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5.  Water resources: Economic analysis

Brian Hurd and Megan Harrod

INTRODUCTION

Water systems may be economically vulnerable to changes in global climate.
The indicators of climate change — including higher temperatures, new pat-
terns of precipitation, changes in evaporation rates and changes in the frequency
and intensity of droughts and storms — can have important consequences for
water users and the institutions that regulate water supply and demand. Analy-
ses of climate change impacts on water supply and use have evolved from
projections of runoff changes to methods that link physical and water man-
agement models. Early studies used statistical models to relate climate
(temperature and precipitation) to runoff at the river basin scale level (for
example, Stockton and Boggess 1979, Revelle and Waggoner 1983). Nemec
and Schaake (1982) improved on these approaches by calibrating a physical
runoff model and projecting the effects of climate changes on runoff. Other
researchers (for example, Gleick 1987, Lettenmaier et al. 1993) helped ad-
vance the state of the art in hydrologic modeling and raised interesting issues
about how climate change might influence competition for water. These
studies, however, did not grapple directly with allocation issues in a quantita-
tive fashion. This assessment aims to provide researchers and policy makers
with a more in-depth analysis of specific regional impacts from climate
change.

Our assessment is based on four watershed optimization models that simu-
late major regional economic and physical attributes of water resource supply
and use. The four US watersheds simulated are the Colorado, Missouri, Dela-
ware and Apalachicola~Flint—Chattahoochee. These were selected on the
basis of regional and national significance, diversity of climate, geography
and water use patterns. They are broadly representative of the diverse range
of water resources and climates across the United States. Results from these
four models are extrapolated to remaining US watersheds. Hydrologic changes
were estimated only for the four modeled watersheds. The regional results
are extrapolations from these four watersheds and should be viewed as only a
rough gauge of the sensitivity of regional water resources to climate change.
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Water resources: Economic analysis 107

Ideally, one would want to examine a representative set of watersheds in each
region, but limited resources prevented this more thorough approach.

MODEL OVERVIEW

The watershed models simulate economic factors in relation to the physical
characteristics of water use and supply within the watershed. The models
view the watershed from the perspective of an overall manager who can
distribute and manage water supplies to generate the greatest economic value.
These models treat water as a commodity and assume that water can be
traded across both space and time, to the extent allowed by physical condi-
tions such as reservoirs and water delivery systems. The models do not
consider changing water infrastructure, building or removing dams and ca-
nals; they do consider how climate might change both runoff and the demand
for water. By weighing the economic tradeoffs between alternative water
uses, the models determine the most efficient allocation and storage of water
given the watershed’s economic and physical characteristics, and a given
sequence and spatial pattern of runoff. A seasonal time-step simulates the
inflow and movement of water throughout the watershed.

The models embody efficient adaptation. As runoff changes in each sce-
nario, it is assurned that water is reallocated to its highest use. Current water
distribution systems are not this efficient, so it is reasonable to question
whether this adaptation will take place. Encouraging public institutions to
manage water more efficiently is an important adaptation to climate change.

A sequence of simulated runoff data is the primary input to the water
allocation models. These data characterize changes in mean climatic condi-
tions, primarily changes in average temperature and average precipitation
rates. The runoff sequence is calibrated off a 38-year historical record (1949-
87) and simulates changes in average water use and allocations. The models
assume that the water administrator is aware of not only this year’s runoff but
also all future runoff as well (that is, the model has perfect foresight). In this
assessment, we hold the current water infrastructure fixed. For example, the
models do not consider removing or adding dams or canals. They do, how-
ever, allow agricultural irrigation demand to change.

Thus, our analysis examines how known changes in long-term levels and
timing of water resources affect efficient water allocations. The models do
not take into account uncertainty surrounding existing or future runoff. We
assume that the water manager can look forward with perfect foresight and
make the best possible decisions given what is coming. The impact estimates
may be underestimated because they do not include uncertainty. Nonetheless,
the models are well suited to investigate large-scale and long-term effects of
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prescribed changes in the water system. The models, however, are not suit-
able for simulating day-to-day management or short-run system needs, both
of which must be responsive to the current state of the system and expecta-
tions of short-run changes in demand and supply.

