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Abstract 
This paper utilizes the virtual water concept to evaluate water usage of agricultural production in 
West Texas. This work evaluates the measure of virtual water, as it relates to informing water policy 
in a semi-arid, agriculture-intensive region, which relies upon a minimally renewable groundwa-
ter resource. The results suggest that production in the region reflects a collective effort to cap-
ture the highest value from the water resource, consistent with the virtual water philosophy, even 
in the absence of specific water policy toward that goal. Additionally, this work takes advantage of 
high resolution data to reinforce the need to calibrate virtual water calculations to account for re-
gional differences. 
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1. Introduction 
The concept of virtual water has been used to describe the means by which countries that are not water self-suf- 
ficient have overcome their water deficits. Water self-sufficiency is defined as the capacity to provide adequate 
freshwater resources for the domestic, industrial and food needs of a nation. Of these uses, agricultural produc-
tion constitutes approximately 90 percent of a nation’s demand for freshwater, on a global average [1]. The food 
which is imported into a country requires some quantity of water in its production, which is water that the im-
porting nation avoids allocating to that purpose in the nation itself. It was with respect to this process that Allan 
[2] introduced the concept of virtual water as the water embedded in water-intensive commodities, such as food 
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crops. 
The acceptance of the virtual water concept has also been aided greatly by the water footprint literature [1] [3] 

[4] [5]. These papers focus on measuring total water consumption by individuals as consumers of specific prod-
ucts. To measure a water footprint, they have calculated the virtual water content of goods and services which 
are consumed, and aggregated those values over the average consumption patterns for individual nations. Gain-
ing an understanding of the way in which consumption patterns impact the demand for water resources allows 
for improved forecasts of the global freshwater situation. This understanding also provides a framework for mea-
suring the virtual water flows associated with particular nations or regions of interest. 

The virtual water concept has garnered much attention over the past 15 years. A symposium at the 3rd World 
Water Forum in Kyoto received such great attention that the World Water Council hosted a web-based debate 
and sponsored a technical report on the issue [6]. Subsequent to that there have been multiple symposia and the 
development of the Water Footprint Network, which has as its mission to “promote the transition towards sus-
tainable, fair and efficient use of fresh water resources worldwide”. Utilizing the virtual water concept in do-
mestic water policy, water-scarce countries have focused agricultural production on products with higher mar-
ginal revenue products such as tomatoes (greater than 30% of total agricultural production in Jordan)1, even 
though they require much more water and provide much less food. More recently, the private sector has also 
become interested in determining the water content of their goods and services (for example, see Patagonia’s 
The Footprint Chronicles)2. 

This work will focus on the measurement of virtual water in West Texas. Groundwater resources in the State 
of Texas have been the topic of much debate over the years, particularly in the Southern High Plains region. 
This area is of particular interest due to its limited rainfall, high agricultural utilization, and the fact that it over-
lies a portion of the extensive Ogallala aquifer. With little to no natural recharge to the Southern portion of the 
Ogallala, the freshwater resource in this area is essentially nonrenewable. Therefore, management of groundwa-
ter in this area is very active. Attempts are currently being made to limit the utilization of the aquifer in order to 
maintain the resource into the future. 

Aldaya et al. [7] indicate that the virtual water literature has made little mention of the opportunity cost asso-
ciated with the water used in production, to date. They conclude that regions with low levels of soil moisture 
should specialize in the production of higher valued crops. Wichelns [8] also reminds us that the opportunity 
cost of surface water and groundwater isn’t necessarily greater than that of water existing in the soil. In particu-
lar, surface water and groundwater have alternative competing uses in any time period. Additionally, there are 
many resources which contribute to the production of a good or service and the opportunity cost associated with 
that production. This research serves, in part, to highlight the relationship between the virtual water methodolo-
gy and the opportunity cost of water use from nonrenewable groundwater sources. We contend that the distinc-
tion between groundwater and soil moisture is important in a time-varying sense, as the current use of a ground- 
water resource removes the possibility of its use in subsequent time periods. 

