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Abstract The aim of this study was to evaluate virtual
water export through five crops (barley, rice, maize, soy-
beans, and wheat) in terms of the external virtual water
rate, within and outside of Asia from 2000 to 2012, and in
comparison with that within and outside the European
Union (EU). The external virtual water rate indicates the
proportion of virtual water export outside of a boundary.
Approximately 46.9% of the green water exports and
40.9% of the blue water exports were discharged from Asia
to non-Asian countries. For example, Thailand, which is
the main exporter in Asia, exported 55.5% of the total
virtual water exported to non-Asian countries, and Kaza-
khstan exported 63.8% of the total virtual water exported to
European countries. In comparison, the external virtual
water rate for the EU was 30.2% (green water) and 25.2%
(blue water). The virtual water trade is also important to the
main importers in Asia. We evaluated the virtual water
dependency on exporters in East Asia of Japan, Korea, and
Taiwan. These three countries have a high dependency on
virtual water imported from only a few exporters; thus,
they should extend their virtual water trade boundary to
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include additional exporters. These results provide infor-
mation necessary for the development of an integrated
water strategy in Asia, and could convince the main Asian
importers of the risks of serious dependency on foreign
water resources.

Keywords Virtual water trade - External virtual water
rate - Water dependency - Asia

Introduction

Agriculture consumes the largest share of global freshwater
resources, making water scarcity a local phenomenon that
is sensitive to global food production (Molden 2007; Bie-
wald et al. 2014). The water demand for agricultural pro-
duction increases with population growth (Rosegrant and
Sombilla 1997; Pingali 2006). Since most water demand
derives from agriculture, crop trade can be regarded as the
primary source of water demand, because the water used by
crops includes the water embedded in traded products
(Aldaya et al. 2010). The water used in production is called
“virtual water” (Allan 1996). The method of trading water
in this way is referred to as the virtual water trade
(Hoekstra 2003).

The water used to produce export commodities for the
global market contributes significantly to changes in
regional water systems (Chapagain and Hoekstra 2008). In
the past, national water strategies have considered the
quantification of actual water use and the allocation of
water resources, such as surface water or ground water, in
the context of their neighboring countries. However, the
virtual water trade concept suggests an expanded per-
spective of the watershed boundary, from a real watershed
to a virtual area that includes the importer and its exporters.
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Countries also share water resources indirectly through
virtual water trade, even though they may not directly share
water resources. As a result, the virtual water trade has
been suggested as a relevant tool to analyze the water
policy of a nation (Schyns and Hoekstra 2014). Falkenmark
and Lannerstad (2010) estimate that in order to compensate
for agricultural water deficits, it will be necessary to double
the virtual water trade by 2050. Also, the International
Water Management Institute (IWMI) and the Government
Office for Science have both stated that virtual water flows
will offer the possibility of relieving water stress and the
development of a more efficient use of global water
(Government Office for Science 2011).

The national water savings achieved by virtual water
trade are equal to the import volume multiplied by the
volume of water required to domestically produce the
commodity. However, the virtual water trade not only
generates water savings for importing countries, but also
causes water “losses” for the exporting countries (Chapa-
gain et al. 2006). The global net effect of the virtual water
trade between two nations depends on the actual water
volume used in the exporting country (Chapagain et al.
2006). For example, countries for which the major industry
is agriculture spend their water resources for food trade in
terms of water discharge. In particular, in terms of virtual
water trade, Asian countries are the main sources of global
water consumption for food supply. In addition, the
available amount of global freshwater is decreasing due to
climate change, suggesting that water needs to be consid-
ered as a precious natural resource.

