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ABSTRACT Global chmate change will affect the terrestnal biosphere pnmarily through changes in 
regional energy and water balance Changes in soil moisture and evapotranspiration \v111 particularly 
affect water and forest resources Existing spatially lumped hydrologic models are not adequate to 
analyze the potential effects of climate change on the regional water balance over large river baslns or 
reglons primanly because they do not satisfactonly account for the spatial and temporal variability of 
hydrologic processes Here we summarize apphcation of a spatially d~s tnbu ted  water balance model 
that was tested using historical data from the U S portion of the Columbia River Basin In the Pacific 
Northwest for a very dry (1977) and very wet (1972) watei year The model adequately partitions 
lncoming precipitation into evapotranspiration and runoff Because precipitation in the basin is undel- 
estimated from measured data,  modeled runoff is less than measured runoff from the basin during both 
the wet and dry years The potential effects of climate change on runoff and soil moisture in the 
Coluinbla River Basin were simulated uslng 2 x C 0 2  scenano data from the Geophysical Fluid Dynamics 
Laboratory (GFDL) general circulation model (GCM) The predicted future climate cond~tions signifi- 
cantly increase potential evapotranspiration, causing a 20% reduction in runoff relatlve to input 
precipitation, and a 58 % reduction in soil nloisture storage If these changes in regional water balance 
are realized the distnbution and composition of forests in the Northwest would change markedly, and 
water resources would become more limited Because of uncertainties in future climate scenanos, and 
hmitat~ons in the implementation of the water balance model, the 2 x C 0 2  results should be  viewed only 
as a sensitivity analysls 

INTRODUCTION 

The Intergovernmental Panel on Climate Change 
(IPCC) recently reported that if the projected doubling 
of atmospheric CO2 occurs within the next century it is 
likely to cause significant changes in global and re- 
gional climates, and that this will have a significant im- 
pact on ecosystems and natural resources (Houghton 
et al. 1990). Predicting the magnitude or direction of 
climate change is a complicated problem because of 
the numerous feedbacks and interactions between 
the atmosphere, oceans, and terrestrial biosphere 
(Dickinson 1986). 
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Climate change will affect the terrestrial biosphere 
through changes in the regional energy balance 
(Dickinson 1983) and associated changes in the 
regional water balance (Eagleson 1986). The regional 
water balance consists of the partitioning of incoming 
precipitation into runoff and evapotranspiration from 
the land surface, and soil moisture storage. Seasonal 
shifts in water balance occur as a function of precipita- 
tion and other climate conditions. Climatic factors, 
such as temperature, humidity, and wind, affect the 
water balance by influencing evaporation and trans- 
piration. 

Changes in soil moisture and evapotranspiration are  
likely to have large impacts on water and forest 
resources, since the distribution and abundance of 
these resources are controlled to a large extent by the 
volume and seasonality of available moisture (Neilson 
et al. 1992). If changes in the regional water balance 
are  significant, major shifts in vegetation patterns 
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and condition are a likely result of climate change 
(Eagleson & Segarra 1985, Prentice & Fung 1990). 

Changes in the regional water cycle will influence 
feedbacks between vegetation and climate as de- 
scribed in detail by Rind (1984). These infl.uence both 
the magnitude and timing of climate change by alter- 
ing the surface albedo and radiation balance, soil mois- 
ture storage, and evapotranspiration. The regional 
water balance will play a key role in future climate- 
biosphere interactions. The purpose of this paper is to 
discuss an  approach for simulating the effects of cli- 
mate change on regional water balance. We will focus 
the discussion on the rat~onale for developing spatially 
distributed water balance models, which is an expan- 
sion of previously developed water balance modeling 
approaches (e.g.  Thornthwaite & Mather 1955, Gleick 
1987a). We then summarize the current status of the 
development of such a model and conclude with a dis- 
cussion of the application of the model for simulating 
the potential effects of climate change on the regional 
water balance in the Columbia River Basin in the 
Pacific Northwest of North America. 

RATIONALE FOR A REGIONALLY DISTRIBUTED 
WATER BALANCE MODEL 

The importance of water balance in determining 
vegetation patterns and the seasonality and volume of 
runoff is clear Understanding its spatial distribution is 
of critical importance for simulating the impacts of 
changing climate on vegetation and other natural re- 
sources. Consider the nature of the components of the 
water balance. Precipitation varies across a landscape 
or region as a function of regional atmospheric circula- 
tion patterns and topography. Precipitation patterns 
also shift temporally in a complex fashion such that one 
area may be relatively wet in one year or season, and 
relatively dry in the next. Climate change m.ay alter 
regional precipitation patterns to be fundamentally 
different than what has occurred in the past. Soil water 
holding capacity, one of the key parameters affecting 
soil moisture, varies as a function of soil texture and 
depth, all of which vary spatially across a landscape. 
Evapotranspiration also varies across a landscape as a 
function of temperature, humidity, wind and vegeta- 
tion cover. Thus, every aspect of the regional water 
balance has spatial and temporal variability associated 
with it. In order to simulate the effects of climate 
change on natural resources, the spatial and temporal 
variability of the water balance must be characterized 
under the new climate conditions. 