Due to the unique hydrologic, economic and legal situations in this region of Texas, there is an opportunity to 
evaluate the concept of virtual water over a highly homogeneous area. We will provide detailed measurement of 
the water resources required for various crops across this region, and demonstrate the degree to which these 
measurements vary across space and time. Aldaya et al. [9] demonstrate that the use of regional data that ac-
counts for higher resolution climatic data and local producer behavior yields significantly different virtual water 
values than those obtained from lower resolution climate data and avoids region-specific production practices. 
By observing the variations in virtual water over time, accounting for the water use practices of local producers, 
and applying a coefficient to account for the specific irrigation effectiveness of the irrigation technologies in use 
in the region, this work suggests that there are potential gains to be made in applying the virtual water metho-
dology to regional water issues. 

The purpose of this research is to demonstrate the degree to which quantification of virtual water varies across 
space and time, utilizing high resolution data. Accuracy of the measurement will be tested against the measured 
usage of the groundwater resource over the study area. Additionally, we provide results which can help to in-
form water policy in West Texas. The paper will proceed in the following manner. Section 2 will outline the 
methodology of quantifying virtual water and subsequent water use measurements for the study area. In section 
3, the specific data which will be used to assess the variations in virtual water measurements will be described in  

 

 

1Source: IPU Jordan.  
2Available at http://www.patagonia.com/us/footprint/index.jsp?src=vuca0045. 
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detail. Section 4 presents the findings of this research, and section 5 presents our conclusions and directions for 
future research. 

2. Methodology 
The specific water use (SWU) of a crop may be calculated as the volume of water necessary to produce a tonne 
of the commodity [10] [11]. Specifically, the SWU of a particular crop is calculated as SWU SWU Yield= , 
where CWU is the crop water usage, and is a function of the crop water requirement (CWR). 

It is important to note that the use of CWR in obtaining values for SWU assumes that the amount of water 
required by the crop is the amount that producers actually use. However, it is possible that the freshwater re-
source used up in the production process either exceeds the crop water requirement, or in many cases, may be 
significantly less than the CWR. 

Following Chapagain and Orr [12] and Chapagain et al. [5], we will account for the percent irrigation effec-
tiveness. The adoption of irrigation technology varies greatly by region, and is a function of crop, the cost of 
implementation, soil types, slope of land, and how the water resource is acquired. According to the Texas Water 
Development Board [13], approximately 95% of irrigated cropland in the study area were irrigated using some 
form of sprinkler technology. We obtain irrigation effectiveness from Amosson et al. [14] for each of the tech-
nologies which allows us to estimate an average irrigation effectiveness of 88% for the area of study, which we 
apply to the calculations here. Blue water needs of the crop are multiplied by a factor of 1.136 to account for the 
regional irrigation effectiveness. 

In arid and semi-arid regions there has been a movement away from full-irrigation of crops toward the prac-
tice of deficit irrigation. Deficit irrigation is defined as the application of less than 100 percent of the CWR for a 
given crop. This practice results in reduced yields, as compared to full-irrigation practices, but a potentially sig-
nificant savings in water resources. We will assume in our calculations that the typical producer in the study area 
applies water under a 75% deficit irrigation protocol, or ( )CWU 0.75 CWRiC C= . 

Allan [15] suggests that it is the water that exists in the soil profiles of the world that are ultimately the key to 
providing sufficient agricultural production for growing worldwide demand. In evaluating the total water that is 
involved in the production of a given commodity it is informative to determine the proportion of that water 
which is applied via irrigation. Water which is applied through irrigation must come from either groundwater or 
surface water sources. These include rivers, lakes, streams, and aquifers. Water from these sources is termed 
blue water. The other type of water which is involved in the production of agricultural commodities is that water 
which exists in the soil profile, and is accessible to a growing crop’s root system. This moisture which exists in 
the soil is termed green water [16]. 

Chapagain et al. [5] have separated virtual water into its blue and green components. Our research is espe-
cially concerned with this concept as blue water in the study region has a relatively high opportunity cost com-
pared to its green water counterpart. In the case of a nonrenewable, or minimally renewable, blue water resource 
such as the Southern portion of the Ogallala aquifer, its use precludes future use. Therefore a clear understand-
ing of the blue and green components of SWU has important policy implications. 