Two additional climate change scenarios not included in the previous study
are reported here, +1.5°C, O per cent change in precipitation and +2.5°C,
0 per cent precipitation. Furthermore, the analysis drops the scenarios hypoth-
esizing a 10 per cent decrease in precipitation under each of the temperature
changes. Readers with interest in the details of the analytic methods and
models should see Hurd er al. (1999a).

REGIONAL SCOPE

Our current focus is on the potential impacts to each of seven regions. Table
5.1 lists the regions, the associated US water resource regions and the modeled

Table 5.1 Regional definitions and pairing of modeled river basins to US
water resource regions

Approximate US water

Region resource region Model proxy
Northeast New England Delaware River
Mid-Adantic
Midwest Upper Mississippi Missouri River
Great Lakes Delaware River
Ohio
Northern Plains Missouri Missouri River

Souris-Red-Rainy

Northwest Pacific Northwest Missouri River
Southeast South Atlantic Appalachicola-Flint—
Tennessee Chattahoochee Rivers
Lower Mississippi
Southern Plains Arkansas—White-Red Missouri River
Texas—Gulf
Southwest Rio Grande Colorado River
Upper Colorado
Lower Colorado
Great Basin

California
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110 Global warming and the American economy

watersheds assumed to approximate for each of the extrapolated regions.
Figure 5.1 also illustrates the regions and model associations. We emphasize
that characterizing regional water resources by using a proxy model from
another region is an important limitation of this analysis. Caution should be
used in interpreting the results for those regions where no rivers were ex-
plicitly modeled (Northwest, Midwest and Southern Plains).

SCENARIOS AND MODEL ASSUMPTIONS

The watershed models are based on scenarios of socioeconomic change through
2060 (baseline) and climate change in 2060. Water supply and demand condi-
tions are estimated for 2060, both with and without climate change.

Baseline assumptions

The baseline scenario assumes no change in climate and projects water
demands in 2060, taking into account factors such as historical trends in
population, income and water use. These historical data suggest that water
demand in the energy and municipal sectors has been growing over time,
whereas irrigation demand has been relatively constant. The growth of water
demand by thermal energy producers has been considerably less than the
growth of demand by municipal users. In addition, we hypothesized that
future growth in electricity demand will be increasingly met by technologies
that are less water intensive (for example, solar, gas turbines, dry cooling).
Based on these historical trends, demand for water in 2060 is estimated to
increase 23 per cent and 10.2 per cent (0.3 per cent and 0.14 per cent
annually) from 1990 levels for the municipal and thermal energy sectors,
respectively.

Irrigation demand has been relatively constant over the last 20 years, partly
because there have been few new federal irrigation projects. Projections of
irrigation demand assume that no significant new federal water supply projects
will be built, and that changes in irrigation technology will offset increases in
the demand for irrigation water. That is, the overall demand for irrigation
water is assumed to remain constant at current levels under baseline climate
conditions.

Water demand under climate change

Demand for water may be sensitive to climate change. Greater rates of
evaporation and evapotranspiration in plants will increase the irrigation re-
quirements of a variety of uses, most notably for agriculture but also for some
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municipal uses such as lawns, gardens, parks and golf courses. In estimating
climate-induced changes in water demand, we focus on the agriculture sector
because of its overall scale and critical linkage to climate and water re-
sources. Changes in the water demands of other sectors such as municipal
and industrial are plausible, but lacking clear empirical measures on the
sensitivity of water demand to temperature changes in these sectors, we
conservatively assumed no climate sensitivity in these sectors.

In assessing the effect of climate change on agricultural water demand, we
used the research results reported by Peterson and Keller {(1990) to estimate
changes in regional irrigation demand. These estimates do not take into
account the potential water savings from increased water use efficiency of
some plants in response to increased CO,, so therefore we may overstate the
impacts to agriculture.

