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_____________________________________________________________________________ 

Abstract: In a highly globalized context, agricultural and food products have been increasingly exchanged 
during the last half century. With them, water has been virtually transferred among countries. This paper 
studies the evolution and explaining factors of virtual water trade flows between 1965 and 2010 in the 
world. During the period analyzed a process of intense internationalization that meant important 
environmental impacts, particularly in water resources, took place at the global level. By means of panel 
data techniques, we evaluate and quantify the explaining factors of bilateral virtual water transfers among 
71 countries as a result of agri-food trade. We use the well-known approach of the trade gravity equation 
to explain exchanges of blue and green water embodied in goods on the basis of economic, geographical, 
institutional and environmental factors. More concretely, we use the traditional variables as the gross 
domestic product of the exporter and importer countries, distance, dummies to control for a common 
border and language, for regional trade agreements or for multilateral resistance terms. In addition, we 
include additional variables as the level of precipitation, the availability of renewable water resources or 
the cultivated area trying to test the role of these environmental aspects in the trends seen for virtual 
water exchanges. The preliminary results seem to indicate that the economic indicators of countries were 
the main factors lying behind changes in virtual water exchanges from 1965 to 2010.  In addition, 
environmental conditions seem to have a notable contribution to these trends. 

_____________________________________________________________________________ 
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1. Introduction 

Commercial exchanges of agricultural and food products have gone through a great expansion 
in the last fifty years (Serrano and Pinilla, 2010, Serrano and Pinilla, 2011a). This globalizing 
process has entailed a significant trade of commodities together with important exchanges of 
natural resources embodied in these goods (Schmitz et al., 2012). The impact of economic 
growth in natural resources has been widely studied in recent years (Iriarte-Goñi and Ayuda, 
2012, Iriarte-Goñi and Ayuda, 2008, Weinzettel et al., 2013, Kohlheb and Krausmann, 2009, 
Krausmann et al., 2013).  

Regarding water resources, a large number of studies have been carried out over the last decade 
(Feng et al., 2012, Steen-Olsen et al., 2012, Duarte et al., 2015b, Cazcarro et al., 2013, Yu et al., 
2010). Virtual water, first defined by Allan (1997), is the volume of water necessary for the 
production of a commodity and the water footprint is an indicator of freshwater use that looks 
at both direct and indirect water use of a consumer or producer (Hoekstra et al., 2011). The 
studies on virtual water and the water footprint commonly distinguish between green and blue 
water. Green water is the rainwater evaporated as a result of the production of a commodity 
and blue water is surface or groundwater evaporated during a production process (Hoekstra and 
Chapagain, 2008). Whereas many of these papers focus on the short term, to our knowledge 
there are few studies empirically addressing the drivers of global virtual water trade flows in the 
long run (Dalin et al., 2012, Tamea et al., 2014, Duarte et al., 2015a, Duarte et al., 2014b, Duarte 
et al., 2014a, D’Odorico et al., 2012).  

Recently, new literature has been developed addressing the driving factors of virtual water trade 
flows by means of the trade gravity approach (Tamea et al., 2014, Fracasso, 2014, Fracasso et 
al., 2015). These studies adapt traditional trade gravity models to explain virtual water trade 
flows, most of them using cross-section data. In this line, our work empirically builds on this 
previous literature trying to describe the evolution of water flows embodied in agricultural and 
food trade along time. The gravity model is a well-known methodological framework to examine 
the causes of international trade. From the seminal work of Tinbergen (1962), many empirical 
applications have tried to quantify the driving forces of international trade using this approach 
(Anderson, 1979, Anderson and van Wincoop, 2003, Bergstrand, 1985, Bergstrand, 1989, Eaton 
and Kortum, 2002, Head and Mayer, 2014). 

In this framework, this work studies the main determinants of virtual water transfers in the 
world from 1965 to 2010 from an econometric approach. To that aim, we will analyze global 
trends using the traditional economic indicators included in trade gravity models as well as some 
other institutional and geographic variables commonly used in literature. In addition, we 
consider some other physical aspects such as water endowments or cultivated land to control 
for environmental issues. We will use panel data techniques as the Panel-Corrected Standard 
Errors (PCSE) and the Poisson Pseudo-Maximun Likelihood (PPML) methods. As main data 
sources we utilize bilateral trade data given by United Nations Statistics Division (UN, 2013) and 
coefficients on water use intensity provided by Mekonnen and Hoekstra (2011) and Mekonnen 
and Hoekstra (2012), which have been adapted for the period studied as explained in Section 2.  

