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Abstract.  With growing demand for water, competition among end uses, and uncertain supplies, there is increasing concern about intensified water scarcity in many places around the globe.  Since the vast majority of freshwater withdrawals are for agricultural purposes, attention is focused on better management of water for the production of food.  Reliance on water embodied in imported food (trade in “virtual water”) is discussed as a viable strategy to provide adequate food for water-stressed regions while conserving their scarce resource for other purposes.  This paper describes a framework for evaluating this proposition from both physical sustainability and economic points of view, and under alternative scenarios about future structural changes.  It makes operational a theory of international trade based on comparative advantage generalized to the empirically relevant case of many regions, many goods, and many factors of production whose availability is subject to quantitative constraints.  We propose new approaches to: (1) defining what constitutes an endowment of water and how it is measured, (2) capturing the economic significance of distinguishing “green” from “blue” water, and (3) incorporating subregional detail about water availability into the description of a region’s economy. 

1. Introduction

A variety of challenges confront the increasingly affluent and still expanding human populations making their livelihoods on this planet.  While modern societies depend upon substantial quantities of fossil fuels, there are alternative sources of energy.  Water, by contrast, has no substitutes in most of its uses.  All forms of life require clean drinking water, and we rely on water not only to assure our food supply but also for the generation of electric power and the production of virtually all other goods and services.  Several bodies of scientific literature about water, reflecting research in diverse disciplines and inter-disciplines, provide an operational description of many spatially explicit aspects of the hydrological cycle and of the human use of water.  Relative to fossil fuels and carbon emissions, however, economic analysis of the challenges surrounding the supply of fresh water in a given region, and the demand for it, is more recent and more limited.  This is due in part to the fact that emissions of carbon and other greenhouse gases are clearly implicated in climate change while water stress is experienced as a local problem, although in increasing numbers of localities and with the potential to alter the global hydrological cycle.  Water is also more difficult to represent as an economic input, which explains why it has been much less visible than petroleum or coal in economic databases and analyses.  It is generally unpriced, which in itself makes it problematic to represent in most economic frameworks.  In addition, a large portion of the water on which we depend is applied without our direct intervention, not only in rainfed agriculture but also on croplands that are also irrigated.  The size of a coal deposit, which is stationary and exploited only by humans, can in principle be quantified in a straightforward way and annual extractions duly recorded.  By contrast, water is highly mobile, and the quantity available in any locale depends on many variables, including the nature and extent of human use of it, both in that location and elsewhere.  Climate change involves modification of global precipitation patterns and therefore the availability of water while petroleum and coal deposits are not affected.  Water sources but not mineral deposits can be contaminated by human activities, and the ways in which we use water can undermine ecosystem functions, such as flood control provided by natural wetlands, on which we depend as surely as we do on drinking water and food.  
Over the next several decades it will be necessary to feed a growing population, a more varied and resource-intensive diet will be expected in developing countries with increasing wealth, and both biofuels production and urbanization to accommodate population growth and migration from rural areas will compete with food production for limited amounts of arable land and fresh water.  One response to these pressures is to appropriate land currently in other uses and to tap nonrenewable sources of water even more deeply.  Another is to intensify food production in geographic areas with potential to sustainably and efficiently exploit more water and land by investing in water retention and irrigation infrastructure, especially in parts of the developing world now largely reliant on low-yield agriculture.  It has also been pointed out that regions facing the most stringent shortages of water can rely on “virtual water” from increased food production in water-rich regions through international trade in food products.  The feasibility of these approaches to increasing the supply of food, their environmental and economic attributes, and the amounts of food they can realistically deliver, singly and jointly, remain to be seen.

Our objective is to construct an inter-regional model of the world economy that can serve two purposes.  The first goal is to evaluate scenarios for achieving a global division of labor that provides adequate food over the next several decades in environmentally sustainable and economically relatively efficient ways.  The second is to identify the kinds of interventions that could help realize what emerge as promising strategies.  We start from the World Trade Model (WTM) family of input-output models, which are based on the logic of comparative advantage.  The idea is to extend their capabilities, step by step, to incorporate strategic features of agricultural production and its reliance on water, land, and other factors of production.  In this paper we focus on three critical features of the interface between water availability and its withdrawal for food production that we consider vital, based on our reading of recent literature in the water sciences, for advancing interdisciplinary collaboration.  These are: representing the availability of water as a constraint on production, capturing the economic significance of the distinction between “blue” water and “green” water, and representing economic regions in a way that reflects the differential availability of water in their subregions.  

The remainder of the paper is organized as follows.  Section 2 identifies the conditions necessary to make the concept of comparative advantage in water-intensive agricultural products operational for empirical analysis.  Section 3 describes the three critical interface features identified at the end of the last paragraph, and Section 4 shows how each of them, and the potential for trade in virtual water, have been treated in studies using input-output models and other types of economic models.  Section 5 describes the mathematical frameworks for both the World Trade Model and the Rectangular Choice-of-Technology model.  Our proposals for representing the three interface features are described in Section 6 in terms of the models of Section 5.  Section 7 concludes.