It is therefore important to understand the amount of
water that is discharged within and outside of nations in
terms of water security, yet applying virtual water trade to
integrated water management has remained a challenging
task. Several researchers have studied the virtual water
trade balance of nations and regions. Virtual water trade,
and its respective savings through the trade of agricultural
goods, has been quantified in a number of studies (Hoekstra
and Hung 2005; Yang et al. 2006; Fader et al. 2011;
Hanasaki et al. 2010). However, these studies have focused
on the quantification of virtual water in terms of global
water savings. Recently, studies have been performed on
local virtual water flow. Biewald et al. (2014) evaluated the
impact of the international food crop trade on local blue
water resources, in order to determine the trade-related
value of blue water usage. Bulsink et al. (2010) quantified
interprovincial virtual water flows related to crop trade in
Indonesian provinces, and found that Java, the most water-
scarce island, had the most significant external water
footprint. Van Oel et al. (2009) quantified the external
water footprint of the Netherlands by partner country, and
found that Dutch consumption implied the consumption of
water resources throughout the world, with significant
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impacts in water-scarce regions. Schyns and Hoekstra
(2014) assessed the value of water footprint with a case
study for Morocco, and found that most of the virtual water
exported from Morocco was derived from low economic
water productivity, and that blue water scarcity was severe
in all river basins. As a case study for China, Wang et al.
(2013) applied a modified input—output model to quantify
the agricultural and industrial water footprint of Beijing,
taking into consideration the virtual water flows and
national gross water savings as a result of trade. Zhang and
Anadon (2014) used a multi-regional input—output model
to analyze the domestic virtual water trade and provincial
water footprint in China.

In terms of virtual water trade, Asian countries are the
primary sources of global water use for crop supplies.
However, this indicates that virtual water trade also dis-
charges water resources to other areas, which is an
important issue in Asia, because it is dominated by external
water resources. In this study, we evaluated the virtual
water export within and outside of Asia from 2000 to 2012,
and compared the result to that of the EU, by considering
the virtual water traded through wheat, rice, barley, maize,
and soybeans. In addition, we focused on virtual water
imports by the main importers (Korea, Japan, and Taiwan),
and evaluated their virtual water dependency on exporters.
These results provide information for an integrated water
strategy in Asia, and illustrate the risks of serious depen-
dency by countries on foreign water resources.

Materials and methods
Virtual water contents

Virtual water content (VWC, m3/t0n) is the volume of
water needed to produce one ton of crops in the region
where the product is actually produced (Chapagain and
Hoekstra 2004). The VWC of a crop is calculated by
dividing the crop water requirement (m’/ha) by the yield
(kg/ha). The VWCs of crops were estimated using Eq. (1)
as follows:
CWR]¢]

VWC] = Production ()
where VWC (m>/ton) is the water required for the pro-
duction of one ton of a given crop c, the crop water
requirement (CWR) is the quantity of water required for
the amount of crop produced, and the Production is the
quantity harvested per year.

The concept of virtual water has been expanded to
include water footprints that consider the water source. The
water footprint has been proposed to include green and
blue water resources (Hoekstra and Chapagain 2008). The
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green water footprint is the volume of consumption of
green water, which is stored in the soil, or stays temporarily
on top of the soil in vegetation, eventually transpiring
through plants. The blue water footprint is the volume of
consumption of blue water, which refers to the water in
freshwater lakes, rivers, and aquifers. The water footprints
within the agricultural sector have been extensively stud-
ied, with the primary focus on the water footprint of crop
production at various scales from sub-national regions
(Aldaya and Llamas 2008; Zeng et al. 2012), to coun-
try/national levels (Ma et al. 2006; Bulsink et al. 2010), and
to the global level (Hoekstra et al. 2012).

The water footprint within a nation is defined as the total
freshwater volume consumed within a territory of that
nation as a result of economic activities. Mekonnen and
Hoekstra (2011) quantified the green and blue water foot-
prints of crops and crop products. Chapagain and Hoekstra
(2011) estimated the green and blue water footprints of rice
from production and consumption perspectives. The water
footprint of a nation is increasingly used as a means of
synthesizing a nation’s water needs (Orlowsky et al. 2014).
In the present study, the Mekonnen and Hoekstra (2011)
method for the footprint of a nation is used to analyze the
virtual water trade.

Virtual water trade and external virtual water

Virtual water trade between or within nations can be seen as
an alternative to actual water transfer. The virtual water
export from a nation is the sum of the virtual water export
from domestic water resources and the re-exported virtual
water of foreign origin. When calculating the virtual water
trade in recent years, the distinction between green and blue
water has been considered, and blue and green water exports
have been estimated for all agricultural goods and crop types
(Fader et al. 2011; Hanasaki et al. 2010; Mekonnen and
Hoekstra 2011). The virtual water trade is calculated by
multiplying the volume of trade by the water footprint per ton
of product in the exporting nation. The virtual water trade is
calculated as follows:

VWT[n,,n;, c,t] = CTn,,n;, c,t] Xx WEP [n,, ], (2)

where VWT denotes the VWT from the exporting country
n, to the importing country »; in year ¢ as a result of the
trade in crop c¢; CT represents the crop trade from the
exporting country n, to the importing country »; in year ¢ as
a result of the trade in crop c¢; and WFP represents the
water footprint of crop c in the exporting country.