Following the methodology employed by Chapagain and Orr [12], we separate virtual water into its blue and 
green components. We evaluate the SWU for a crop as the summation of the specific water use of a crop result-
ing from effective rainfall (green) and the specific water use from irrigation (blue). Formally, 

SWU SWU
SWU SWU SWU

Yield Yield
g b

c g b= + = +                            (1) 

where CWUg  is effective rainfall and CWUb  is calculated as the amount of water beyond effective rainfall 
that must be applied to meet the total CWR. 

3. Data 
The data used here has been selected for the purpose of providing the most accurate quantification of the virtual 
water content of commodities being produced within the High Plains Underground Water Conservation District 
(HPUWCD) No. 1 of the state of Texas. This region is unique for a couple of reasons, and is therefore well 
suited to this analysis. 

First, the area under consideration is relatively flat, exhibiting only minor elevation change across the region 
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(a difference of approximately 300 meters).This characteristic provides for homogeneous production techniques 
as well as very little variation in climate. Second, the area is consistently semi-arid, receiving about 48 centime-
ters of precipitation per year on average. Third, the area overlies the Southern portion of the Ogallala aquifer. 
This groundwater source provides the region with the freshwater resources necessary to support agricultural 
production, but that production has resulted in a significant decline in the resource. In addition to being a rela-
tively homogeneous area in terms of topography, climate, and access to groundwater, the water users within 
these counties are subject to the same water policy and oversight by the HPUWCD. 

The CWRs for the relevant crops within the HPUWCD were obtained for a ten year time period (1997-2006) 
to allow for observation across time. For subsequent studies an extension of this data would be useful to evaluate 
the effect of changes in technology, climate, and resource availability on specific water use. The CWR for each 
crop is obtained by evaluating the evapotranspiration (ET) of each crop in each time period. The ET data is tak-
en from the Texas High Plains Evapotranspiration (TXHPET) Network3. The TXHPET Network provides daily 
data for the reference ET as well as all relevant crop-specific values at various monitoring sites across the re-
gion. 

Yield data was obtained at the county level from the USDA NASS data set4. The six primary crops of the 
study region are upland cotton, corn for silage, grain sorghum for silage, wheat for silage, soybeans, and peanuts. 
Crop yield data was collected for the same ten year period as the CWR calculations, 1997-2006. Additionally, 
cattle data were acquired for the study area so that the water needs of the feed cattle industry in the region could 
be evaluated. 

The final set of data necessary to evaluate the water usage in the production of crops within the HPUWCD is 
daily precipitation data. Precipitation data is used to calculate effective rainfall and green water. Precipitation 
data is taken from the TXHPET Network in an effort to utilize the same meteorological experiences as those that 
determined the CWR of each crop. Effective rainfall is calculated by importing the daily precipitation data into 
CROPWAT 8.05. Following Chapagain and Hoekstra [17] and Chapagain et al. [5], the USDA Soil Conserva-
tion Service (SCS) method was used within CROPWAT to obtain effective rainfall values. Green water is then 
calculated as the effective rainfall that the crop utilizes to meet ET. 

Finally, the drawdown of the aquifer over the study period is acquired so that actual usage can be compared 
with our estimates. The change in water storage in acre feet is obtained from the Texas Tech University Center 
for Geospatial Technology6, and is a result of extensive mapping of actual well observations. 

4. Results 
This research aims to evaluate agricultural production on the southern High Plains of Texas using with respect to 
the virtual water concept. In particular, we quantify the water content of the six primary field crops, decompose 
the water content into its blue and green components, and investigate the virtual water trade flows associated 
with the regional cattle industry. Additionally, we compare our estimates of water usage in the region with ob-
served withdrawals from the groundwater resource. This will inform the degree to which future estimates should 
be scaled to reflect actual water usage in West Texas. 

First, we present values for SWU over a 10-year period. Knowing the variations in SWU will lend itself to 
determining the value of water in the production of these crops, holding all else constant. Policy makers looking 
to maximize the efficiency of the water resource in terms of its value should look to this measure. Knowledge of 
the amount of water necessary to produce a tonne of a specific crop allows for valuing the allocation of water in 
its varied uses by dividing the SWU by the dollars per ton received for the commodity. 

Second, because it is ultimately the groundwater resource that is of concern and not precipitation, we decom-
pose SWU into its blue and green components. Using the SWU from blue water we present the value of an 
acre-inch of water applied to each of the six crops in the region. We also present, as a comparison, the value per 
acre-inch of blue water when comparing non-irrigated cotton yields to irrigated cotton yields. 