2. Comparative Advantage in Water-Intensive Agricultural Products

According to the logic of comparative advantage, a region will specialize in the production of those goods that make intensive use of its relatively abundant factor, which is assumed (because of its abundance) to be relatively cheap.  While the underlying logic of comparative advantage is compelling, the standard framework that has influenced thinking (and theorems) about international trade is based on unnecessarily unrealistic assumptions, namely a world consisting of two regions endowed with two factors, capital and labor, for production of two goods.  A factor’s abundance is defined by the magnitude of its endowment relative to that of the other factor and relative to the comparable ratio for the other region.  So if K1/L1 > K2/L2 is the relevant relationship of endowments, then region 1 is considered abundant in capital.  Assuming that both regions rely on the same technology for producing each product, the factor intensity of each product is determined by comparing factor requirement ratios for the two products (similar to comparing endowment ratios for the two regions).  In this standard conceptual framework both regions stand to gain – by producing more with the given endowments  – if region 1 specializes in the capital-intensive good and region 2 in the labor-intensive one.

As soon as we admit many factors of production by adding water, land, fuels, metals, and other minerals, such simple ratios of regional endowments, two by two, are no longer adequate to assign relative factor abundance for all factors even in the case of only two regions, not to mention that of many regions.  A region may be abundant in a particular factor (compared to another region) relative to some other factors but not relative to other factors.  For example, Japan is abundant in capital (compared to many countries) relative to labor but scarce in capital relative to resources.  Furthermore, in the general case where regions utilize distinct technologies for the production of a given good, one can no longer speak of a good being intensive in a particular factor relative to other factors since the ratios will vary by region.  It is clear that food products require large amounts of water and land for their production (per money unit of output) relative to other products.  However, the two factors are complementary in production, so it is not necessarily the case that a region that is super-abundant in water would find it profitable, not to mention environmentally sustainable, to produce food for export.  For example, central Amazonia is not a good candidate, despite being water-rich, as it has poor quality soil.  On the other hand, a region with rich soil and a long growing season might be a relatively low-cost producer and exporter of agricultural outputs even if it has little water, especially if it is able to exploit nonrenewable water sources; an example is southern California.  When a factor is unpriced (and its use unregulated), as has traditionally been the case for water, there are no economic signals preventing a water stressed region from using this scarce factor unsustainably and no economic rewards for a water-rich region to use it intensively in the absence of other kinds of incentives or constraints.  So to the extent that the international division of labor is based on a pattern of specialization that tends to minimize economic costs, one cannot expect that suitable water-rich regions will necessarily specialize in water-intensive agricultural products and that low-cost but water-stressed regions will refrain from doing so.  

One could attempt to provide incentives for potentially desirable patterns of specialization using both price and non-price approaches, such as a tariff or cap on water withdrawals or subsidies for investment in water capture or water-saving irrigation technologies.  However, a variety of considerations besides water endowments must be taken simultaneously into account as a basis for developing such policies, including the choice of crops and farming technologies, endowments of complementary inputs like land, and existing investment in the capacity to divert and distribute water in the form of built capital.  

The theory of comparative advantage is generalized to the case of m countries, n sectors, and k factors in the World Trade Model (WTM) family of input-output models (Duchin 2005; Strømman and Duchin 2006), which has been applied to questions about agriculture and food, both involving global trade (Juliá and Duchin 2006) and within sub-regions of a single country (López 2010).  It is a concise mathematical formulation that makes the underlying assumptions transparent and includes only that small number of variables and parameters that are necessary and sufficient for an inter-industry representation of the problem at hand.  The only exogenous information required by the WTM not already standard for input-output modelers is the set of factor endowments, in particular that of water, for each region.  In the next section we focus first on the concept of an endowment, which is explicitly represented in the WTM.  We subsequently address the distinction between economic reliance on blue vs. green water and then the representation of hydrologically distinct subregions of an economic region, both of which will make use of a new extension, and in fact the same extension from a formal point of view, to the WTM.

3. Endowments, Blue and Green Water, and Hydroeconomic Regions

This section briefly identifies the challenges for representing endowments of water, pertinent differences between blue and green water, and hydrologically distinct subregions of an economic region.  In the subsequent two sections we describe how each of the challenges is dealt with in the studies appearing in the economic literature and then how we propose to represent them in our modeling framework.

3.1. Endowments of Water 

Factors of production play a central role in the theory of international trade.  They are the inputs required for production that are not themselves produced, at least not in a single production period.  The factors include built capital and labor; land and energy are occasionally encountered, and natural resources are sometimes mentioned as being factors.  A factor endowment is conceptualized in economic theory as a stock that enables a flow of service for the production process, such as labor services or the use of capital equipment.  In the case of resources, the stock is the amount of reserves the country possesses, and the annual flow is the amount extracted.  Until recently, the representation of factors in empirical analysis has been essentially limited to built capital, for which a money value of the stock is estimated, and the labor force, measured in value of labor earnings or person-years of workers, and it is generally assumed (although not in input-output models) that these stocks are fully utilized, that is, full employment and no idle capital.  There is no literature on quantifying the endowments of a country’s resources in models of international trade where they might impose constraints on production, since these stocks have appeared so rarely in models intended for empirical analysis.  In the particular case of water for agriculture, it is evident that the amount of water available in a region does impose limits on production, but it also quickly becomes obvious that one faces not only difficulties in measuring the endowment but also ambiguity as to what should be measured.  The existence of an aquifer does not mean that its entire content is available for use.  At the same time, there will generally be multiple exploitable sources.

