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Table 4. Number of counties that fall within each WAI_Ryon_qg value (dimensionless fractions) band.

WAI_Rnon_ag Range (Unitless)

Number of Counties

Top Four States with Most Counties

0.23-0.3
0.31-0.5
0.51-0.6
0.61-0.7
0.71-0.8
0.81-0.9
0.91-1.0

5
106
138
184
244
320

1697

Iowa, Nebraska, North Dakota
Towa, Minnesota, Nebraska, South Dakota
Illinois, lowa, Nebraska, South Dakota
Illinois, Indiana, Kansas, lowa
Kansas, Indiana, Illinois, Montana
Kansas, Montana, Wisconsin, Indiana
Texas, Georgia, Kentucky, Virginia

Table 5. Number of counties that fall within each WAI_R_F,n_gg value (dimensionless fractions) band.

WAI_R_Fnon_ag Range (Unitless)

Number of Counties

Top Four States with Most Counties

0.51-0.6
0.61-0.7
0.71-0.8
0.81-0.9
0.91-1.0

17
138
270
365

1903

Minnesota, Illinois, Nebraska, North Dakota
Towa, Minnesota, Nebraska, Illinois
Illinois, Indiana, Ohio, lowa
Kansas, Indiana, Montana, Illinois
Texas, Georgia, Kentucky, Virginia

Figure 7. Regional crop production summary. Solid columns, dashed lines, and hatched columns show

harvested crop area, average crop yield, and average crop water demand by crop by region, respectively.
Harvested crop area and yields are based on 2008 county-level data reported by the USDA NASS.

4.3. Green Water Availability by Crop Type

Compared to green water resource distribution (Figure 4), variations in local WAI_Ryon_gg and
WAI_R_Fpon_ag strongly correlate to and are thus impacted by the spatial distribution of harvested
crop acres (Figures 3 and 6). County-level WAI_Ryon_qg is often dominated by the water demands of
different crops. This pattern is clearly demonstrated by crop-specific WAI_Ryon_qag (Figure 8) values,
which measure the fraction of green water resources available for other uses after meeting crop water
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demand of a specific crop (e.g., corn). In the Midwest, corn and soybean acreages contribute the most
to the volume of crop water demand (Figure 8a,b). Although wheat plays an important role in certain
areas (e.g., Montana), total wheat acres are much less than corn and soybean acres in most areas.

Figure 8. County-level crop specific WAI_Ryon_sg values based on harvested acres of (a) corn; (b) soybeans;
and (c) wheat (including spring and winter wheats). Harvested acres include total production for all
purposes (food, feed, and fuel) in 2008 in the U.S. Panels show green water resources available for other
crops and sectors after meeting the crop water demand of corn, soybean, and wheat production.

The spatial pattern of crop-specific WAI_R;,on_sg does not mean crops in the Midwest use more
water on a per-unit biomass basis. In fact, county-level CWD (m?/d.s.t) of the three crops (Figure 9)
clearly indicate that counties in the Corn Belt are more water efficient than other areas. In addition,
it seems that some counties located in northwestern states (Washington, Portland, Idaho, Oregon) are
also water efficient in terms of corn and wheat production. Relatively low WAI_Rnon_ag values in these
counties suggest it would be possible to increase crop acreages in these counties from a green water
resource perspective, but land-use changes may cause other problems (e.g., deforestation).

0 340 680 1,360 Km
e s |

Figure 9. Cont.
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CWD (m3/d.s.t)
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Figure 9. County-level per-unit crop water demand (CWD) (m3 per dry short ton (d.s.t)) calculated
as the volume of water needed per d.s.t (0.907 metric ton of dry biomass) crop produced for (a) corn;
(b) soybeans; and (c) wheat.

4.4. Annual Versus Growing Season Green Water Availability

Depending on local soil and climate conditions, off-season green water resources may lost to
the atmosphere or contribute to blue water storage via deep percolation. In this case, it is helpful
to estimate the green water resources available during the crop-growing season only if green water
meets all crop water demand. Given that corn is the most widely produced commodity crop in
the U.S., we also present the regional WAI_R based on growing season green water resources and
of corn (WAI_Ryion_corn) (Figure 10) as an example to illustrate how the temporal boundary of green
water resources may affect the estimation of green water availability. Specifically, the WAI_R;011_corn
metric describes that, if all corn water demand met by green water, the fraction of green water
resources are available to all other remaining green water users, aggregated at the county level. Results
indicated that, when the green water resource is limited to the growing season only, total corn water
demand alone would drive down green water availability substantially. A low WAI_R;0n_corn Value
means less green water available for other crops and plants in the region. Because of extremely low
growing season precipitation, WAI_R;0n_corn in the Pacific could fall to 0.9 (Figure 10, Smith method)
from an annual based WAI_R of 0.98 (Figure 8a). Growing-season WAI_Ryon_corn for the Corn Belt,
Lake States, and Northern Plains would decrease 0.12, 0.06 and 0.07, respectively, compared with
the annual-based index (Figure 8a).
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Major agricultural production regions