DATA AND METHODS

The watershed models are used to measure changes in economic welfare that
are driven by changes in hydrologic conditions and water demand caused by
climate change. Hydrologic runoff data were developed for this study by Dr.
Dennis Lettenmaier (University of Washington) and Dr. Eric Wood (Princeton
University). These data describe how the level and timing of runoff are
estimated to change as a result of climate change. The baseline is calibrated
to historical runoff between 1949 and 1987, and runoff changes under each
climate change scenario are estimated by adjusting the historical sequence to
account for changes in average annual temperature and percentage changes in
precipitation. These data are the principal driving force affecting water supply
within the watershed models.

The watershed models are dynamic, nonlinear optimization models some-
times referred to as spatial equilibrium models. The model objective is to
allocate available water supplies to competing economic uses across space
and time to maximize the total value of water within the watershed within
physical, economic and institutional constraints. The models also assume
‘perfect foresight’, which means that the optimization occurs with full knowl-
edge and anticipation of future runoff and system changes. This assumption
is common to long-run optimization models, and implies that adjustments
and responses in water use to climate changes are made more efficiently and
more certainly than they might otherwise be (that is, the estimated welfare
effects are likely to be understated). Economic welfare for consumptive uses
is defined by consumer and producer surplus, and is measured by the under-

lying demand and supply relationships (the benefits and costs). Valuation of
nonconsumptive uses such as hydropower is based on reservoir and river
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flows and is measured by the market value of electricity produced. The
models are constrained by runoff, physical and institutional features govern-
ing water flow, distribution, storage and water exports. Parameters for the
models’ objective and constraint functions are based on available data on
water use, prices and other information from a variety of both primary and
secondary sources, including the US Geological Survey (USGS), local water
utilities and agricultural extension agents. Details on the models can be found
in Hurd et al. (1999a).

To extend our analysis beyond the four modeled watersheds, data on water
supply and use were developed for each of the 18 USGS water resource
regions in the coterminous United States. Baseline data on water use were
obtained from the USGS (Solley et al. 1993) by region and by sector. These
data identified current water allocations in each of the regions, which are
aggregated to form the baseline data for the seven regions of this study
according to Table 5.1.

To assess how climate change might affect water use and welfare in each
of these regions, we developed a spreadsheet model to analyze potential
changes in regional water use using the allocation response and welfare
changes estimated in the four modeled watersheds. Changes in sector water
use, for example, are estimated by scaling the baseline regional water use for
that sector (based on Solley er al. 1993) by the estimated change in sector
allocation from the modeled result from the reference watershed model. This
scaling procedure is described further in the discussion of the welfare changes
in the next section. Note that in developing these regional estimates, the
regional water use data from Solley et al. were not adjusted for changes in
baseline use and allocation. Since this analysis focuses on relative climate
change impacts, not the impacts of baseline changes, and since we account
for baseline changes within each watershed model, it is more important to
account for the relative changes in water use and the economic consequences
of these changes rather than absolute levels of regional water use.

Brown (1999) underscores the key critical issues in estimating baselinc
changes in water use. He estimates baseline changes in regional water use by
sector out to 2040 based on estimated changes in population, income and
recent trends. Such an analysis requires assumptions regarding future water
supplies such that if water use in one sector grows, reductions may be needed
in other sectors, particularly in dry regions. His analysis shows that the
greatest changes are estimated for domestic and public use, which, he ex-
pects, will closely follow population growth trends. He estimated the increase
in national domestic water use between 1995 and 2040 to be about 42 per
cent; the estimated municipal and industrial demand increase used in the
watershed models (not the extrapolated regions) over this time period is
about 15 per cent. He also estimated slight increases for thermoelectric and
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industrial use over this period of 9 per cent and 6 per cent, respectively, and a
decrease in irrigation of 3 per cent. Following Brown (1999), we assume that
domestic and public sector use is highly price inelastic and, therefore, unre-
sponsive to changes in price. Our watershed model results, as shown in Hurd
et al. (1999a) and here, suggest that there are likely to be only very small
changes in domestic water use as a result of runoff and climate change,
although there could be significant changes in water costs.