3.2. Blue Water and Green Water

Blue water and green water, which differ according to the path by which they become available for use, began to be systematically distinguished by water researchers in the 2000s (see Falkenmark, 2003 and 2006).  Blue water is liquid water that originates in precipitation and either flows as runoff, some of which is eventually stored in various surface reservoirs (like dams or lakes) on its way to the sea, while the rest infiltrates the soil and ends up in underground storage reservoirs, namely aquifers.  Green water is moisture retained in the unsaturated layer of soil, the layer containing the roots of plants.  It is replenished by precipitation and depleted by evaporation and transpiration.  (Water evaporated is lost for economic purposes; transpiration contributes to crop growth.)  While blue and green water both originate in precipitation and can be considered homogeneous as an input to production, green water is available without cost when utilized in-situ by rainfed or irrigated agriculture, but it cannot be exploited for other uses.  Blue water, by contrast, is used by all industries including irrigated agriculture, which needs to devote labor and capital for constructing and maintaining infrastructure to divert and transport it.  Irrigated agriculture has a different cost structure from rainfed agriculture and benefits from superior land yields. 

3.3. Hydrologically Distinct Subregions

Our planet contains more than enough fresh water to satisfy human withdrawals many times over: annual global withdrawals of blue water are estimated at around 3.9x103 km3 while global runoff, the renewable portion of blue water, is about 54x103 km3 (FAO, 2011).  For individual continents, and even within most individual countries, there is enough available water on an annual basis to satisfy annual water requirements of the resident population.  (Countries that are mostly desert are obvious exceptions.)  But the water is typically distributed extremely unevenly both spatially and temporally, in particular in areas with marked rainy and dry seasons.  It is well understood that analysis relying on the global average or a national average availability of water is too spatially aggregated to reflect the challenges surrounding water scarcity.  A popular spatial unit for hydrologic analysis is the water basin, but it is generally not a good choice for economic analysis as a water basin may support little or no economic activity.  An economy is a system just as an ecosystem is, and a suitable unit for economic analysis contains an intact economic system, like a country, with its laws and policies, average quality of workforce and level of technological innovativeness, and institutions, including centralized administrative functions such as the compilation of economic data.  An administrative region may aggregate portions of several relatively independent water basins or contain none at all.  The economic analysis of scenarios regarding the availability and use of water requires reconciling economic and hydrologic units in order to define hydroeconomic regions that are relatively homogeneous with respect both to economic activities and to water availability.  

The next section reports on how these three challenges are addressed in the economic literature.

4. Review of the Literature
Although there were a few pioneering studies in the 1980s, it is mainly in the last decade that economists have turned their attention to the empirical analysis of water shortages for agriculture and ways of dealing with them.  We have located about two dozen papers that bear directly on these questions and proceed to describe their representation of water endowments as constraints on agricultural production, whether they distinguish blue water from green and if so how they operationalize the economic significance of the distinction, and the choice of geographic unit with respect to its economic and hydrological attributes.  The literature on trade in virtual water is also reviewed.

4.1. Water Endowments as a Constraint on Agricultural Production
Most of the papers under review conduct ex post analyses for a past year, integrate data about water use in physical units per unit of sectoral output with input-output tables that describe the productive structure in monetary units, and draw conclusions about the quantities of water required directly and indirectly for different industrial purposes.  Typically the unit of spatial analysis is a single country, and the majority of the studies represent either the use of blue water only, or else the use of total water without distinguishing blue from green.  Over the past decade input-output analyses of water use have been applied at the national and regional levels to the economies of Spain (Duarte et al., 2002; Velázquez, 2006; Llop 2008), Australia (Lenzen and Foran, 2001) and China (Guan and Hubacek, 2007 and 2008; Hubacek and Sun, 2005), and methods of water accounting have been substantially improved (Vardon et al., 2007; Lange, 1998 and Lange et al., 2007).  

In an early contribution Duarte et al. (2002) quantify the direct and indirect use of water by all sectors of the Spanish economy, which is dominated by withdrawals for agriculture.  Using the price input-output model, Llop (2008) analyzes the impacts on the prices of goods and on the quantity of water used under alternative scenarios about taxes on withdrawals of water combined with improved efficiency in its use.  Velázquez (2006) finds that Spain’s water-scarce Andalusia region is characterized by sectors that make intensive use of water both directly and indirectly.  Using a similar approach in subsequent studies, she explores prospects for reducing this reliance through imports of virtual water (Velázquez, 2007; Dietzenbacher and Velázquez, 2007).

Hubacek and Sun (2005) analyze a set of scenarios to study how changes in lifestyles in China, including assumptions about population growth, urbanization, and technical change, could help adjust regional water use to available supply.  Guan and Hubacek (2007) quantify the flows of virtual water at the subnational level in China and find that water-scarce regions are net exporters of virtual water while water-abundant regions are net importers.  The same authors (Guan and Hubacek 2008) combine a hydrological model with an input-output model of the economy to quantify what they call extended water demand, which adds to withdrawals for economic purposes the volume of water that the hydrological system would require to dilute the water pollution generated by the economic activities.  