Thus, this paper wants to contribute to the analysis on the links between globalization and 
natural resources, through the case of water resources. This is the first time that virtual water 
trade flows and their explaining factors have been examined in such a long time period (1965-
2010) using econometric panel data techniques as the main methodological framework. It 
should be underlined, that we are considering over half a century in which transcendental 
economic changes happened, mainly concerning the great integration in the world and its 
impact on natural resources.  
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The following section addresses the methodological aspects and explains the data used in this 
study. Section 3 deals with the main findings of the work and Section 4 closes the paper with the 
main conclusions. 

2. Methods and data 

As a first step, we estimate virtual water trade flows following the method proposed by Hoekstra 
and Hung (2005). Thus, virtual water trade VWTijt from the exporter country i to the importer 

country j in year t can be obtained as:  

VWTijt = ∑ wipt ∗ xijpt
p

         (1) 

Being xijpt the quantity of product p exported (tons) from i to j in each period t and wipt a 

coefficient indicating the volume of water necessary to produce a ton of each commodity in the 
exporting country i in each year t, i.e., water intensity (m3/ton). wipt considers the sum of green 

or blue water consumptive use. Bilateral trade data on agricultural and food products for the 
period 1965-2010 are taken form United Nations Statistics Division (UN, 2013) at the four-digit 
level of the Standard International Trade Classification, SITC, revision 1. Our sample considers 
133 products and 71 countries, accounting for approximately 85% of agricultural and food 
commercial exchanges in the world during these years. The full list of countries is shown in the 
supplementary information (SI). Taking into account equation (1), we will have 228,620 
observations ((71 exporters x 71 importers -71) x 46 years).   

Water intensities stem from Mekonnen and Hoekstra (2011) and Mekonnen and Hoekstra 
(2012). They estimate water coefficients following the approach developed by Allen et al. (1998) 
and Hoekstra et al. (2009), i.e., dividing crop water use (green or blue), obtained as 
evapotranspiration (ET) under non optimal conditions, by the crop yield. Whereas some studies 
assume these coefficients to be constant on time (Renault, 2002, Shi et al., 2014), there are 
other approaches that adapt these data to account for long term developments affecting the 
volume of water consumed per ton (Rockström, 2003, Rockström et al., 2007). In this line, trying 
to capture the changes in the variables influencing the water footprint of crops and animal 
products (m3/ton) between 1965 and 2010 (improvements in irrigation techniques, variations 
in the crop mix or the growing use of fertilizers and pesticides), we calculate long term variable 
water intensities considering historical yield changes. To that aim, we follow the approach 
proposed by Doorenbos and Kassam (1986) and recently applied by Dalin et al. (2012), Konar et 
al. (2013), Cazcarro et al. (2015) which yields:  

wipt = wip

Yip

Yipt
                 (2) 

With wipt being the water coefficient for each product in the period of analysis (t from 1965 to 

2010), wip is the crop or livestock water intensity given by Mekonnen and Hoekstra (2011) and 

Mekonnen and Hoekstra (2012). Yip represents the average yield of the reference period (1996-

2005) and Yipt are the annual product yields for each specific year studied. Data on crop and 

livestock yields from 1965 to 2010 have been taken from Food and Agriculture Organization of 
the United Nations (FAO, 2013). These series inform on the average yield of rain-fed and 
irrigated agriculture. Equation (2) consists of a decreasing, convex with respect to the origin, and 
hyperbolic relationship between the virtual water content and crop yield. This involves a 
dynamic, inverse, and nonlinear link between these variables, i.e., virtual water content falls as 
crop yield rises (see Duarte et al. (2015a) for a more detailed discussion). The hypothesis 
underlying this approach is that long term developments have influenced crop and livestock 
yields, also affecting water consumption per ton.  
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After calculating virtual water trade flows, we estimate the trade gravity model using 
econometric panel data techniques. In particular, we use the specification shown in the 
following equation:  

VWTijt = α + β1 ln(Yit) + β2 ln(Yjt) + +β3 ln(Ypcit) + β4 ln(Ypcjt) + β5 ln(DISTANCE) +

β5COLONY + β6BORDER + β7LANGUAGE + β8ONEIN + β9BOTHIN + β10RTA +

β11 ln(LANDit)  + β12 ln(LANDjt) + β13 ln(PRECIPit) + β14 ln(PRECIPjt) +

β15 ln(RENEWit) + β16 ln(RENEWjt) + δijt + ut         (3) 

