test indicates
about 83% of virtual water flow in the direction predicted from the HOV model, although the
ratio of the simple sign test is slightly less than that of the identical technology model. The
value of “missing trade” considerably improved compared to the extreme deviation of the
identical technology model. The result of Trefler (1995) presents a similar improvement from
0.032 to 0.486, indicating that large part of the “missing trades” can be explained by relaxing
the identical technology assumption.
However, the correspondence between the predictions and the actual trade becomes much
weaker for low-income countries with less than 2,000 US dollar/capita of GDP. The match of
the weighted sign test is as good as random selection. We can observe from the scatter diagram
that some countries are exporting much more than the predictions, making the value of “missing
trade” more than 10.

3.3.3 Predictions based on basic water requirement to reduce undernourished population
The sign test report that the correct match is nearly 80%, indicating that virtual water
generally flows in the direction to satisfy the basic water requirement of each country. On the
other hand, there is large amount of “missing trades,” though not as large as the identical
technology model, and the explanatory power of the regression is also week.
But, if we focus on the countries with the net export within the range of ±200 ㎦, the
correspondence improves substantially. The value of the “missing trade” test increases
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drastically from 0.14 to 0.75. In addition to the significant improvement of the explanatory
power of the regression from 0.02 to 071, the slope of the distribution approaches 45°with a
coefficient of 0.76. We can see this strong correspondence clearly in the scatter diagram.
On the other hand, the correspondence becomes much weaker for low-income countries,
just as we saw in the heterogeneous technology model. The match of the weighted sign test is as
good as random selection, and the value of “missing trade” test drops significantly.
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Table 2 Test results
Specification of predicting model
Test type

HOV w/ identical technologies
113 countries

Low-income

HOV w/ heterogeneous technologies

Basic water requirement

113 countries

Low-income

113 countries

Low-income

Sign test

0.73

0.69

0.62

0.67

0.79

0.67

Weighted sign test

0.77

0.85

0.83

0.48

0.63

0.53

“Missing

0.03	
 

0.01

1.71

10.48

0.14

0.06

trade”

test

[0.20]

Slope test

0.10* (7.07)

[4.08]
0.07* (5.21)

[0.24* (6.53)]
R2

0.31

0.56* (4.96)

[0.75]
0.47 (0.85)

[1.30* (8.84)]
0.44

0.18

[0.30]

−0.04 (0.91)

[0.73* (16.10)]
0.02

[0.42]

0.06 (1.63)

0.02
[0.71]

(Con’t.)
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

−0.101 (1.98)

0.065 (1.92)

0.07

0.06

0.08

0.35

1) 113 countries are selected by subtracting grouped regions in GTAP (most of them are named as “the rest of …”) and Hong Kong
from 134 countries/regions.
2) Square brackets [ ] : results using only the values within ±200 ㎦.
3) Parentheses ( ) : t-value. Asterisk * : statistically significant at the 1 percent level (only for the estimation of this paper).
4) The results of Artal-Tur et al. (2011) are cited only for the identical technology model (T1) and the Hick-neutral 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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4. Conclusions and discussions

This paper evaluates the relationship between virtual water trade and water scarcity
quantitatively, but with two modifications to the way the previous studies capture water
endowment. First, we introduce economic water availability, not physical resource base, as a
measure of water endowment. Second, we take a view of relative scarcity, not absolute scarcity,
to ensure theoretical consistency.
We estimate the actual flows of virtual water trade using the MRIO model, and compare
them with the trade patterns theoretically predicted from the relative water endowment of each
country by the HOV model. We also perform a similar examination with respect to the basic
water requirement to reduce undernourished population.
Through the four different tests, we find that the general directions and volume of world
virtual water trade are reflecting the relative water scarcity of each country to a considerable
extent. In particular, if introduce technological heterogeneity to the HOV predictions, about
83% of virtual water flow in the predicted direction. Additionally, if we focus on the countries
with the net export within the range of ±200 ㎦, virtual water trade moves mostly in accordance
with the surplus and deficit of each country in satisfying the basic water requirement.
But how should the difference between the opportunistic view of this paper and the
pessimistic ones of the previous studies be understood? One interpretation is as follows. First of
all, actual virtual water trade basically responds to relative scarcity based on economic water
availability, as our result indicates, not directly to physical endowment. Secondly, however, if
the total water demand in a country increases as the economy and population grow, and if it
accompanies sufficient infrastructure improvements, then the gap between the economic
availability and the physical limit would decrease. Thirdly, while the physical limit of water
resources (and land) is largely fixed by the planetary structures as stated in the introduction, the
amount of manmade capital such as manufactured capital or human capital may increase as the
economy and population grows. This leads to an unproportional growth of different production
factors, if the above gap is already considerably small, and as a result increases the relative
water scarcity 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
water-scarce countries. This is because, in these countries, the economic availability is close to
the physical limit, and the water is also scarce in a relative term due to the growth of the
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production factors other than water. Consequently, the conclusions of the previous studies that
there is no explicit relationship between virtual water trade and water scarcity except extremely
water-scarce countries do not necessarily contradict with our result.
On the other hand, if we focus on low-income countries, our result also shows some
uncertainty in the above optimistic view. In particular, the weak correspondence with the basic
water requirements in these countries is crucial from a view of eradicating undernourishment. It
is likely that the weak correspondence is sometimes related to their protective trade policy
measures or other non-tariff barriers that impede a flexible mobilization of virtual water, or
strong relationships with specific trade partners such as former suzerain that have a chronic
impact on the trading patterns of these countries.
But another important potential factor is the lack of purchasing power in the international
crop markets. It is crucial because the inaccessibility to virtual water on a long-term basis due to
low purchasing power would deprive them of an opportunity to alleviate negative impacts of
ever increasing climate variations. In addition, countries with high population growth would
heavily depend on horizontal expansion of agricultural lands, which would have considerable
impacts on ecosystems including growing deforestation. Falkenmark et al. (2009) estimates that
the potential amount of cropland expansion required by 2050 if countries with GNI below 1,000
US dollar/capita will not have enough purchasing power to import virtual water would be 261
Mha in the case of the population scenario of IPCC-SRES A2. In order to avoid these
catastrophic consequences, it is essential to diminish the global income disparity between the
North and South.
Finally, let us briefly note three methodological caveats of our framework. The one is that
the data of domestic water use in this paper may underestimate economic water availability of
some countries.
The amount of water use in a country fluctuates every year for various reasons including
cyclical downturns and any other short-term disturbances not related to costs of water. It is
desirable to make some adjustments for these short-term reductions of water use, but we didn’t
mainly because the production data of the same version of GTAP is obtained only for a year.

it is the result of adjustments between demand and supply
and also it may be affected by various short-term economic disturbances unrelated to
water resources
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Secondly, different from the measure of renewable water resource, the domestic water use
in this paper does not guarantee the sustainability of water use. In particular, it may account the
amount withdrawn in an unsustainable manner such as water from fossil aquifers with rapid
drawdowns. Finally, the modified HOV model in this paper is only one of the possible
specifications. We leave examinations using other specifications, especially those relaxing the
assumption of factor price equalization or incorporating the effects of gravity, as a subject of
future analysis.
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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 and June Flanders.
2 The threshold had declined from 2,000 ㎥/capita/year in the early 1980s to 1,500 ㎥
/capita/year by the end of the 1990s (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–output table of a single country/region and typically
aggregates other countries/regions in “the rest of the world (ROW).” 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 environment (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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