Third, we evaluate the water usage of the cattle industry in the study area. The virtual water trade associated 
with the cattle industry demonstrates the usefulness of evaluating virtual water trade flows. It also serves as an 
indication of the potential for virtual water calculations to inform water policy. In particular, we may gain a bet- 

 

 

3Retrieved July 2008 from http://txhighplainset.tamu.edu/index.jsp.  
4Retrieved July 2008 from http://www.nass.usda.gov/.  
5Available at http://www.fao.org/nr/water/infores_databases_cropwat.html. 
6Available at http://www.gis.ttu.edu/center/Ogallala/Index.html . 

http://txhighplainset.tamu.edu/index.jsp
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ter understanding of which crops should be produced locally and how the import of other crops from another 
production region can lead to increased returns on the scarce local water resource. 

Finally, we evaluate the accuracy of our measurement against the observed depletion of the aquifer over the 
ten years of our study period. These findings will help to inform future modifications to the calculation of virtual 
water in the area in order to increase accuracy and improve its efficacy as a policy tool. 

4.1. Specific Water Use 
We obtain the SWU of each of the six relevant crops in each of the 15 counties in the region, over the 1997- 
2006 time period, are calculated. We find that there is significant variation across the region over time. For irri-
gated cotton, the most prevalent crop, there is a difference of 4300 cubic meters per tonne for SWU between two 
counties in year 2000.That variation represents 84% of the average SWU for the study period. Provided in Table 
1 is the average SWU for all crops over the study period. 

4.2. Blue and Green SWU 
Understanding the makeup of the SWU in terms of its blue and green components is especially important here 
because this region relies on the limitedly-renewable groundwater resources, contained in the Southern portion 
of the Ogallala aquifer, for agricultural production. With limited rainfall, water pumped from the aquifer ac-
counts for a relatively large percentage of the total water needed by locally produced crops. Additionally, as a 
limitedly-renewable resource, the external costs associated with its use include not only current alternate uses, 
but the lost future use of the resource as well. 

In order to measure the amount of irrigation necessary to bring a crop to harvest we must first obtain values 
for effective rainfall. These values vary greatly from year to year as the amount of precipitation varies. Because 
the producer is capable of substituting precipitation for irrigation, years with above normal rainfall place less 
stress on the groundwater resource. This allows the individual producer (and the collective agricultural commu-
nity relying on the aquifer) to extend their planning horizon as more of the resource remains in situ. 

Having obtained daily effective rainfall values for the region we are able to determine the portion of the CWR 
that is met by effective rainfall. As mentioned in Section 2, we have assumed that producers operate under a 75% 
deficit irrigation protocol. The amount of blue water needed by the crop is then calculated as the difference be-
tween meeting 75% of the CWR and the quantity of effective rainfall. Multiplying this value by 1.136 to ac-
count for the assumed 88% irrigation effectiveness yields the total blue water usage. We then use effective rain-
fall, blue water use, and crop yield to evaluate the portion of the SWU of each crop that is attributable to green 
and blue water. Table 2 presents SWUg  and Table 3 presents CWUb . 

While it is informative to know the source of water used by the crop, as well as the amount of water that is 
necessary to obtain a particular amount of each crop, these measures don’t provide the water policy maker (or 
producer) with the necessary information to inform decisions. However, by applying the market price for a ton 
of each commodity we are able to determine the amount of revenue resulting from the application of the blue 
water resource across crops (see Table 4). It is important that this information alone isn’t used to inform water  

 
Table 1. Average SWU (cubic meters per tonne).                                                               

Year Corn Cotton Sorghum Wheat Peanut Soybean 

1997 650 4760 847 NaN 2415 1966 

1998 1199 5425 942 1086 1098 1992 

1999 748 6406 906 1084 919 1828 

2000 765 7344 1099 1281 1166 1983 

2001 784 5521 1062 924 1114 1738 

2002 758 4351 1024 1559 1299 1763 

2003 720 4865 968 1219 1162 NaN 

2004 609 4939 1290 1059 2075 NaN 

2005 596 3832 821 870 1376 1226 

2006 722 3638 923 1506 NaN NaN 
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Table 2. Average SWU from effective rainfall (cubic meters/tonne).                                                  