Lange (1998) develops a framework based on national accounts to estimate the economic contribution of water in Namibia and underscores the importance for water policy of taking into account the opportunity costs for water in a given situation.  Lange et al. (2007) apply the valuation framework for an international basin in Sub-Saharan Africa and find that differences among economies result in wide disparities in the economic productivity of water use that should inform policies affecting allocation, prices, and infrastructure development.
While these studies are motivated by concerns about water scarcity and some explore alternative scenarios about water use, none of them explicitly quantifies water endowments or imposes water (or other) constraints as limits on production.  The earliest input-output studies of the economic use of water, by contrast, do quantify water availability and impose quantity constraints.  Henry and Bowen (1981) develop an input-output linear programming (IO-LP) model to estimate the value of water for the economy of the U.S. state of South Carolina by maximizing consumption and allowing its individual components to grow at different rates under alternative assumptions about the size of the water endowment.  They find that water availability limits economic activity when 70% (or less) of the surface storage capacity of the region’s dam and reservoir infrastructure, a stock of blue water, is assumed to be actually available for withdrawal.  Harris and Rea (1984) use a similar approach in a study for the state of Nevada.  Unlike Henry and Bowen (1981), though, they quantify the limiting amount of water relative to the average annual flow of precipitation (the spatial and temporal average) within the region, based on data from the Nevada Department of Conservation and Natural Resources (Harris and Rea, 1984).  They find that water endowments must be fully utilized when about 70% of the annual regional water flow is made available, and final demand cannot be satisfied (i.e., there is no physically feasible solution at any cost) unless water availability exceeds 60% of the average annual flow.  Since the rule of thumb for water stress in the water literature is to use no more than 40% of the renewable supply, retaining the rest for the maintenance of aquatic and other ecosystems (Alcamo, 2000; Lallana and Marcuello, 2006; Vörösmarty et al, 2000), these results demonstrate the high degree of water stress for the region under study.

In a recent dissertation López (2010) applies an IO-LP formulation using the World Trade Model (WTM) to analyze exchanges among thirteen subregions of Mexico (rather than to the world economy), a spatial disaggregation based mainly on considerations of water availability.  He analyzes scenarios about alternative economic policies to induce the adoption of more water-efficient irrigation technologies (such as sprinklers and drip irrigation in place of flood techniques) to support a sustainable pattern of water withdrawals.  Water use in each subnational region is restricted under alternative scenarios either by the estimated capacity of its withdrawal infrastructure or by its sustainable supply of blue water after setting aside environmental water requirements.  López finds that economic policies, either physical caps on amounts withdrawn or water prices, can promote technology adoption that results in a sustainable pattern of water withdrawals with a changed interregional division of labor and that the adoption of water-saving technology can be cost-effective. 

Rosegrant et al. (2002) utilize the IMPACT-WATER model, a partial equilibrium model,  meaning that it represents the agricultural sector but not the rest of the economy, to make projections about demand for food and water to 2025.  The scope of analysis is global in terms of 69 regions, some representing entire countries and others subnational regions (see the discussion in Section 4.3).  Their study is among the first to distinguish several conceptual determinants of water endowments, including total availability of water, environmental requirements for water, and the physical capacity of the water withdrawal infrastructure.  They define the maximum allowable water withdrawal (which they name MAWW) as the volume that can be withdrawn for economic uses while respecting both capacity and environmental restrictions and use this measure as the upper bound to regional water withdrawals in their model. 
Several studies of global water withdrawals using computable general equilibrium (CGE) models and the Global Trade Analysis Project (GTAP) economic database (Hertel, 1999) have imposed constraints on factor availability.  It is difficult to evaluate the underlying assumptions because none of the studies reviewed shows the relevant mathematical equations.  CGE models are characterized by the reliance on elasticities to quantify the percentage change in one variable for a percentage change in another.  The defining example for global inter-regional CGE models is treating a domestically produced good as a different product from its imported equivalent, with demand for one or the other governed by one parameter, an exogenous elasticity of substitution.  (This is called the Armington assumption.)

Berrittella et al. (2005) use a CGE model to estimate the economic impact of water pricing scenarios subject to constraints set by existing endowments of land, labor, and capital – but not water.  The form of these constraints and how they are integrated with the model’s production functions is not reported.  However, in a subsequent study, Berrittella et al. (2007) include for each of their sixteen regions an endowment of water set at the observed water demand in the base year.  They quantify the economic impact of diminishing the water supply by restricting withdrawals that deplete the portion of the supply corresponding to nonrenewable groundwater sources.  (The equation imposing the constraint in the context of their production functions is not shown).  The spatial units are multinational regions, with the consequence that differential scarcity of water in subregions is not reflected, a common challenge discussed in Section 3.3.

Calzadilla et al. (2008) distinguish irrigated agriculture from non-irrigated agriculture in their CGE study, treating their respective outputs as different products, with demand for one rather than the other governed by an exogenous elasticity of substitution.  They define the water endowment for irrigated agriculture in each region as the magnitude actually used for this purpose.  They combine this quantity with a measure of land availability into a single factor of production (details unspecified).  Calzadilla et al. (2010) treat water for irrigation as a distinct factor of production, taking the amount of irrigation water actually used in the base year as the initial endowment.  So-called runoff elasticities (from Darwin et al. (1995)) are used to derive the percentage change in the region’s water supply for each percentage change in river flows and precipitation associated with climate change.  