The virtual water export without a boundary could be
regarded as the water resource discharge. In this study, we
set the boundary as either Asia or the EU, and analyzed the
external virtual water rate using the total virtual water

export with and without a boundary. Accordingly, the
external virtual water rate is considered as a proper indi-
cator of the virtual water discharge, which is described as:

External virtual water export

Total virtual water export
x 100(%)

External virtual water rate =

(3)

where the external virtual water export indicates the
amount of virtual water export outside a boundary, i.e., in
Asia or the EU.

The distance between an importer and exporter could
affect the trade situation, and it could be applied as the
fraction factor of the relationship in trade network analysis.
However, we focused on the quantification of virtual water
exported from importer to exporter; thus, we only considered
the amount of trade and water footprint in each exporter.

International crop trade and water footprint data

Although we analyzed the internal and external virtual
water trade in Asia and the EU, respectively, the global
virtual water trade could also be computed. Therefore, we
considered global virtual water trade with the trade data of
185 countries, and extracted the results of virtual water
export in 47 Asian countries and 28 EU countries. Table 1
lists the results for the Asian and the EU countries. The
country-scale import and export data of agricultural crops
for the years 20002012 was obtained from the Food and
Agriculture Organization Corporate Statistical database
(FAOSTAT) (see: http://faostat3.fao.org/download/T/*/E)
from the Food and Agriculture Organization of the United
Nations Statistics Division. In addition, the data on the
water footprints of crop production in Asia and the EU
were taken from Mekonnen and Hoekstra (2011).

Results and discussion

Internal and external virtual water trade in Asia
and the EU

The virtual water export of several crops, including wheat,
rice, barley, maize, and soybeans, was evaluated for Asia
from 2000 to 2012, and we defined the virtual water export
to non-Asian countries as the external virtual water rate in
Asia (Table 2). Approximately 663.9 Gm® of green water
and 191.9 Gm’ of blue water were exported from Asia
from 2000 to 2012 via the international trade of the grain
crops of barley, maize, rice, soybeans, and wheat.
Approximately 46.9% of the total green water exports and
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Table 1 Estimates of Asian

. K Asian countries (47
and EU countries’ virtual water @D

EU countries (28)

export through crop trade

Afghanistan Israel
Armenia Japan
Azerbaijan Jordan
Bahrain Kazakhstan
Bangladesh Kuwait
Bhutan Kyrgyzstan
Brunei Darussalam  Lao
Cambodia Lebanon
China Libya
Cyprus Malaysia
Georgia Maldives
India Mongolia
Indonesia Myanmar
Iran Nepal

North Korea Turkmenistan ~ Austria Italy

Oman UAE Belgium Latvia
Pakistan Uzbekistan Bulgaria Lithuania
Philippines Viet Nam Croatia Luxembourg
Qatar Yemen Cyprus Malta
Saudi Arabia Czech Republic ~ Netherlands
Singapore Denmark Poland
South Korea Estonia Portugal
Sri Lanka Finland Romania
Syria France Slovakia
Taiwan Germany Slovenia
Tajikistan Greece Spain
Thailand Hungary Sweden
Turkey Ireland UK

Table 2 Internal and external virtual water trade in Asia and the EU from 2000 to 2012

Crops Internal virtual water trade External virtual water trade External virtual water rate

(Gm) (Gm) (%)

Green water Blue water Total water Green water Blue water Total water Green water Blue water  Total water
Asia 352.7 113.5 466.2 311.2 78.4 389.6 46.9 40.9 45.5
Barley 16.0 1.4 17.3 6.6 0.3 6.9 29.1 18.6 28.4
Maize 107.2 8.4 115.7 1.8 0.3 22 1.7 3.6 1.8
Rice 146.4 71.0 2174 160.0 71.9 231.9 522 50.3 51.6
Soybeans 11.9 1.0 12.9 2.0 0.2 22 14.7 14.1 14.6
Wheat 71.1 31.8 102.9 140.7 5.8 146.5 66.4 153 58.7
EU 401.6 52.4 454.1 173.5 17.7 191.2 30.2 252 29.6
Barley 54.5 2.3 56.9 29.8 23 32.0 353 50.0 36.0
Maize 82.3 9.9 92.3 10.9 0.4 11.2 11.7 39 10.8
Rice 124 10.3 22.7 1.6 1.6 32 114 134 124
Soybeans 44.4 2 46.4 1.2 0.2 1.5 2.6 9.1 3.1
Wheat 208 27.9 235.8 130.0 13.2 143.3 38.5 32.1 37.8

40.9% of the total blue water exports were exported to non-
Asian countries.