Year Corn Cotton Sorghum Wheat Peanut Soybean 

1997 363.2 3755.6 599.4 960.9 2087.6 1568.3 

1998 277.3 1689.5 314.5 458.1 521.0 1076.5 

1999 497.7 3105.8 487.7 477.9 713.3 1164.4 

2000 214.3 2854.8 432.2 428.4 884.2 950.4 

2001 367.1 2779.7 582.1 643.6 826.4 1457.2 

2002 265.2 2334.4 581.7 417.9 919.7 850.8 

2003 214.8 1764.8 367.6 500.9 631.6 1043.8 

2004 410.9 4616.7 1226.2 797.1 1978.0 NaN 

2005 290.3 2407.8 549.7 779.8 725.9 594.9 

2006 292.1 1846.9 494.2 484.8 NaN NaN 

 
Table 3. Average SWU from blue water (cubic meters/tonne).                                                     

Year Corn Cotton Sorghum Wheat Peanut Soybean 

1997 286.6 1004.7 247.7 NaN 327.4 397.3 

1998 921.8 3735.2 628.0 627.5 454.3 917.0 

1999 250.4 3300.5 418.4 559.3 126.0 381.4 

2000 550.3 4488.8 666.5 850.8 437.9 1140.7 

2001 416.9 2740.8 480.0 276.3 361.1 281.0 

2002 492.8 2016.4 442.0 1148.5 379.2 868.0 

2003 505.3 3100.7 600.0 721.1 530.4 NaN 

2004 198.4 419.6 64.1 249.9 96.8 NaN 

2005 305.6 1424.6 270.9 91.3 649.8 631.2 

2006 430.1 1791.0 428.6 1017.0 NaN NaN 

 
Table 4. Value of blue water usage ($USA (yr 2000)/cubic meter).                                                    

Year Corn Cotton Sorghum Wheat Peanut Soybean 

1997 $0.33 $1.16 $0.33 NaN $1.44 $0.52 

1998 $0.09 $0.30 $0.12 $0.14 $1.08 $0.16 

1999 $0.31 $0.26 $0.15 $0.14 $3.40 $0.38 

2000 $0.16 $0.23 $0.11 $0.11 $1.24 $0.14 

2001 $0.23 $0.24 $0.18 $0.39 $1.45 $0.63 

2002 $0.22 $0.47 $0.22 $0.10 $1.14 $0.23 

2003 $0.23 $0.46 $0.17 $0.17 $0.91 NaN 

2004 $0.60 $2.46 $1.60 $0.57 $5.10 NaN 

2005 $0.39 $0.88 $0.39 $1.70 $0.75 $0.39 

2006 $0.38 $0.74 $0.35 $0.21 NaN NaN 

mean $0.29 $0.72 $0.36 $0.39 $1.84 $0.35 
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policy, as water is not the only factor of production. But this does provide valuable insight into where the high-
est-valued use of the water resource might occur. 

The values presented in Table 4 suggest that the best use of the blue water resource over this ten year time 
period is in the production of peanuts. However, peanuts are produced in a relatively small area of the region. 
Their production is limited by the need for sandy soil and a minimum of two years crop rotation. Of the other 
crops, which are more homogeneous in their production, cotton yields the greatest return on the water resource 
in the region. If the focus of the policy maker in this region were to garner the greatest revenues from the scarce 
water resource when used for the production of agricultural commodities, then policy encouraging the produc-
tion of cotton should be encouraged. 

As a comparison to the blue water SWU values provided above, we compare the value received from irrigated 
cotton in the region to the value of dryland cotton production (see Table 5).The estimated value of blue water 
should be similar, but differences in the production technologies of the two crops yield some variation in our 
valuation. It is clear from either method of calculating the value of blue water that the use of the groundwater 
resource yields increased revenues for the producing region. However, we may ask whether these increased 
revenues are an appropriate use of a scarce water resource. In particular, it is worth noting that, on average, irri-
gation of cotton results in an increase of $0.19 per cubic meter of water across the study area between 1997 and 
2006. Referring back to Table 4, we find that blue water use for cotton production results in an average of $0.72 
per cubic meter. As a comparison, citizens of the city of Lubbock, TX (the largest population density in the re-
gion) pay between $0.71 and $1.57 per cubic meter of residential water use7. These rates should reflect a lower 
bound on the value that citizens place on water as their willingness to pay will exceed or meet these values over 
the range of consumption in the market. 