Where i and j are the exporter and importer countries and t is time. The endogenous variable 
VWTijt is the flow of exports from i to j in year t as obtained in (1). The independent variables 

are the real gross domestic product (Y) and per capita real GDP (Ypc) of the exporter (i) and 
importer (j) countries that have been taken from the WorldBank (2014) and are expressed in 
constant 2005 dollars. We also used information on the distance between commercial partners 
(DISTANCE). These data inform on the distance between the capitals of the countries of origin 
and destination and come from CEPII (2015). In addition we include five dummies to control for 
political and institutional features. We use a dummy (BORDER) that takes 1 if the countries have 
a common border and 0 otherwise. In addition we control for the historical colonial past 
(COLONY), this variable equals 1 if the countries had ever a colonial past and 0 otherwise. We 
also take into account if the countries have a common language (LANGUAGE), with a variable 
that is 1 if the pairs have a common official language and 0 otherwise. These three variables 
were also taken from the CEPII database (CEPII, 2015). RTA is another dummy variable that takes 
1 if both commercial partners belong to the same regional trade agreement in every year and 0 
otherwise. This dummy variable has been taken from de Sousa (2012). Finally we have two 
additional dummy variables, ONEIN and BOTHIN that inform on the accession of the pair to the 
World Trade Organization (WTO) and take 1 if one or both of the countries were a member of 
WTO in year t, respectively and 0 otherwise. Finally we include some additional explanatory 
variables that refer to natural or environmental aspects and that could also affect virtual water 
trade flows. Firstly, we include the cultivated area of the exporter and importer country (LAND) 
measured in 1000 ha trying to control for the role of agriculture in each country. Then, we 
introduce information on the level of precipitation to control for the availability of green water 
resources. This variable informs on the rainfall level in km3/year (PRECIP). Finally we control for 
the blue water endowment of countries using information on the total renewable water 
resources in km3/year (RENEW). All the environmental data have been taken from FAO (2014). 
It must be noted that we also include country-pair fixed effects δijt. These dummy variables are 

included to account for the multilateral resistance terms, trying to avoid the bias that could be 
generated when omitting relevant variables (Anderson and van Wincoop, 2003). They capture 
all the characteristic features of the exporting and importing countries that are not controlled 
by the variables included in the model.  

The model presented in (3) has being estimated using econometric panel data techniques. They 
allow introducing the temporal dimension on our analysis of virtual water trade flows between 
countries, which in our view is really important given the significant changes taken place 
regarding the patterns of commercial exchanges and the intensification of globalization 
processes in the long term. Besides, panel data estimation increases the efficiency of the 
estimators and reduces the problems associated with the omission of relevant variables (Hsiao, 
1986). Therefore, we will use the Panel-Corrected Standard Errors (PCSE) including fixed effects 
to control for multilateral resistance terms. This technique allows avoiding the autocorrelation 
and heterokedasticity problems that could present our model. Finally, Santos Silva and Tenreyro 
(2006), (2010) warn that econometric estimates can be biased because of the existence of a 
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large number of zero values in the dependent variable. This problem can appear with trade data, 
where some flows are zero. Hence, to circumvent this problem we follow to different strategies. 
In the one hand we apply the PCSE estimation to our sample, where all the VWT flows that equal 
zero have been replace for a small quantity. On the other hand, we estimate equation (3) using 
the Poisson Pseudo-Maximun Likelihood (PPML) estimator proposed by Santos Silva and 
Tenreyro (2006), (2010). 

3. Results 

Globally, virtual water flows experienced a continuous growth from 1965 to 2010, i.e., the 
volume of water embodied in agricultural and livestock products exchanged internationally 
through trade went from 403 km3 in 1965 to 1,415 km3 in 2010, growing at an average annual 
growth rate of 2.7%. This increase was particularly intense from 1980, particularly during the 
nineties, when global virtual water trade flows rose by 3.8% every year on average. In this 
context, which were the main factors lying behind the growing trend followed by virtual water 
transfers? 

Figure 1: Global virtual water flows, 1965-2010 (km3). Total virtual water is obtained as the sum of blue 
and green virtual water. Source: own elaboration using trade data from United Nations Statistics 
Division (UN, 2013) and water intensities from Mekonnen and Hoekstra (2011) and Mekonnen and 
Hoekstra (2012). 