Figure 10. Regional growing-season rainwater available to other plants and uses after meeting
corn water demand (WAI_R;on_corn) based on corn production. WAI_R_NHD, WAI_R_USDA,
and WAI_R_Smith refer to WAI_Ron_corn based on growing-season ER estimated using NHDPlus
V2 data, the USDA-SCS method, and the Smith method, respectively.
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Results in annual versus growing-season-based WAI_R values suggest that green water
availability assessments can be sensitive to the temporal boundary of WAI_R analysis. In addition,
it is important to note that the growing-season WAI_R could be conservative in certain soil conditions,
because crops may utilize some of the non-growing season green water resource stored in the soil.
Although field monitoring through sensor technology has been developed to guide precision
agriculture programs and practices, it would be helpful if a national consistent soil water dynamic
database could be developed for the U.S. in future studies.

4.5. Implications of Regional Water Resource Management for Bioenergy Production

Several regions produce the three major crops for feed, food, fiber, and fuel. To evaluate the impact
of bioenergy feedstock production on green water availability, demand from the production of food,
feed, and fiber is excluded. The resulting WAI_R metric—WAI_R;on_pioenergy—describes the green
water resources available for other uses if the water demand of biofuel feedstock production is met by
green water resources only. For all but 149 counties (mostly located in Iowa, Nebraska, Minnesota,
and Illinois), more than 90% of rainwater is still available to non-bioenergy productions (Figure 11).
A majority of the 149 counties with WAI_Ryon_pigenergy Values of 0.8-0.9, are concentrated in lowa and
Nebraska. If 24% of corn stover and 30% of wheat straw were also harvested as cellulosic biofuel
feedstock [26,68] in 2008, holding total harvested crop acres and climate conditions constant, then
regional mean WAI_R;oi_pigenergy would decrease slightly (0.03-0.05) for agricultural production regions
in the Midwest, but WAI_Ryion_pigenergy Would still be higher than 0.8 for all counties in these regions.
These results suggest attributes of cellulosic feedstock to regional green water availability are small
under the 2008 scenario.

From the perspective of water resource management, the production of the three major crops
is most water efficient in the Corn Belt and Lake States because of their low CWD (Figure 7) and
relatively abundant green water resources (Figure 4). Low green water availability for non-agriculture
sectors in the Corn Belt is driven by food and feed production, with minimal contributions from biofuel
feedstock production (Figure 11). However, when the production of food, fuel, feed, and fibers and
the green water use by forestry and ecosystems are all accounted for, the aggregate impact on green
water resource availability could become substantial. Therefore, it is critical to consider green water
demands from multiple sectors when planning regional development.

0 340 680 1,360 Km
A

S 4@
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=
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Figure 11. County-level crop-specific WAI_Ryion_pioenergy values based on acres of (a) corn grain and
(b) soybeans harvested as biofuel feedstock only (i.e., acres harvested for food and feed purposes are
excluded). For corn and soybeans, respectively, 30% and 12% of the total harvests in 2008 were biofuel
feedstock. WAI_Ro,_pioenergy Tepresents the fraction of green water resources available for other uses
(e.g., food and feed), after meeting the crop water demand of bioenergy feedstock harvested from corn
grain and soybeans.
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4.6. Limitations and Future Work

The green water availability assessment approach presented in this study is applicable for
large-scale assessments at varying spatial scales (e.g., watershed, state, and national). However,
uncertainties exist, mainly associated with crop water demand calculation and green water
resource estimations, due to incomplete data sources and assumptions made in estimation methods.
County-level crop coefficients (Kc) for corn, soybean, and wheat are required in ET calculations,
but are incomplete for all major crops. Therefore, we adopted regionalized crop coefficients
for the 10 agricultural resource regions, but this practice may overlook variations in Kc within
regions. In addition, monthly potential ET (ET,) was computed using the ASCE’s standardized
Penman-Monteith method only. Although this is the dominant method used in the United States [26],
other ET estimation methods exist and the uncertainties related to ET estimation by using different
methods could be quite significant, especially in areas with high rainfall [90]. Finally, effective rain
plays a central role in determining green water resources, and WAI_R based on varying temporal
boundaries (annual vs. growing season) can lead to very different results for certain regions.