Economic welfare in this study measures the net value associated with the
provision and use of water. Like other commodities, water can be used in a
variety of ways to generate economic value: in producing goods and services
that are exchanged in markets, by direct consumption of domestic water
users, and in producing nonmarket services such as water pollution control,
flood control and ecosystem support. Through market exchanges and alloca-
tion changes, water supplies can be directed toward those uses with the
greatest economic potential. Thus, the economic damages from climate change
could be reduced by lessening consumption in sectors where the marginal
economic contribution is least. Institutional changes that facilitate such trans-
fers, such as water banks, can contribute significantly during times of intense
water supply stress.

Regional welfare estimates are derived by assessing the market value of
changes for each sector and region as a result of runoff and demand changes.
Conceptually for consumptive sectors, the net change in economic welfare
(consumer and producer surplus) is measured by the change in the area below
the water demand curve net of marginal water supply costs.

In this model, we assume linear demands in each sector. Figure 5.2
illustrates this by showing the net demand for water, or the willingness to
pay for water in excess of its marginal supply costs (net demand equals
demand price minus marginal supply cost). Another way to interpret this is
to view the premium above the marginal supply cost as the market opportu-

-nity cost of the water in serving other users elsewhere in the system or in
delaying use to the future. In the figure, baseline equilibrium is given by
point E, at which the price and water use are given by points A and G,
respectively. If, under climate change, water scarcity increases, a new equi-
librium emerges at point C, where price moves up from A to B and water
use declines from G to F. As a result of this change, net economic welfare
falls by the change in area under the net demand curve, shown by the area
CEGF. In notation, the economic welfare measure for each sector in each
region is defined as:

AR; = (Fy, - AWj) +

J)
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Figure 5.2 Demand for water consumption

where AR;; is the change in welfare in sector / and region j. The variable P is
the baseline net marginal value of water estimated in the proxy regional model
Jo (point A in Figure 5.2), and W; is the baseline water use for sector / and
region j (based on estimates from Solley er al. 1993). The variable AW;; is the
change in water withdrawal by sector f in region j (the change in quantity, G
minus F), and is estimated by the baseline water use patterns in region j(Wy),
the simulated changes in sector water use in the modeled region j,, and relative
runoff changes between paired region j and modeled region j,, given as:

AW; = W;(1+ %AW, ),

where W is the efficient water withdrawal to sector i determined in basin
model jo. This term, therefore, assumes that changes in water use patterns are
proportional across paired regions and sectors. We also recognize the differ-
ence between withdrawals and consumptive use, and that efficient use depends
on equalizing the marginal value across consumptive uses, after accounting
for return flows. However, consistent data on consumptive use were not
available. If average return flow rates are approximately the same within a
given sector across regions, then no particular bias is introduced.

This analysis accounts for differences in river volumes across regions;
however, it assumes that the response of water users to price and runoff

G e
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changes (within each economic sector) is the same between the modeled
regions and paired regions. 1t assumes, for example, that agricultural water
use in the upper Mississippi region has the same demand elasticity as agricul-
tural water use in the Missouri region.

This approach assumes that the value of water in a modeled region is
largely similar to those in the extrapolated regions. This assumption may be
more valid for estimating national level impacts, as in the previous study,
and could produce some misleading results for some regional estimates.
For example, water use in the Pacific Northwest, and in particular in the
Columbia basin, is constrained in ways that are very different from those in
the Missouri basin, which we use as a model proxy. Instream values associ-
ated with salmon are the most striking difference. The water needs of
salmon require adjustments in the management of reservoirs and in the
timing and volume of offstream withdrawals. These adjustments, therefore,
could raise the instream value of water within the Columbia system in
comparison to the Missouri, and thus underestimate the magnitude of eco-
nomic impacts in this study. Therefore, extreme caution in interpreting
these results is advised.