These results suggest that water policy in the region should emphasize maintaining the water resource for 
domestic use in the future while simultaneously promoting the production of high-valued rain fed or minimal ir-
rigation crops. Given the role of agricultural production in the economy of the region, a perfect balance is likely 
difficult to achieve. 

4.3. Virtual Water and the Cattle Industry 
The region is also home to a large number of firms in the cattle and dairy industries. These industries rely heav-
ily on feed for their livestock, making it a water intensive production process. Water usage for the production of 
livestock can be divided into two primary categories. First, direct water usage is the water that is required by the 
animals on site, which includes water for drinking and wastewater. Direct water in the region is obtained from 
the aquifer. The second form of water usage is indirect, which is comprised of the water content of the feedstock 
that the animals require. This water is sourced from the aquifer when it comes from feedstock produced locally. 
However, when there is a higher valued use of the resource (such as cotton production), it is preferable for the 
 
Table 5. Dryland and irrigated cotton comparison.                                                               

Year 
Dry Irr Diff $/tonne “Value” Blue water “Value” 

(tonne/hectare) cotton of irrigation (m3/ha) per m3 

1997 0.462 0.712 0.250 $1320.84 $330.02 1584 $0.21 

1998 0.325 0.759 0.434 $1259.25 $546.94 4117 $0.13 

1999 0.440 0.643 0.203 $1034.26 $209.54 2385 $0.09 

2000 0.244 0.548 0.303 $1422.17 $431.45 3738 $0.12 

2001 0.340 0.739 0.400 $949.75 $379.76 3029 $0.13 

2002 0.306 0.882 0.577 $656.79 $378.80 2899 $0.13 

2003 0.263 0.752 0.489 $1011.92 $494.90 3805 $0.13 

2004 0.661 0.963 0.302 $853.28 $257.28 537 $0.48 

2005 0.722 1.121 0.398 $1,123.01 $447.37 2145 $0.21 

2006 0.329 0.991 0.662 $1169.96 $774.56 3045 $0.25 

 

 

7Obtained 10/19/2011 from 
http://www.mylubbock.us/departmental-websites/departments/water-department/top-navigation-menu-items/services/bill-calculation. 

http://www.mylubbock.us/departmental-websites/departments/water-department/top-navigation-menu-items/services/bill-calculation
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Table 6. Cattle industry water usage (million cubic meters).                                                       

Year Total water Direct water Indirect water Local indirect Local total Imported Imports/total 

1997 1.762 39 1.723 631 670 1.091 0.62 

1998 5.210 37 5.173 1,354 1.392 3.818 0.73 

1999 1.467 34 1.434 542 575 892 0.61 

2000 3.169 35 3.134 745 781 2.389 0.75 

2001 2.415 36 2.379 577 612 1.802 0.75 

2002 2.804 36 2.768 614 650 2.154 0.77 

2003 2.975 36 2.938 777 814 2.161 0.73 

2004 1.139 38 1.101 193 232 908 0.80 

2005 1.789 37 1.753 407 444 1.346 0.75 

2006 2.940 43 2.897 386 428 2.511 0.85 

Mean 2.567 37 2.530 623 660 1.907 0.74 

 
water embodied in the feedstock to be imported from other regions. In Table 6 we present the water used by 
cattle producers in the region. Of primary interest is the share of the total water needs being imported in the form 
of indirect water. The water-scarce producing region has allocated the resource to its highest-valued use while 
importing the more water-intensive, lower-valued, dry grains. These findings support the proposition by Wi-
chelns [18] that the optimal production decision, given scarce water resources, will often resemble policy that 
has been informed by the virtual water concept. Namely, that the region should produce those agricultural 
commodities that represent a high value per unit of water while importing lower valued commodities. 

4.4. Assessment of Virtual Water Measure Accuracy 
The previous calculations have provided a picture of the water usage in the Southern High Plains of West Texas 
by utilizing the accepted virtual water measure. Here, we present a comparison of the aggregation of our esti-
mates to the observed change in water available in the aquifer. If we are to continue to use virtual water calcula-
tions to assist in forming water policy, it is important that they are an accurate reflection of local water usage. 