Figure 1 shows the results of the external virtual water
rate analyzed by various crops. The largest discharge of
virtual water was derived from the wheat and rice trade,
and more than 50% of the virtual water was exported
outside of Asia. In addition, the external virtual water rate
of the soybeans trade continuously increased from 2000 to
2012, reaching 40% in 2012. On the other hand, the barley
trade outside of Asia decreased, and the external virtual
water rate also decreased to 20% in 2012. Although the
total virtual water export decreased, the external virtual
water rate increased. Figure 2 shows the amount of virtual
water export and the external virtual water rate. In terms
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of the main food crops, such as barley, rice, and wheat,
from 2000 to 2003 the virtual water export increased to 60
Gm>, but in 2003, the blue water discharge decreased to
30%. This means that at that time, Asian exporters
focused on Asian importers. However, from 2003 to 2005,
the virtual water export sharply increased, accompanied
by an increase of blue water discharge, suggesting that at
that time the water resources of Asian exporters were
intensively used to export crops to non-Asian importers.
Recently, water export significantly increased, yet the
external virtual water rate remained at a high level.of
water resources

The EU also shares its water resources, trading many
crops within its borders. Table 2 presents the results of our
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estimate of the amount of water traded within and outside of
the EU. The EU exported approximately 575.1 Gm® of green
water and 70.1 Gm?> of blue water. However, only 30.2% of
the total green water exports and 25.2% of the total blue
water exports were discharged to non-EU countries via crop
trade. This contrasts with the case of Asia, where most blue
water was shared with the EU, suggesting that integrated
water management is more applicable in the EU than in Asia.
The largest discharge of virtual water was derived from the
barley and wheat trade, but in 2012 the external virtual water
rate was about 40% (Fig. 1). In addition, in 2000 the external
virtual water rate from barley was over 60%, but in 2012 it
decreased to 40%, and in 2012 the external virtual water rate
by rice, maize, and soybeans trade was less than 20%.

(b) External virtual export rate in the EU

Figure 3 shows the amount of virtual water export and
the external virtual water rate in the EU from 2000 to 2012,
and the total virtual water export increased slightly, but the
external virtual water rate of less than 40% was main-
tained. In the case of the barley, rice, and wheat trade, the
total water export increased from 31 Gm?*/year in 2000 to
48 Gm/year in 2012, but the green and blue water dis-
charge decreased to 38% and 25%, respectively. This
suggests that in this period, the internal trade within the EU
increased, and the water resources were used for residents
in the EU. While from 2000 to 2012 the virtual water
export via the maize and soybean trade increased, the
external virtual water rate during the same period remained
more or less constant, although it was less than 15%.

@ Springer
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External virtual water rate of main exporters
in Asia and the EU

Table 3 and Fig. 4 show that the results of green and blue
water discharge by crop exports vary depending on the
Asian country. During 2000-2012, Kazakhstan showed the
highest external virtual water rate of 71.0%, exporting
187.0 Gm® of virtual water through five crops (Table 3),
and exporting 133.2 Gm® of virtual water to European and
African countries including the Russian Federation, Tuni-
sia, and Egypt (Fig. 6). In Asia, Thailand, India, and
Pakistan dominated virtual water export through the rice
trade. From 2000 to 2012, Thailand exported approxi-
mately 110.7 Gm® (green water) and 22.8 Gm? (blue water)
of virtual water to non-Asian countries, while 44.5% of the
total virtual water export was traded within Asia via crop
trades, such as barley, rice, wheat, maize, and soybeans.
Pakistan exported approximately 78.9 Gm® of blue water,
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(b) Maize and soybeans

and discharged approximately 46.6% of blue water. These
results show that a large amount of water resources were
discharged outside of Asia via crop trade in Kazakhstan,
Thailand, and Pakistan. It is thus important to consider an
integrated water plan for sharing and conserving water
resources in Asia.