RESULTS

Estimated changes in water resource services are driven by shifts in both
water supply and demand. As a primary indicator of the direction and magni-
tude of changes in service levels, modeled changes in annual average runoff
(Lettenmaier and Wood 1995) are a useful measure to compare against the
estimated changes in welfare and water use. As described earlier, runoff
changes are an input into the watershed models and become a driver for
redistributing water resources across time and space. The four runoff datasets
are summarized in Table 5.2 for each modeled watershed and climate change
scenario.

With only two small exceptions for the Apalachicola~Flint—Chattahoochee,
the estimated hydrologic changes simulated by Lettenmaier and Wood (1995)
for each modeled watershed show the same change in direction in annual
runoff, either increases or decreases, in response to a given climate change
scenario. Thus, the differences across the regions tend to be differences in the
estimated magnitude of the response to climate change. With respect to the
estimated magnitude, there also appears to be a tendency for the absolute
magnitudes to be greater in the western watersheds than in the eastern water-
sheds, particularly in the drier scenarios.

These observed trends suggest that extrapolations of the direction and
range of estimated hydrologic changes from the modeled watersheds to other
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Table 5.2 Summary of estimated percentage changes in annual runoff for
the modeled watersheds

Scenario Appalachicola~
Flint-
Chattahoochee Delaware Missouri Colorado

Baseline® 24,363 (kaf/yr) 13,660 (kaf/yr) 56,651 (kaf/yr) 17,058 (kaf/yr)

2.5°C, +1% 0.26 —4.08 -9.07 —4.17
precipitation

5.0°C, +7% -12.43 -22.27 -30.61 -22.38
precipitation

1.5°C, +7% 5.07 2.72 1.04 3.97
precipitation

2.5°C, +15% 13.70 9.87 9.13 14.13
precipitation

5.0°C, +15% 0.51 -8.73 -15.52 -6.92
precipitation

1.5°C, +15% 18.69 16.83 20.50 23.49
precipitation

5.0°C, 0% -23.53 -33.87 —42.39 -34.70
precipitation

1.5°C, 0% —6.68 -9.51 -14.79 -11.81
precipitation

2.5°C, 0% -11.32 -16.19 -23.77 ~18.89
precipitation

Note: aBaseline figures in this row are reported as absolute annual runoff.

Source: Lettenmaier and Woods 1995.

‘similar’ regions may not be grossly inconsistent with the results that might
have been generated by simulating hydrologic changes in each watershed
specifically. Even for the Northwest, which is the most different from its
hypothesized proxy, the Missouri, there is likely to be a similar change in the
direction of runoff changes, although the magnitude is not well characterized.

Given these simulated changes in runoff and climate-shifted changes in
agricultural water demand, we find a wide range of changes in water resource
services and welfare across regions and scenarios. Figure 5.3 illustrates the
range of total welfare changes across the regions and scenarios.

At the national level, the total estimated annual impacts range from -$10.6
billion to +$2.5 billion for the 5.0°C, +0 per cent precipitation and 1.5°C,
+15 per cent precipitation scenarios, respectively. In contrast, Frederick and
Schwarz (1999) recently estimated for the US National Assessment that the
total cost to water resource under the relatively severe Canadian Climate
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Figure 5.3 Summary of changes in the regional welfare of water resources
for selected climate change scenarios

Model would range between $105 and $251 billion annually. Under that
scenario, average temperature for the United States rises by 2.1°C and aver-
age precipitation declines by 4 per cent. Their analysis is based on the
assumption that runoff in a number of basins in the southeastem and south-
central United States will decline by vp to 92 per cent (in the Texas—Gulf
region), whereas our study estimates that it will decline by only 42 per cent in
the Missouri watershed. In addition, their analysis includes several nonmarket
effects that are not examined in this regional study, including the costs of
increased conservation and the valuation of impacts to freshwater ecosystems
as a result of diminished instream flows. This accounts for 53 per cent of their
estimated impact under their efficient management scenario. Under this sce-
nario, they estimate the costs of developing new supplies to meet projected
demands at $45 billion annually. They also estimate the losses to agriculture
at $3.2 billion, which is very close to the $3.0 billion we estimate as the
impact to agriculture.