  

To answer the previous question we estimate the gravity equation for virtual water trade from 
1965 to 2010. As a first step, given that the residuals of the panel data-fixed effects model 
presented in (3) presented heterokedasticity and autocorrelation, we proceed with the PCSE 
estimation (Table 1)1.  As Siliverstovs and Schumacher (2007) and  Serrano and Pinilla (2014) 
explain, introducing per capita income in the gravity model allows to describe trade in different 
kinds of goods. Basically, the coefficient of per capita income in the exporter is an approximation 
of its factor endowment. In this line, the coefficient of this variable in the importing country is 
useful to define the kind of good exchanged. In this case, per capita income is only significant 
for the exporter country.  The market size of the importer country has a positive effect on virtual 
water transfers, i.e., the higher the GDP of the importer the higher the water that get embodied 
in agricultural and food products. Just the opposite happens with the exporter country, the 

                                                           
1 Note that to avoid bias the bilateral water flows that equal zero were substituted for a small value of 
virtual water trade (10$).  
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larger its market size measured as GDP, the smaller the exports of water by means of agricultural 
goods.  

Table 1: Results of the PCSE estimation. VERY PRELIMINARY RESULTS 

VARIABLES I II III IV 
ln(Yi) -0.885*** -0.850*** -0.723*** -0.727*** 
 -0.095 -0.104 -0.0966 -0.0965 
ln(Yj) 0.897*** 0.890*** 0.898*** 0.902*** 
 -0.093 -0.1 -0.0951 -0.0951 
ln(Ypci) 1.128*** 1.161*** 0.958*** 0.968*** 
 -0.112 -0.124 -0.115 -0.114 
ln(Ypcj) -0.111 -0.104 -0.113 -0.125 
 -0.11 -0.12 -0.113 -0.113 
ln(DISTANCE) -1.156*** -1.176*** -1.158*** -1.158*** 
 -0.0226 -0.0232 -0.0228 -0.0228 
COLONY 1.129*** 1.112*** 1.113*** 1.113*** 
 -0.0653 -0.0673 -0.0666 -0.0666 
BORDER 0.723*** 0.733*** 0.715*** 0.715*** 
 -0.0772 -0.0791 -0.0781 -0.0781 
LANGUAGE 0.476*** 0.505*** 0.486*** 0.485*** 
 -0.0516 -0.0537 -0.0524 -0.0524 
ONEIN -0.184** -0.104 -0.0853 -0.0855 
 -0.0872 -0.0913 -0.0914 -0.0913 
BOTHIN -0.133 -0.0957 -0.0818 -0.0812 
 -0.0973 -0.101 -0.101 -0.101 
RTA 0.239*** 0.255*** 0.231*** 0.231*** 
 -0.0362 -0.0373 -0.0364 -0.0364 
ln(LANDi)  0.482***   
  -0.0708   
ln(LANDj)  0.107   
  -0.0677   
ln(PRECIPi)   2.386  
   -2.59  
ln(PRECIPj)   -3.378  
   -2.805  
ln(RENEWi)    1.474*** 
    -0.0765 
ln(RENEWj)    -0.182** 
    -0.0749 
Constant  13.13*** 24.37 7.212*** 
  -2.229 -32.38 -1.372 
     
R-squared 0.487 0.492 0.487 0.487 

Estimators in the first row 
Standard errors in the second row 
*** p<0.01, ** p<0.05, * p<0.1 

In addition, as it can be seen in Table 1, the distance among the exporter and importer countries 
have a negative effect on the displacements of virtual water. The geographical (BORDER) and 
cultural (LANGUAGE and COLONY) variables have a significant and positive effect on virtual 
water transfers. This basically means that those countries that are close and share cultural 
features tend to trade among them and therefore to exchange a large volume of water resources 
embodied in agricultural commodities. In addition, regional trade agreements also encourage 
commercial exchanges and therefore virtual water transfers. Regarding environmental aspects, 
the PCSE estimation indicates that the cultivated area in the exporting area is really important 
to explain its virtual water exports; a 1% increase in agricultural land entails a 0.5% growth of 
exchanges of virtual water. Finally, the availability of renewable water resources in exporting 
areas notably boosts virtual water exports. On the contrary, those countries that lack blue water 
tend to export less water.  
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Table 2: Results of the PPML estimation. VERY PRELIMINARY RESULTS 