In contrast, the external virtual water rate of maize and
soybeans, which are usually used for feed crops, remained
at a low level in Asia, because these crops produced in
Asian countries were mainly exported to other Asian
countries. During 2000-2012, for example, Asia exported
117.8 Gm® virtual water through the maize trade, while
China and India exported 107.3 Gm® (91%). China
exported 55.7 Gm® virtual water through the maize trade,
and exported 37.1 Gm® (67%) to East Asian countries, such
as Korea and Japan, followed by Southeast Asian countries
(14.2%), such as Malaysia and Indonesia. India showed a
23.0% external virtual water rate, and exported
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approximately 32.6 Gm® of green water and 11.0 Gm® of
blue water to Asian countries, such as Malaysia, Bangla-
desh, and Vietnam. The external virtual water rate indicates

Fig. 3 Total and external
virtual water export in the EU
from 2000 to 2012. a Barely,
rice, and wheat, b Maize and
soybeans

Table 3 Internal and external
virtual water export in the main
Asian exporters via barley, rice,
maize, soybeans, and wheat,
traded from 2000 to 2012

The rate of external virtual water
export to outside of EU (%)

The rate of external virtual water
export to outside of EU (%)

100.0
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70.0
60.0
50.0
40.0
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the virtual water trade from Asian to non-Asian countries.
Therefore, for Asian exporters, the external virtual water
rate for maize and soybeans export was lower than for
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(b) Maize and soybeans

Countries Internal VWT in Asia (Gm3) External VWT in Asia (Grn3) External rate
(Asia) (%)

Green Blue Total Green Blue Total

water water water water water water
Thailand 89.1 17.7 106.8 110.7 22.8 133.5 55.5
India 107.6 38.6 146.2 32.6 11.0 43.6 23.0
Kazakhstan 53.6 0.9 54.5 130.9 2.5 133.4 71.0
Pakistan 14.9 42.1 57.0 11.5 36.8 48.3 459
China 68.9 10.7 79.5 8.1 2.9 11.0 12.2
Turkey 7.4 0.5 7.9 9.1 0.7 9.7 55.1
Syria 2.9 0.6 34 4.3 1.2 5.5 61.5
UAE 1.9 0.5 2.4 0.2 0.0 0.2 7.7
Georgia 0.1 0.0 0.1 1.9 0.1 2.0 94.5
Iran 1.1 0.5 1.6 0.1 0.1 0.2 10.4
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«Fig. 4 Internal and external export of green and blue water via five
crops traded (barely, rice, maize, soybeans, and wheat) in Asia from
2000 to 2012. a Green water export, b Blue water export

other crops. In addition, China and India contributed more
water resources to Asian countries than to non-Asian
countries.

Table 4 and Fig. 5 show the results that the external
virtual water rate by crop exports to non-EU countries also
varied depending on the EU country. Of the top ten EU
exporters, only Romania showed an external virtual water
rate of over 50%. Romania is located in the eastern part of
the EU, and close to Middle East Asia, where the main
food importers are located. Therefore, Romania has a trade
network with various countries, including Asian and Afri-
can countries. During 2000-2012, for example, Romania
exported 38.1 Gm® virtual water, and 23% of the total
virtual water export flowed into Turkey, Egypt, Saudi
Arabia, and Syria, which are non-EU countries.

Alternately, other EU countries, such as France, Spain,
and Italy, have a more intensive trade network with other
EU countries than they do with non-EU countries. From
2000 to 2012, France, which is the largest virtual water
exporter in the EU, traded only 34.7% of the total virtual
water export to non-EU countries. In addition, Germany,
which is the largest blue water exporter, showed less than
40% blue water discharge.

Contribution of water resources of Asian exporters
to global regions by virtual water export

Water resources can be shared with other countries. If a
country located in the upper region of a river consumes a high

amount of water without considering the downstream coun-
tries that share the same resource, those countries in the lower
region may experience water shortages. In this situation,
integrated water management among the countries sharing the
water resources should be considered. In particular, agricul-
ture uses high volumes of water, and the main exporters use
most of this water for export crops. In this study, we quantified
the amount of virtual water use for domestic crop products and
exports of the main Asian exporters of India, Thailand, Pak-
istan, and Kazakhstan to each region, such as Asia, Europe,
and Africa (Table 5 and Fig. 6).