It is difficult to compare the results from these two studies because they
differ significantly in their approaches and scope. The Frederick and Schwarz
study includes nonmarket effects that are outside the scope of this study. We
do not consider changes in infrastructure, neither the costs nor the benefits of
building new dams or canals, whereas Frederick and Schwarz do allow for
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these activities (albeit at a very high cost of $1,000 per acre foot) to meet
nonirrigated offstream use requirements.

Locoking at the aggregated welfare changes across sectors, the western
United States, including both regions of the Great Plains, is much more
responsive to changes in runoff and climate, with the Northwest demonstrat-
ing the greatest variability. In the Northwest, estimated welfare changes
range between —43 per cent and +7.5 per cent for the 5.0°C, +0 per cent
precipitation and 1.5°C, +15 per cent precipitation scenarios, respectively.
This is followed by the Southwest, with a range of —~16 per cent and +7 per
cent. In contrast, the eastern watersheds show little responsiveness to runoff
changes. Of the eastern watersheds, the Southeast shows the greatest variabil-
ity, ranging between —2.4 per cent and +0.7 per cent. We strongly emphasize
that these estimates do not take changes in flood frequency or severity into
account, which our watershed level analysis showed could be a major con-
cern in the eastern United States, and in particular in the Southeast.

Underlying the differences in welfare changes across regions is the extent
of agricultural irrigation and hydropower production. With respect to agricul-
ture, it is interesting to contrast the relative share of water use to the share of
value. As a share of the total value of water resource services, agriculture in
the western United States accounts for 18 per cent in the Southern Plains, 37
per cent in the Northern Plains, 27 per cent in the Northwest and 34 per cent
in the Southwest. However, in terms of water withdrawals, agriculture ac-
counts for 49 per cent in the Southern Plains, 67 per cent in the Northern
Plains, 89 per cent in the Northwest and 84 per cent in the Southwest. In the
eastern United States, agriculture’s share is only 6 per cent in the Southeast
and less than 1 per cent in the Northeast and Midwest. The high agricultural
water use in the western United States is a key feature of US water use.
Because agriculture tends to place the lowest value on water of the major
users, efficiency requires that agriculture be the first user to give up water
when runoff declines. The model consequently requires agriculture to give up
the biggest share of water when water gets scarce. If society did not permit
other users to buy water from agriculture, the welfare impacts of reduced
runoff would increase.

Hydrepower makes a much larger contribution to water-derived welfare in
the West than in the rest of the country. Hydropower’s contribution to water
derived welfare is 19 per cent in the Southwest and 52 per cent in the
Northwest. In the rest of the country, hydropower accounts for only 7 to 8 per
cent of welfare.

Even under the central scenario (2.5°C, +7 per cent precipitation), watcr
users in the West experience relatively greater changes from existing water
use patterns. Under this scenario they could experience higher water costs.
resulting in 6 to 10 per cent reductions in agricultural use, and a consequent
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1.3 to 3.9 per cent loss in agricultural welfare; however, total welfare losses
range between only 0.6 per cent and 2.2 per cent under this scenario.

Under the scenarios where average runoff declines, water costs rise as
competition between users increases. These higher costs generally cut across
sectors and locations within a watershed, and result in the migration of water
from lower valued economic uses into higher valued ones that can better
absorb the higher costs. The general regional results underscore the scale and
economic importance of agricultural irrigation and hydropower generation in
western water use, and the high sensitivity of these sectors to runoff changes.
The result is a strong east—west dichotomy of potential impacts (ignoring
flooding and water quality issues).

REVIEW OF REGIONAL IMPACTS

Absent a detailed analysis of hydrologic changes in each of the regions, the
regional results are best understood as a sensitivity analysis using hypotheti-
cal runoff changes.