4.2.  Distinguishing Blue from Green Water

The earliest economic literature on water use in agriculture focused exclusively on blue water for irrigation.  This is the case for the IO-LP study by Henry and Bowen (1981) discussed in the previous section as well as the more recent input-output research (Duarte et al. 2002, Velázquez 2006, Dietzenbacher and Velázquez 2007, Lenzen 2001).  The article by Guan and Hubacek for north China (2008)  recognizes the economic importance of blue vs. green water as economic inputs for agriculture.  They do not appear to distinguish rainfed and irrigated sectors in their model, and endowments do not serve as physical constraints.  However, as a supplement to the modeling results the authors estimate green water at 40% of total water used by the agricultural sector (much lower than the global average presented in Section 4.4), while surface blue water accounts for another 25% and groundwater for the remainder.  The endowment of blue water is represented by the renewable supply (surface runoff and aquifer infiltration), and green water availability is represented by precipitation, taken as the upper bound for the actual amount of green water stored in the soil.  

The earliest CGE water studies are based on measures of total renewable water, which combines blue and green water.  However, the later studies of Calzadilla et al. (2010a and 2010b) distinguish the two and provide different mixes of green and blue water inputs to irrigated and non-irrigated crops, using elasticities of substitution to assign demand for producing the crop to one of the sectors or the other.  The study also employs elasticities to govern substitution between water and other factors of production.

4.3. Economic and Hydrological Attributes of Geographic Regions

Several studies analyze water use in subnational geographic units, including the autonomous community of Andalusia, Spain, for which an input-output table has been compiled (Velázquez, 2006 and 2007; Dietzenbacher and Velázquez, 2007).  Since Andalusia is relatively homogeneous in water availability for its agricultural regions, in this case the economic and hydrological regions coincide quite well.  In their studies of water use in China, Hubacek and his colleagues work with one or both of two input-output matrices for China, one for the dry North and the other for the South, aggregated from official input-output data compiled for six subnational economic regions.  They make use of spatially detailed land-use data and hydrological data generated by models (IIASA models LUCC and CHARM, respectively), which first are made spatially compatible.  Then hydrological data for river basins are aggregated to match the boundaries of the two large economic regions, resulting in two hydroeconomic regions.  Using the approach described in Section 6.3 below, more of the spatial detail about water and land at their disposal could be retained.

López’s study of water use in Mexican agriculture (López, 2010) divides the country into thirteen subnational regions, each characterized by its access to a distinct supply of water.  Having disaggregated them according to hydrological criteria and lacking distinct input-output tables for the subregional economies, López assumes virtually the same coefficient matrices for all subregions.  The exception is the agricultural sectors, which are customized for each subregion.  The implicit assumption is that the thirteen hydroeconomic subregions share the same average national input structures for all industries except for the agricultural sectors, which are the focus of the study.  The endowments of both green and blue water are subregion-specific.

The study by Rosegrant et al. (2002) includes 33 multi-country regions, each with a single water endowment for the region.  However, they distinguish water availability for a total of 36 individual river basins in three additional countries: the US, China and India.  In order to reconcile the water detail with the country-level economic data for each of the three countries, the authors create a single pool of water that they treat as accessible from everywhere within the country.  Recognizing that the use of water pools will generally result in overestimation for water-scarce basins within a country, which they label the aggregation fallacy, they reduce the size of the pool to the maximum allowable water withdrawal (see MAWW, described in section 4.1).  This concept is indeed valuable for better defining the water endowment, but unfortunately it cannot be said to address the aggregation fallacy.

4.4. Quantifying Virtual Water

The concept of virtual water, or the water required directly or indirectly for the production of a given good, was introduced by Allan (1996 and 1998) and popularized by Hoekstra and colleagues, who have produced a systematic quantification of virtual water content for many crops and regions.  They estimate virtual water content for a particular agricultural crop grown in a given geographic region under “ideal” water conditions, meaning that plant growth is not limited by the lack of water (Chapagain and Hoekstra, 2008).  Using this approach, it has been possible to quantify global water savings from different patterns of trade in food.  Chapagain et al. (2006) estimate water savings from actual international trade of agricultural output for the period 1997-2001, relative to hypothetical self-sufficient production of the same foods in the absence of trade in food, at about 6% of the global annual water withdrawals for agricultural purposes.  Note that the “ideal” amount of water is not necessarily the amount actually furnished in the growing region: among other considerations their estimate does not take into account whether the crop is rainfed or the extent to which it is irrigated.  

Hoekstra and Hung (2005) find that the United Sates leads net exports of water embodied in food in the period 1995-1999, followed by Canada and Thailand.  The traded products with the largest virtual water content (on the basis of the “ideal” measures for the regions where they are produced) are wheat (about 30% of the total virtual water), soybeans, rice, and maize.  Adding non-food commodities to the analysis, Chapagain and Hoekstra (2008) find that over 75% of virtual trade in water is embodied in crop and livestock products, with the remainder in a mix of industrial goods, and estimate that 15% of the water withdrawn for agricultural production is embodied in exported food products. 