In this study, green water resources were quantified from effective rain using three alternative
methods. The choice of effective rain methodology affects the spatial and temporal distribution patterns
and the intensity of green water resources, the variation of which increases with increasing geospatial
resolution. For future study, analyzing green water availability and competition on a monthly basis
would be helpful for certain crops. However, determining monthly green water resources is more
complicated than simply calculating monthly effective rain and crop water use, because green water
resources can be stored in soil as carryover moisture. In this sense, a monthly analysis would require
an integrated metric or framework that simultaneously considers the interactions among crop water
use, soil moisture dynamics, and irrigation applications.

5. Conclusions

Although green water is vital for agricultural production and the terrestrial ecosystem, previous
water resource assessments often focus on blue water. In this study, we present a first estimation
of county-based green water availability, by applying a modified water availability index (WAI_R)
to major crop (e.g., corn, soybeans, and wheat) production in the United States. The WAI_R metric
was employed to quantify the fraction of green water resources available to non-agriculture sectors
(e.g., grassland, forest, ecosystem services), assuming all crop water demands are met by green
water. The metric quantifies green water balances aggregated at the county and farm production
region level, disregarding green water availability at a field or land-use level. For comparison, a WAI
(WAI_R_F) based on green water footprint was also presented, which quantifies the fraction of green
water resources actually available to other users after accounting for the green water consumption of
three crops.

Results highlight the spatial heterogeneity and temporal complexity of green water resources,
as well as the heavy reliance of agriculture production on green water resources in the United States.
In 2008, regional level mean WAI_Ryon_qg and WAI_R_Fjon_gg ranged from 0.71 to 0.98 and
from 0.82 to 0.99, respectively. At the county level, however, fresh water was significantly constrained
in five counties with a WAI_R;p,_ag value of lower than 0.3, which translates to a 70% demand for
green water resources by the three crops. When measured by WAI_R_Fna,,jg, there are 17 counties
with a values lower than 0.6, which means the three crops consumed more than 40% of annual green
water resources in those counties. Geospatially, WAI_Ryon_gg and WAI_R_Fy0,_ag are relatively higher in
the Midwest, because of large crop acreages that are responsible for producing about 82% of the crops
for the nation. However, crop production is also water efficient in this region, because water use per
dry ton of biomass produced in the region is among the lowest across the 10 farm production regions.
Seasonal analysis further revealed a substantial variability of crop water deficits during the growing
season across regions, especially in Pacific west, which limits sustainable production of rain-fed crops.
For areas with limited seasonal green water resources, adjusting land-use types to match seasons of
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high plant water demand with peaks of green water supply could be an option to use green water more
effectively. In addition, improving soil water management strategies (e.g., adoption of cover crops)
to increase carry-over soil moisture may also help with mitigating the negative impacts of seasonal
variations in green water supply.

The development and scale-up of any land-based biomass production needs to be analyzed
from the perspectives of resource availability and sustainability. Although surface (irrigation) water
constraints have been stressed repeatedly, green water was usually taken for granted. Findings based
on 2008 data suggest that bioenergy feedstock production demands a relatively small fraction of green
water resources, but future large-scale biofuel feedstock production may substantially change land use
composition (e.g., increase in woody crops for bioenergy), and therefore plant water consumption,
in major agricultural regions [26]. To reduce competing use of surface and ground water (blue water
consumption), rain-fed energy crops or biomass production is preferred in the bioenergy development
in the U.S. In this case, availability of green water resources for large-scale feedstock production
should be carefully evaluated. For agriculture and bioenergy production, the analysis presented
can help decision makers consider geographical variations in green water availability when planning
land-based biomass production sites, types, and production scales. However, analysis of green water
availability alone is not sufficient for sustainable water management. Future studies should consider
integrating green-blue water availability with land use at large scale, because land use patterns are
likely to impact both blue and green flows.

Supplementary Materials: Figure S1: County-level 30-year (1971-2000) average annual precipitation for
the conterminous United States.
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