From 2000 to 2012, the contribution of virtual water
from India to other Asian countries was highest via crop
trade. About 77.0% of the total virtual water export was
traded with Asian countries, consisting of East Asia (5%),
South Asia (22%), South East Asia (24%), and Middle East
Asia (26%). If India experiences a water shortage problem
caused by drought, other Asian countries could be
adversely affected. Pakistan also supplied 54.1% of the
total virtual water export to Asian countries. In addition,
37% of the total virtual water export was traded with
Africa. However, in Pakistan 77.7% of the water resources
were supplied from outside the country. Thus, water
resource management in Pakistan might be considered in
terms of a global issue. Alternately, for Kazakhstan from
2000 to 2012, most virtual water was exported to Europe,
and 64% of the total virtual water was exported. Less than
30% of the total virtual water export was traded within
Asian countries, and 24% was traded with South East Asia.
In the case of Thailand, 42% of the total virtual water
export was traded with Africa, while 45% was traded with
other Asian countries, namely East Asia (12%), South East

Table 4 Internal and external

. . . Countries Internal VWT in EU (Gm3) External VWT in EU (Gm3) External rate
virtual water export in the main
. . (EU) (%)

EU exporters via barley, rice, Green Blue Total Green Blue Total

maize, soybeans, and wheat, water water water water water water

from 2000 to 2012
France 128.8 9.0 137.8 68.6 0.5 69.1 34.7
Germany 40.3 17.4 57.7 27.4 11.7 39.1 40.5
Netherlands 39.7 35 43.2 0.9 0.3 1.2 2.1
Hungary 35.5 0.1 35.6 7.4 0.0 7.4 17.3
Romania 17.2 0.6 17.8 19.8 0.6 20.4 53.5
Bulgaria 21.0 0.3 21.3 10.0 0.2 10.2 323
Spain 10.3 4.7 15.0 4.4 0.9 5.2 29.8
UK 15.7 0.2 15.9 2.1 0.0 2.1 11.6
Czech 11.3 4.2 15.5 1.2 0.5 1.6 9.3
Belgium 11.5 4.0 15.5 1.0 0.6 1.6 8.0
Italy 7.0 3.6 10.6 34 0.7 4.1 32.8
Lithuania 7.5 0.0 7.6 7.1 0.0 7.1 48.4
Poland 7.5 0.1 7.6 4.3 0.0 4.3 36.6
Latvia 6.0 0.0 6.0 4.0 0.0 4.0 40.0
Denmark 7.4 0.1 7.5 2.4 0.0 2.4 24.1
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Table 5 Virtual water use for domestic crop products (barley, rice, maize, soybeans, and wheat) and export for the main Asian exporters from
2000 to 2012

Main exporter ~ Virtual water use for domestic crop products (Gm®) Virtual water export to World Virtual water export to non-Asia

in Asia (Gm>) (Gm®)
Green Blue Total Green Blue Total Green Blue Total
India 4143.2 2013.5 6156.7 140.2 49.6 189.8 32.6 11.0 43.6
Kazakhstan 649.1 27.7 676.8 184.5 34 187.8 130.9 2.5 133.4
Pakistan 322.0 671.4 993.4 26.4 78.9 105.2 11.5 36.8 48.3
Thailand 797.9 156.5 954.4 199.8 40.5 240.3 110.7 22.8 133.5
India (Mm?, 2000-2010) Kazakhstan (Mm?, 2000-2010) 1740.0, 1%

542.5,0% 9014.0, 5%

34891.4,19% 15.2,0%

7892.5, 4%

H East Asia 184.9. 0%
H East Asia . (]

B South Asia 2173.1, 1% A 529.1,0%
H South Asia

B Southeast Asia
B Southeast Asia

D Middle East Asia . .
D Middle East Asia

SEurope  6004.8,3% = Europe

[0 America O America 44325.1, 24%

O Africa 0 Africa

O Others O Others

49419.5, 26%

119879.2,
64%

(a) India

(b) Kazakhstan

Pakistan (Mm?3, 2000-2010) 1243.9,1% 2258.4,2%

Thailand (Mm?, 2000-2010)  4618.3, 2%
m East Asia

H South Asia m East Asia 2119.7, 1%
B Southeast Asia H South Asia
D Middle East Asia B Southeast Asia
D Middle East Asia
= Europe 38482.5,37%
o America SEurope 101689.1,
p .
O Africa America
O Africa
O Others oth
[m] ers

36352.4, 15%

7279.7, 7%

13658.8, 6%

(d) Thailand

_ 13497.7, 6%
(¢) Pakistan

Fig. 6 Virtual water export to global regions for main exporters in Asia from 2000 to 2012