Yang et al. (2006) refine the approach by distinguishing between embodied green and blue water and conclude that most of the water savings attributable to trade in food is green water.  They show that for the United States, Argentina, Canada, Australia, France, Thailand and Brazil, together providing about 80% of global virtual water exports, more than 90% of their virtual water exports is green water.  Liu and Yang (2009) find that 87% of water used globally for food production in 2000 is constituted by green water, and Siebert and Döll (2010) find that green water represents 82% of total water savings attributable to trade.  While the promise of expanded irrigation infrastructure and more water-efficient irrigation technologies are recognized, this body of research demonstrates conclusively the importance of rainfed agriculture, the importance of green water used in irrigated agriculture, and the importance of increasing the retention of green water.  It is now standard to disaggregate virtual water into blue and green, and Hoekstra and colleagues do so in their recent publications (Hoekstra and Chapagain, 2007; Aldaya et al. 2010).  

Since an input-output model offers a precise formulation for calculating the total factor requirements for delivering a unit of product to final demand, it has obvious applicability for estimating virtual water contents of goods consumed or goods traded.  Several input-output studies have quantified total water embodied in a region’s food consumption depending on the country of origin of food imports.  These include Dietzenbacher and Velazquez (2007) and Velazquez (2007) for Spain’s Andalusia region, Guan and Hubacek (2007) for China, Novo et al. (2009) for Spain, and Wichelns (2001) (not an input-output study) for Egypt.  However, different techniques are needed to evaluate the effects of changes in agricultural technologies on not only on the water embodied in specific foods but also the consequences for relative costs of production.

An economic model of world consumption, production and trade, parameterized in such a way as to make transparent the underlying assumptions about the sources of change under alternative scenarios and their impacts on other variables, is a framework of choice for evaluating the potential contribution of trade in virtual water to the sustainable provision of food in the future.  Wichelns pointed out that there is no reason to believe that water-rich regions will have economic reasons for producing food for export, giving counter-examples even in the case of two regions, two factors, and two commodities (2004, 2010), and we have elaborated on this point in the general case in Section 2.  The next section describes a model of the world economy intended for examining the interactions among the multiple variables that govern the extent to which trade of water embodied in food can help resolve problems posed by water scarcity.  

5. Model Requirements

5.1. The World Trade Model

The equations of the World Trade Model (WTM) reflect the fundamental relationships among the variables and parameters that are both necessary and sufficient for an inter-industry representation of the consumption, production, and trade in agricultural products and their reliance on adequate supplies of water and land.  We show them below in a slightly simplified version of Duchin’s original formulation (Duchin, 2005).  Each regional economy is described by domestic consumer demand, y, intermediate production requirements and factor requirements per unit of output, A and F, the region’s factor endowments, f, and ex ante factor prices, π (which may be zero).  (Factors in this framework have two-part prices, one part exogenous and the other endogenous, described below: see (Duchin and Levine, forthcoming) and especially (Duchin 2011) for more detail.)  The model minimizes factor use subject to endowment constraints and solves for each region’s output, x, world goods prices, p, and ex post rents on scarce factors, r.  These variables and parameters are needed for any model of the world economy intended for empirical analysis in which trade is determined by comparative advantage.  

The WTM is a linear program consisting of a primal model of quantity relationships and a dual model of costs and prices:
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where, for m regions, n sectors, and k factors the matrices and vectors have the following dimensions:

	A
	n x n

	F
	k x n

	 x, y, p
	n x 1

	π, f, r
	k x 1


For the optimal (i.e., lowest-cost) solution, Z = W, assuring that the value of consumer demand, p'∑yi, is equal to the earnings of all factors, ∑πi'Fixi + ∑ri'fi.  The unit price of the kth factor in the ith region is πi,k + ri,k, where the first term is exogenous and earned by every unit of the factor utilized while the latter term is endogenous and non-zero only when the regional constraint on that factor is binding.

Thus the input structure for agriculture is represented by a column of A and F, the use of water per unit of each sector’s output is a row of F, and the total amount of available water is a component of f, with the exogenous portion of the unit price, possibly zero, a component of π.  If blue and green water are distinguished, two rows of F and two components of f are required.  

To take full advantage of distinguishing blue water from green, one needs also to distinguish irrigated from rainfed agriculture and allow them under different circumstances to substitute for or complement each other.  This representation is taken up in the following section.

5.2. The Rectangular Choice-of-Technology Model

The economic significance of the distinction between green water and blue water is that, while a cost is incurred to deliver a unit of blue water to the roots of a particular plant, the increase in yield (crop per unit of land) generally more than compensates.  Yet users of a given crop are indifferent to which way it was grown.  So we require a representation that allows for alternative technologies for producing the same output, where, depending on relative costs and factor availability, one or the other technology, or both simultaneously, may be in use.  While this representation may appear more complicated than applying an elasticity of substitution, it has substantial advantage in that the mix between the two technologies is based on measurable changes in physical constraints and cost structures.  In fact, the representation is easily achieved using a new framework, the Rectangular Choice-of-Technology or RCOT model.  