VARIABLES I II III IV 
ln(Yi) -0.0534*** -0.0545*** -0.0462*** -0.0467*** 
 -0.0033 -0.00373 -0.00337 -0.00336 
ln(Yj) 0.0643*** 0.0661*** 0.0649*** 0.0654*** 
 -0.00323 -0.00351 -0.0033 -0.0033 
ln(Ypci) 0.0642*** 0.0683*** 0.0567*** 0.0578*** 
 -0.00386 -0.00441 -0.00397 -0.00395 
ln(Ypcj) -0.0191*** -0.0198*** -0.0194*** -0.0205*** 
 -0.00397 -0.00438 -0.00405 -0.00404 
ln(DISTANCE) -0.0745*** -0.0765*** -0.0747*** -0.0747*** 
 -0.000743 -0.000764 -0.000746 -0.000746 
COLONY 0.0610*** 0.0605*** 0.0609*** 0.0609*** 
 -0.00206 -0.00213 -0.00211 -0.00211 
BORDER 0.0151*** 0.0165*** 0.0150*** 0.0150*** 
 -0.00239 -0.00245 -0.00242 -0.00242 
LANGUAGE 0.0305*** 0.0334*** 0.0307*** 0.0307*** 
 -0.00157 -0.00166 -0.00159 -0.00159 
ONEIN 0.0106*** 0.0177*** 0.0196*** 0.0195*** 
 -0.00385 -0.00408 -0.00407 -0.00407 
BOTHIN 0.0175*** 0.0217*** 0.0233*** 0.0231*** 
 -0.00433 -0.00452 -0.00452 -0.0045 
RTA 0.0177*** 0.0191*** 0.0171*** 0.0171*** 
 -0.00151 -0.00155 -0.00151 -0.00151 
ln(LANDi)  0.0243***   
  -0.00261   
ln(LANDj)  0.0101***   
  -0.00237   
ln(PRECIPi)   0.262***  
   -0.0865  
ln(PRECIPj)   -0.281***  
   -0.105  
ln(RENEWi)    0.104*** 
    -0.00278 
ln(RENEWj)    -0.232*** 
    -0.042 
Constant 2.948*** 2.843*** 2.778** 3.708*** 
 -0.0755 -0.0674 -1.149 -0.271 
     
R-squared 0.583 0.585 0.586 0.586 

Estimators in the first row 
Standard errors in the second row 
*** p<0.01, ** p<0.05, * p<0.1 
 

As it was explained in section 2, we also estimate the trade gravity equation in (3) using PPML 
developed by Santos Silva and Tenreyro (2006) to address the problem of missing flows in the 
dependent variable (VWTijt). Table 2 depicts the estimates of equation (3) with PPML. In this 

case, all the economic indicators are significant. Moreover, the DISTANCE, BORDER and 
LANGUAGE variables also have a significant and positive effect on bilateral water trade flows as 
happened in Table 1. In addition, being a member of the WTO also encourages the exchanges 
of virtual water among countries. ONEIN and BOTHIN display a positive sign, but the effect on 
the dependent variables is higher for the latter. That is, if each pair countries belong to the WTO 
has a larger impact on water displacements than if only one of them is a member. Finally, in this 
case all the natural indicators (LAND, PRECIP and RENEW) are significant. The cultivated area in 
the exporter and importer areas exerts a direct impact on virtual water transfers. However, it 
shows a higher effect in the case of the country of origin of embodied water. Finally, the 
availability of water in the exporting country seems to drive virtual water exports. This happens 
for both, precipitation (used as a proxy of green water availability) and renewable water 
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resources (used to control for the blue water endowment). For example, if precipitation would 
increase 1% in the exporting area, virtual water exports would rise by 0.26%. Finally, as it was 
expected, the availability of water resources in the importing area has a negative sign. 

4. Conclusions 

This paper studies the main factors explaining the great increase experienced by virtual water 
flows from 1965 to 2010.  As we have seen, the traditional economic variables commonly 
included in trade gravity models have the expected sign and are statistically significant. Exactly 
the same is found for the other institutional and geographical indicators used as explaining 
factors. This happens for the two estimation methods used in the empirical application.  

Similarly, the environmental variables seem to have explicative power and the expected signs 
(particularly when estimating using the PPML method). That way, the agricultural land of the 
exporter seems to boost virtual water exports and on the contrary, the countries with low 
cultivated area tend to export less water embodied in agricultural and food products. As for the 
availability of water in the country of origin, regardless it is measured as precipitation or as 
renewable water resources, it encourages the exports of water in virtual form. 

Nevertheless, it is important to note that at this stage our results are still very preliminary and 
it is necessary to be extremely cautious when analyzing and interpreting them. More concretely, 
we would like to study the reason why, despite the signs coincide, the magnitude of the effects 
clearly differ between the PCSE and PPML estimates. In this line we would like to carry out 
extensive robustness checks, dividing our sample into different regional groups that will be 
clustered depending on the level of per capita income as well as on the availability of water 
resources. In addition, we would like to continue with the estimation process using additional 
control variables. In particular we would like to include more indicators accounting for physical 
or environmental aspects.  
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