Asia (16%), and Middle East Asia (15%). In addition, for ~ exported to the world via crop trade, but these countries
Kazakhstan and Thailand from 2000 to 2012, over 25% of obtained over 40% of the total water resources from out-
the total virtual water for domestic crop products was  side of their own country.
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Table 6 Green and blue water imports via five crops traded in Japan,
Korea, and Taiwan from 2000 to 2012

Year Japan Korea Taiwan

Green Blue Green Blue Green Blue

water water water water water water
2000 28.9 2.1 14.7 1.2 8.0 0.6
2001 29.7 2.2 14.8 1.1 8.5 0.6
2002 29.0 2.1 16.1 1.3 8.5 0.6
2003 28.4 2.2 16.1 1.5 8.6 0.6
2004 26.4 2.2 14.6 0.9 8.6 0.6
2005 26.7 2.2 15.4 0.9 9.1 0.6
2006 26.7 2.2 14.0 1.0 8.4 0.6
2007 27.1 2.2 14.5 1.4 9.3 0.7
2008 26.8 2.1 12.6 0.9 8.8 0.6
2009 26.5 2.1 14.5 0.7 9.8 0.6
2010 28.0 2.1 15.2 0.9 10.3 0.5
2011 26.2 1.9 15.9 0.9 11.0 0.5
2012 29.9 1.7 20.4 1.6 12.4 0.5
Total 360.2 27.3 198.8 14.4 121.3 7.7

Virtual water dependency of Korea, Japan,
and Taiwan on exporters

The characteristics of the main importers could affect the
total virtual water trade structure in Asia. The main
importers of crops in Asia were Korea, Japan, and Taiwan;
their trade structures are related to the exporter’s water
resources in terms of the virtual water trade. For example,
main importers that are connected to a few exporters are
susceptible to the circumstances of the exporters, such as
drought and climate change.

In this study, we estimated the amount of virtual water
imports in Korea, Japan, and Taiwan, and evaluated the
virtual water dependency on their exporters. We estimated
how many exporters are related to the virtual water trade,
and calculated the portion of each exporter in the entire
virtual water import. Table 6 shows the amount of green
and blue water imports from 2000 to 2012 in Japan, Korea,
and Taiwan. Japan imported the largest amount of virtual
water via the crop trade, and for this period the amounts of
total virtual water imports by crops were 360.2 Gm® green
water and 27.3 Gm® blue water. Korea in the same period
imported 198.8 Gm® green water and 14.4 Gm® blue water
in the form of crops (wheat, rice, barley, maize, and soy-
beans) traded. In comparison to Korea and Japan, Taiwan
imported the smallest amount of virtual water. The total
amount of virtual water imported via trade crops was 128.9
Gm® (121.3 Gm® green water and 7.7 Gm® blue water).
Recently, the virtual water imports in Korea sharply
increased in comparison to Japan and Taiwan. In addition,
from 2008 to 2012 the virtual water imports in Taiwan also
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increased slightly. On the other hand, Japan maintained
about 28 Gm®/year virtual water imports.

In short, these countries are dependent on virtual water
imports, making it important to evaluate their dependency
on exporters, because an importer connected to only a few
exporters could be dominated by the water resources of the
exporters. Therefore, we calculated the portion of each
exporter to the total amount of virtual water imports
(Fig. 7). The results show the amount of water resources
contributed by exporters to Korea, Japan, and Taiwan,
respectively, and the number of exporters involved in vir-
tual water imports for each of these countries. For Korea in
2000, four exporters provided approximately 90% of vir-
tual water imports, and the USA was the most powerful
contributor to virtual water imports. In 2000, approxi-
mately 41.7% of virtual water was imported from the USA,
followed by China (33.9%) and Australia (16.2%). The
water dependencies of Japan and Taiwan are greater than
that of Korea. In particular, Japan imports the largest
amount of virtual water, importing more than 69% of vir-
tual water from the USA. In 2000, Taiwan was the most
dependent on the USA, with more than 90% of virtual
water imported from the USA via the crops trade. These
countries had a virtual water trade whose structure was
highly dependent on a few exporters, i.e., the USA, Aus-
tralia, and China.