It is straightforward to disaggregate a sector into two components represented by two columns and two rows in an input-output matrix.  Clearly two columns are needed to represent two different input structures, but we wish to have only a single row and a single component of final demand since consumers are indifferent as to the process by which the homogeneous product was produced.  This is achieved in RCOT by replacing the familiar square A matrix by a rectangular matrix A* (and I by I*, which has as many 1s in the row for a given product as there are processes for producing it).  We show the primal RCOT model to demonstrate the logic (see Duchin and Levine, forthcoming, for a detailed description of the model’s properties, and for the price dual):
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where for n sectors and k factors, and assuming t technologies (i.e., t ≥ n technologies are available for producing the n goods), the matrices and vectors have the following dimensions:

	A*, I*
	n x t

	F*
	k x t

	x*
	t x 1

	y
	n x 1

	π
	k x 1

	f
	k x 1


It is shown in (Duchin and Levine, forthcoming) that, if no factor constraints are binding, each sector will use its lowest-cost technology exclusively: this means that x* has exactly n non-zero components.  For each binding factor constraint, some sector dependent on the scarce factor will use one or more other technologies as well as its lowest-cost one.  If a scarce factor is sector-specific, that is, used by only one sector, then that sector will be obliged to operate at least two technologies simultaneously.  

We next integrate the RCOT model of an individual region within the World Trade Model by allowing each region to employ alternative technologies for the production of any number of its products.  Then the WTM of the Section 5.1 becomes:
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In this case there is a simultaneous choice among alternative technologies at two levels: among regions and among alternative technologies within each region.  The use of this representation for examining the use of water, where crops may be produced by rainfed and irrigated methods in all regions, is discussed in Sections 6.2 and 6.3.  The price dual is also readily derived.

6.  Representation of Water Availability and Water Requirements

6.1. The Effective Environmentally Sustainable Supply of Blue Water

The amount of green water available for agricultural production depends upon climate and geology, in particular the amount of precipitation and soil quality.  Estimates of green water availability, as measured by soil capacity to store moisture, are provided by the FAO (2003) at a high degree of spatial disaggregation.  As a first approximation we assume that plants in a particular region take up as much of this amount of green water as they require for the yields typical of that region.  This section focuses on the availability and withdrawal of blue water.

The renewable supply of blue water available for human appropriation is the total runoff.  A sustainable supply of blue water must meet two conditions.  First, environmental water requirements (EWRs, see Smakhtin, 2004) need to be satisfied to provide for ecosystem maintenance.  The portion of the renewable supply of water that remains after EWRs are subtracted is the environmentally sustainable supply of blue water, which will necessarily be smaller, and possibly much smaller, than the renewable supply.  

Second, there needs to be adequate capacity of withdrawal infrastructure, expressible as a volume per unit of time (e.g., km3/yr).  The effective supply of blue water may include non-renewable stocks beyond replenishment rates.  A necessary, but not sufficient, condition for blue water appropriations to be sustainable is that the effective supply should not exceed the renewable supply.  

Consequently the effective environmentally sustainable supply of blue water is calculated as the lower of two quantities, the environmentally sustainable supply and the effective supply.  When a region’s effective withdrawal capacity is larger than the environmentally sustainable supply, withdrawals should be limited to the latter, requiring that a portion of the withdrawal infrastructure be left idle.  Otherwise, the sustainable endowment is limited by the effective supply of water.  These definitions are informed by the concepts identified by Rosegrant et al. (2002) (see Section 4.1).  However, we keep the individual components distinct so that the determination of each one can be further elaborated and assumptions about each can vary under different scenarios.  Table 1 shows the four concepts.
Thus it turns out that the most useful concept for limiting withdrawals of water is a flow and not a stock.  Quantifying the stock of available water would provide a very loose upper bound on how much water can actually be exploited.  The endowment of built capital or labor may usefully be thought of as a stock: it is (arguably) wasteful to leave built capital idle or labor unemployed.  In the case of nonrenewable minerals, by contrast, the stock is exploited only over many production periods.  And in the case of water, the most important component of the supply is provided by a renewable flow, precipitation, and furthermore a flow that should not, and cannot, be fully utilized.  

The four flow concepts in Table 1 are all candidates for the value of the vector f corresponding to blue water.  We have seen in Section 4 that the renewable supply is the limit on blue water typically assumed (although rarely imposed as a constraint) in empirical studies.  The other three concepts also have their uses for analytic purposes as alternative constraints on water availability.  The environmentally sustainable supply of water can be useful for scenarios aiming to quantify how much water could be withdrawn provided investment is available to put adequate withdrawal capacity in place.  If the effective supply is assumed, one can then determine by how much nonrenewable stocks are being depleted.  However, it is the effective environmentally sustainable supply of blue water that corresponds to a realistic and responsible upper bound for actual withdrawals.