In order to compare our estimates of water usage with the change in the volume of water in the aquifer, we 
must first account for the volume of water that is re-entering the aquifer on an annual basis through recharge. 
Mullican III et al. [19] reviewed numerous studies of recharge in the area and found that the majority of those 
studies place the natural recharge rate at between 1.27 and 7.62 centimeters annually, depending on the precise 
location of the study. Based upon those results we have assumed natural recharge of 2.54 centimeters annually. 
Our blue water estimates have assumed an 88% irrigation effectiveness and 75% deficit irrigation protocol. 
However, it is also necessary to adjust our estimates of total water usage to account for uses outside of agricul-
tural commodity production. Amosson et al. [20] find that typical water usage by the agricultural commodity 
production sector accounts for 93.25% of all water usage in the region. We have therefore increased our esti-
mates of water usage to account for this additional demand on the water in the aquifer. The results of these cal-
culations are presented in Table 7. 

We find that, on average, we have overestimated the water usage in the region by 345 million cubic meters 
per year. The average number of irrigated hectares over this time period is 803,459, which implies an overesti-
mate of 4.3 centimeters of water applied on average. This discrepancy ranges from 7% to 108% of estimated 
blue water usage per acre. While the calculations provided throughout this work are still quite informative, and 
may be used to help inform water policy, it should be noted that this methodology could further benefit from in-
creased resolution of the data. 

5. Conclusions 
In this work we have evaluated the water usage in the agricultural commodity production sector of the Southern 
High Plains of Texas by employing the virtual water methodology. CWR is used to calculate SWU. We present  
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Table 7. Estimated and observed water usage (million cubic meters).                                               

Year Storage Δ Storage Δ Storage less recharge Blue water use Total water Estimate less observed 

1999 104,666 (2.867) - - - - 

2000 103,975 (691) (1.515) 2.200 2.359 844 

2001 102,025 (1.950) (2.775) 3.153 3.381 606 

2002 100,516 (1.509) (2.334) 2.080 2.231 (103) 

2003 99,357 (1.160) (1.984) 2.390 2.563 578 

2004 97,504 (1.853) (2.678) 2.701 2.896 218 

2005 97,082 (422) (1.247) 501 538 (709) 

2006 96,921 (160) (985) 1.416 1.519 533 

2007 96,296 (625) (1.450) 2.094 2.246 796 

 
SWU values, because the CWR data are misleading (stated later in this paragraph). This result reinforces the 
need to obtain the highest resolution data possible when conducting virtual water research. Additionally, if the 
CWR were to be used to inform policy, it would suggest that the two most prevalent crops, cotton and corn, 
should not be produced. Such a policy decision would result in lower returns on the water resource, which is 
why we have presented the preferred measure of SWU. 

We then provided the SWU of the relevant crops, and evaluated the blue water and green water composition 
of SWU. We find that local producers are already producing the crops which yield the greatest value from the 
water resource. This result isn’t surprising given that the costs of other inputs in the production process are quite 
similar across the crops produced in the region. 

Finally, we presented data on water usage by the cattle and dairy industries in the region. We found that the 
direct water needs were being met with the local water resource, but that the majority of water-intensive feed 
grains were being imported from other producing regions of the United States. Through the import of the water 
contained in the feed grains, local cattle producers are able to maximize the return on the local water resource. 
Given this, those responsible for water policy in the area should encourage similar behavior if conservation and 
return on the water resource continue to be the goals. 

Future research in this area should evaluate the differential impact that trade of water-intensive goods has on 
producing regions. The negative externalities related to agricultural production are typically not captured in the 
price of the commodity. However, the virtual water concept may provide an opportunity to begin to value these 
third-party costs. During the production process there are multiple chemicals (nitrogen fertilizers, herbicides and 
pesticides) applied which must ultimately be dissolved by the water resource. Additionally, the use of a nonre-
newable underground water resource for irrigation in one period necessarily reduces the available resource in all 
subsequent periods. Quantification of these negative externalities in terms of water will result in an increased 
measure of virtual water and may help to inform policy in ways that the price mechanism has failed previously. 
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