Northeast

Water use in the heavily populated Northeast is dominated by municipal and
industrial uses (M&I) and thermoelectric power, with 33 per cent and 65 per
cent of total stream withdrawals, respectively, and agriculture accounts for 2
per cent (Solley et al. 1993). Most of the thermoelectric energy withdrawals
are returned to the system; less than 10 per cent is consumed as evaporation
in cooling processes. The impacts in the Northeast, which are based on the
extrapolated hydrologic changes from the Delaware watershed, are summa-
rized in Table A5.1. (All tabular results across regions and scenarios can be
found in Tables A5.1-A5.7 at the end of the chapter.) The total welfare
changes in the Northeast are relatively small, ranging between —0.7 per cent
and +0.03 per cent. Agricultural users may be affected the most, on a percent-
age basis; their small share of total water use, however, does not contribute
much to the overall regional welfare. Thermoelectric users may experience
the greatest welfare changes, estimated to range between —$58 million and
+$1.2 million (out of $3.6 billion in baseline welfare). The potential for
changes in flood risk is highlighted in Hurd et al. (1999b): several watersheds
throughout the region have large populations living within the 500-year
floodplain. Source water protection and the maintenance of water quality for
domestic users are other potential concerns.
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Midwest

The assessment for the Midwest, summarized in Table A5.2, is based on
results from both the Delaware and the Missouri watershed results. As with
the eastern watersheds, the estimated total welfare changes are relatively
small, between —1.7 per cent and +0.2 per cent. Irrigated agriculture is poten-
tially the most sensitive to these changes, with withdrawal changes between
-33 per cent and +9 per cent and welfare changes between —$21 million and
+$3.9 million. However, as a share of regional economic loss, changes in
hydropower production may have the greatest regional impact, with welfare
changes between —$318 million and +$47 million. Thermoelectric generators
may also be affected, with welfare changes between —14 per cent and +2 per
cent, or —=$189 million and +$3.9 million.

Northern Plains

In contrast to the previous regions, irrigation dominates water use in the
Northern Plains, accounting for about 67 per cent of total withdrawals, fol-
lowed by thermoelectric water use with about 27 per cent. Based on the
estimates for the Missouri watershed, summarized in Table A5.3, total wel-
fare changes may range from —16 per cent to +1 per cent. Changes in
agricultural withdrawals range between —54 per cent and +14 per cent (a
welfare change of between -$778 million and +$13.5 million annually).
Hydropower welfare changes range between —$411 million and +$72 million
(—67 per cent and +12 per cent). The Northern Plains may also be vulnerable
to climate change as a result of relatively high rates of groundwater overdraft,
high runoff variability and high levels of streamflow withdrawals relative to
streamflow (Hurd er al. 1999b). Also, flooding, a significant concemn for
many communities in the region, is not reflected in these estimates.

Northwest

The Northwest region appears to be the most sensitive to changes in water
use under climate change because of its intensive use of water. Irrigation is
the dominant water use in the Northwest, accounting for over 85 to 90 per
cent of withdrawals. Instream water uses are also vital to the region as a
major source of electric power and in support of important recreation and
ecosystem services (for example, salmon). This is the most difficult region to
extrapolate to, because there are key differences between water use in this
region and water use in the Missouri basin, which is the basis for the extrapo-
lated results. The results, summarized in Table A5.4, indicate that total welfare
changes range between -21 per cent and +14 per cent, and are primarily
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distributed between agriculture and hydropower. Losses to both sectors under
the more extreme runoff changes are considerable, approaching -$995 mil-
lion and —$4,655 million for agriculture and hydropower, respectively. Flooding
in the western portion of the region could become a greater concern.

Southeast

The findings for the Southeast, summarized in Table A5.5, are based on ex-
trapolating the analysis of changes in the Appalachicola~Flint—Chattahoochee
watershed. Ignoring the effects of flooding and water quality changes, the
impacts to total welfare in this region range between —2.4 per cent and +0.75
per cent. The relatively low share of runoff that is withdrawn for use accounts
for this small range in estimated impacts. Hurd et al. (1999b) further under-
score this point by examining the ratio of streamflow to withdrawals under
current climate and conclude that this region is relatively less vulnerable to
changes in runoff. Increased irrigation demand is likely to draw a greater share
of available water under climate change. Much of the Southeast is relatively
vulnerable to flooding under current climate (Hurd et al. 1999b), and changes
that bring greater precipitation and runoff, and possibly greater storm intensity,
could exacerbate the negative impacts of climate change.