Table 1. Four Flow Concepts for Defining the Availability of Blue Water

(km3/yr)


	Concept
	Definition
	

	Renewable supply
	Surface runoff (Q) and aquifer infiltration (I)
	RS = Q+I

	Environmentally sustainable supply
	Renewable supply after environmental water requirements (EWRs) are subtracted.
	ESS = RS - EWRs

	Effective Supply
	Capacity of the withdrawal infrastructure in place
	ES

	Effective environmentally sustainable supply
	The lower of the ESS and the ES.  Represents water constraints in sustainability scenarios.
	EESS = min(ESS, ES)


6.2. Simultaneous Operation of Irrigated and Rainfed Agriculture
Most crops can be grown either on rainfed land or with irrigation.  The quantities of intermediate inputs like fertilizer and pesticides, and of factors of production, namely green and blue water, land, capital, and labor, are different in the two cases and for different irrigation technologies.  For regions as large as a country and even for much smaller ones, it is typical for different technologies to be in use simultaneously, and this reality is readily represented in the Rectangular Choice-of-Technology formulation (see Section 5.2).  In the case of several alternative technologies to produce a given crop in a single region, each technology will have a column of coefficients in A* and a column in F*.  The rows of F* will include one for green water and another for blue water with rainfed technologies having a non-zero entry only for the former while the irrigated options will have non-zero coefficients in F* for both.  The F* matrix also includes rows for non-irrigated agricultural land and land equipped for irrigation, with the latter required for the irrigation technologies.  As consumers (and food processing sectors) are assumed to be indifferent to how the crop was grown, there is only one entry in the y vector, and only one row in the A* matrix, for the crop.  If there is no shortage of either type of water or land, and there is no other binding constraint, only the lower-cost technology (per unit of crop output) will be used to grow the crop in question.  However, if we assume that the irrigation technology is the lower-cost option (per unit of crop) and that all the land equipped for irrigation is utilized without fully satisfying demand for food, then the rainfed technology will also need to be put in service.  If the region runs out of the rainfed land also and demand is still not satisfied, obtaining a feasible solution will require relaxing some constraint, possibly increasing land availability by allowing the conversion of forestland for agricultural purposes.  The combined WTM with RCOT representation of each region can reflect these kinds of assumptions.

6.3. Water-Scarce Subregions of an Economic Region
We propose an approach that can achieve a moderate level of water-related detail while covering the global economy in terms of no more than a few dozen regions, each consisting of one or more countries.  Each region would be described by a single matrix of intermediate requirements (A) and a single matrix of factor requirements (F) per unit of output.  (More precisely, we have in mind A* and F* for the RCOT representation.)  The method for allowing differential availability of water (and land or other factors) for distinct subregions of that economy is formally similar to that described in Section 6.2 for allowing a given crop to be produced by two or more alternative technologies, each subject to different factor constraints.  For present purposes, however, the alternative technologies are distinguished by the subregion of the economy where they operate.  The key point is that the input structure for each subregion is subject to the factor constraints experienced locally in that subregion.

Say that an economic region is comprised of two agricultural subregions producing a common irrigated crop subject to availability of the local supply of blue water.  Then there will be two distinct technologies for producing the crop that differ in at least one input: they rely on physically distinct sources of blue water.  There will be two rows in F* for blue water, one for each of the water sources, such that agricultural production in subregion 1 has access only to quantity fw1, while agriculture in subregion 2 may use up to quantity fw2 of the second source. 

Denote by xa1 and xa2 agricultural output in subregions 1 and 2, respectively.  There will be two rows of blue water coefficients in F*, one for use in the sectors of each of the two regions, with non-zero coefficients in each row only for sectors in the corresponding region.  Assume for simplicity that only agriculture uses the blue water.  If Fw1 and Fw2 designate the two blue water coefficients, then imposing the constraints on blue water requires two inequalities:

Fw1 xa1 ≤ fw1 and Fw2 xa2 ≤  fw2.
This representation is in contrast to the single factor constraint that would be imposed if the two sectors shared, or competed for, a common source:
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The Rectangular Choice-of-Technology (RCOT) representation introduced in Section 5.2 makes it possible to distinguish agricultural technologies deployed in different regions of a country, and they may be in operation simultaneously or not, each deploying a different technology (described in A* and F*) and subject to different constraints (quantified in f).  

7. Concluding Remarks
Our objective in this paper has been to describe a modeling framework to explore the extent to which world trade in food, accompanied by other supply side changes, can help adjust to water scarcity both sustainably and relatively efficiently.  We identify the need to quantify and constrain the amount of water available for agriculture, to allow for the simultaneous operation of rainfed and irrigated agriculture in any particular region, and to represent localized water constraints for agricultural production within subregions of economic regions.  We show how these improvements can be incorporated into existing models, namely the input-output model of the world economy that integrates the Rectangular Choice-of-Technology representation for individual regions within the World Trade Model.  Other research areas in which we are engaged, not discussed here, include the development of scenarios about region-specific diet change and about region-specific options for alternative farming technologies (Springer and Duchin 2011).  The research strategy is to examine how changes in demand for food, in food production technologies, and in incentives and regulations regarding water withdrawals can result in an international division of labor that makes adequate amounts of food available at affordable prices.  Data needs of all sorts are obvious, and fortunately the compilation of water accounts is currently an active area of research.  We believe that progress in developing the analytic framework for analysis of ways of dealing with water scarcity, such as those discussed in this paper, will reinforce the case for prioritizing compilation of the kinds of information required for empirical analysis.
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