In 2012, the amount of virtual water imports in the three
countries increased, and in comparison with 2000, Korea
showed the highest increase with expansion of the trade
boundary. The USA supplied 41.7% of the total virtual
water imports in Korea in 2000, decreasing to 30.9% in
2012. In addition, Korea expanded the virtual water trade
in 2012, and six exporters accounted for over 90% of the
total virtual water imports. However, Japan and Taiwan
were still highly dependent on a few exporters. In Japan in
2012, the water import dependency of virtual water
imported from the USA decreased from 69.5 to 51.3%, but
four exporters (the USA, Brazil, Australia, and Canada)
still supplied over 90% of the total virtual water imports. In
2012, the dependency on the exporters of virtual water
imports was extremely high in Taiwan, but the virtual
water dependency on the USA decreased from 91.6 to
57.4%, due to its relationship with Brazil. However in
2012, Taiwan still imported over 80% of total virtual water
from Brazil and the USA. In conclusion, while in 2012,
Japan, Korea, and Taiwan attempted to expand their
boundaries of virtual water imports, they still demonstrated
a high level of dependency on a few exporters of virtual
water. These results indicate that these countries have a
vulnerable virtual water trade that could easily be domi-
nated by exporters. Therefore, these countries should
extend their virtual water trade boundary to include addi-
tional exporters.
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Fig. 7 The cumulative proportion and total quantity of virtual water imported from main exporters in Japan, Korea, and Taiwan via crop trades

in 2000 and 2012. a 2000, b 2012
Summary and conclusions

The virtual water trade not only generates water savings for
importing countries but also represents water “losses” for
the exporting countries (Chapagain et al. 2006). In partic-
ular, in terms of the virtual water trade, Asian countries are
the main sources of global water use for crop supplies.
Therefore, Asian countries should consider maintaining a
balance between water conservation and their virtual water
trade. In this study, we calculated the virtual water exports
within and outside of Asia and the EU between 2000 and

2012 in terms of the virtual water trade through wheat, rice,
barley, maize, and soybeans. In addition, the contribution
of water resources by the main exporters of Asia to global
regions was evaluated through virtual water exports. The
virtual water trade also related to the main Asian importers
of Japan, Korea, and Taiwan and we also evaluated the
virtual water dependency of these countries on exporters.
In terms of virtual water trade, Asian and EU countries
are the main water resources for the world. However, the
external virtual water rate, which refers to the virtual water
export outside of a boundary such as Asia or the EU,

@ Springer



Paddy Water Environ

differed between Asia and the EU. For example, the EU
conserved water resources through internal virtual water
trade, which indicates the trade within the EU. In contrast,
most Asian countries such as Kazakhstan, Thailand, Pak-
istan, and Turkey contribute more water resources to the
world than they consume internally. Although India and
China showed low external virtual water rates, which
means these countries contributed more water resources to
Asian countries than to the world, the average external
virtual water rate ratio in Asian countries is still higher than
in EU countries. Therefore, an integrated water plan among
Asia countries needs to be developed that will maintain the
balance in Asia between the internal and external virtual
water trade.

The virtual water trade related to importing countries is
also high, and when the main exporters have problems with
food production, the high dependency of importers on a
few exporters could cause food and water scarcity.
Therefore, we analyzed the dependency on exporters in the
virtual water trade of Japan, Korea, and Taiwan, respec-
tively, because these countries are highly dependent on
grain crop imports. For example in 2000, over 90% of total
virtual water imports in all three countries were supplied by
two exporters, i.e., the USA and Australia. Although in
2012 Japan, Korea, and Taiwan expanded their trade
boundaries to include Brazil, Argentina, and India, their
high dependency on a few exporters has remained.
Therefore, when they set policy for water and food secu-
rity, these importing countries should consider their high
dependency on virtual water imports from a few countries.

These results provide information necessary for the
development of an integrated water strategy in Asia, and
are expected to inform the main Asian importers regarding
the risks of their serious dependency on external water
resources in terms of a balance between water and food
security. For example, for Thailand, 42% of the total vir-
tual water exports were traded with Africa, and Mekong
River is one of main resources in Thailand. However, the
Mekong River flows through several Asian countries such
as China, Vietnam, Laos, and Cambodia; therefore, virtual
water trade in Thailand is also related to water manage-
ment in these other countries. Because of this, in 1995,
Laos, Thailand, Cambodia, and Vietnam established the
Mekong River Commission to assist in the management
and coordinated use of the Mekong’s resources. The virtual
water exports within or outside of Asia in each country
could therefore be useful information for development of
integrated water management.

Acknowledgements The country-scale import and export data of
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