Southern Plains

The Southern Plains span the Texas—Gulf region and the Arkansas-White—
Red region. The dominant water use is agricultural irrigation, followed by
thermoelectric and M&] uses. Based on the Missouri watershed results, total
welfare is estimated to range between —10 per cent and +2 per cent, and total
withdrawals to range between —27 per cent and +7 per cent. Key findings are
summarized in Table AS5.6. Agriculture is potentially the most affected sector,
with estimated withdrawal changes ranging between —54 per cent and +14
per cent. The welfare effects for agriculture are significant, with a loss of
$428 million (-28 per cent) estimated for a +5°C increase and no change in
precipitation. Under this scenario, hydropower losses are estimated at ~$450
million (—68 per cent).

Southwest

This region comprises a variety of climatic zones, from water-rich areas in
Northern California to extreme deserts in the Lower Colorado, Great Basin and
Rio Grande areas. Agricultural irrigation dominates water use, exceeding 80
per cent. The results, summarized in Table AS5.7, are based on those from the
Colorado watershed model and indicate that total welfare changes range
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between —16 per cent and +7 per cent, suggesting that this region is very
sensitive to changes in runoff, with hydropower and agriculture the most affected
sectors. Welfare changes in agricultural range from —$986 million (18 per
cent) to +$321 million (+6 per cent). Hydropower value is estimated to change
between -$1,217 million and +$783 million.

SUMMARY AND CONCLUSIONS

By extending the previous analysis to focus on regional changes, this re-
search highlights the importance of considering regional differences in
assessing water resource impacts and adaptation potential. Comparisons can
be drawn between these results and those of previous regional assessments
such as Gleick (1990) and Hurd et al. (1999b). Consistent with the results
from these studies, which indicate the relative vulnerability of the western
United States under current climate conditions, this assessment further under-
scores the potential impacts as climate changes in these regions.

The study finds especially that western watersheds have a high probability
of experiencing runoff reductions from climate change. These reductions
would cause significant impacts to agriculture in the West. The important
hydropower resources of the West would also be sensitive to these runoff
reductions. To adapt to these adverse circumstances, regional economic forces
must use water more efficiently by maintaining supplies to high valued users
and taking the water away from low valued users. Agriculture will tend to
lose the largest share of water because many of the lowest valued uses for
water are in agriculture. Although this study makes some reasonable predic-
tions about water impacts across regions in the United States, the extrapolated
regional estimates remain highly uncertain. Additional watershed studies need
to be conducted in each region to reduce this uncertainty. Flooding remains a
large uncertainty that is not well accounted for by examining changes in
mean climate conditions and regional extrapolations. Flooding may be a
more widespread concern than runoff reductions, because every region needs
to be wary of increases in flood conditions.

It needs to be restated here that the regional assessments presented in this
chapter concern only market effects. Many important nonmarket impacts to
water resources, such as impacts on water quality and other instream uses,
are not measured here. In a national analysis, Hurd et al. (1999b) point to a
number of indicators of vulnerability related to consumptive and instream
water use, including flooding, and a more comprehensive regional approach
might incorporate some of these indicators in estimating the effects of cli-
mate change and regional adaptation. For example, water quality measures
such as dissolved oxygen can indicate how well a water body can support
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aquatic ecosystems suitable for providing valued habitat and recreation. It is
important to remember that climate change could have adverse and signifi-
cant impacts on the quality of life and recreation in sensitive regions. For
example, the Southeast may be very sensitive to increases in precipitation
rates, which could exacerbate flooding; and semi-arid regions may find al-
tered streamflows are insufficient to meet both consumptive uses and minimum
flow requirements for ecosystems.
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