Existing hydrologic models designed to operate over 
large river basins or reglons are not adequate to ana- 
lyze the impacts of climate change on the regional 

water balance. These models are intended to predict 
changes in river flow as a function of precipitat~on 
measured at an index site. Specifically, if both precipi- 
tation and river flow are measured for a long period (15 
to 40 yr), then the relationship between precipitation 
and river flow can be characterized within the range of 
long-term average conditions (e.g. Burnash et al. 
1973). This relationship is then used to calibrate the 
runoff models. This type of model is of limited utility in 
predicting the effects of climate change on the water 
balance because it cannot account for spatial varia- 
tion in critical water balance parameters such as pre- 
cipitation, soil moisture, and evapotranspiration, and 
because future conditions are likely to be outside the 
range of the historical climatic variation used to cali- 
brate them. Furthermore, these existing models do not 
predict the distribution of soil moisture, evaporation, or 
runoff over the basin. Paraxeterization and calibration 
of these models is not easily extended from catchment 
to river basin to large regional scales (Dooge 1986). 

REGIONAL WATER BALANCE SIMULATION 

The regionally distributed water balance model pre- 
sented by Dolph et al. (1992) was designed to over- 
come these limitations by simulating spatial patterns of 
soil moisture and evapotranspiration in response to 
input precipitation over the Columbia River Basin 
under a variety of climatic conditions. The model simu- 
lates water balance at evenly spa.ced grid points across 
the basin, using precipitation and an estimate of 
potential evapotranspiration' as model drivers Evalua- 
tion of the model was based on comparing the propor- 
tional volume of estimated annual evapotranspiration 
and runoff to the input precipitation volume. 

The model is based on the following basic water bal- 
ance equation which balances precipitation against 
runoff, evapotranspiration, and changes in soil mois- 
ture storage: 

P = Q + E T + h S  

where P  is input precipitation, Q is runoff, ET is evap- 
otranspiration, and AS is the change in soil moisture 
storage. All of the input precipitation must be parti- 
tioned into runoff, evapotranspiration, or soil moisture 
storage. If soil moisture storage is depleted, then the 
sum of runoff and evapotranspiration can exceed input 
precipitation; if storage is increased, the sum of runoff 
and evapotranspiration will be less than input precipi- 

'Potential evapotransplration is defined as the atmospheric 
demand for water; actual c,vapotranspiration is llmited by the 
availab~llty of water to meet the demand, and is therefore 
always equal to, or less than potential evapotranspiration 
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values in meters 

Fig 1 Shaded elevation image ol the Colunlb~a River fiasin, northwestern U S ,  using the 10 km d~g i t a l  e levdt~on model gi-id 

tation The Dolph et a1 (1992) model is a bucket water 
balance model similar to those used by several 
Genelal Circulation Models (GCMs) (Jenne 1990), 
w h ~ c h  treats the soil as a s t o ~ a g e  bucket' for precipita- 
tion in excess of evaporative and soil drainage de- 
mands It was developed Lo oveicome several of the 
problems associated wlth the way surface hydrologic 
processes are parameterized in GCMs (Eagleson 1986) 
by simulating the water balance foi a single sol1 layer 
with drainage 

Model description 

The model was used to simulate the water balance at 
a monthly time-step for each grid point in a 10 km dig- 
ital elevation model that represented the U.S. portion 
of the Columbia River Basin. Fig. 1 shows this portion 
of the basin as a shaded contour map. The Canadian 
portion of the basin was excluded from this analysis 
because digital databases of climate, precipitation, and 
runoff were not available. The water balance was 
simulated accounting for soil drainage and evapotran- 

spiration losses, runoff, and soil moisture storage at  
every grid point. For each month, starting with the first 
month of the water year (Octobei-)2, water available for 
evapoti-anspiration is determined. Percent soil satura- 
tion, relative to soil water storage capacity, is calcu- 
lated by adding the month's precipitation to the 
amount of moisture stored in the soil from the previous 
month. The amount of available water lost to the 
atmosphere through evapotranspiration is calculated 
as a percentage of potential evapotranspiration, using 
an  exponential decay function that reduces evapora- 
tive effectiveness as the soil dries. If the soil is satu- 
rated, evapotranspiration is equal to potential evapo- 
transpiration, but as the soil dries, evapotranspiration 
cannot exceed the water available. 

2The 'water year' runs from October 1 to September 30 It is 
used in place of the calendar year for hydrologic analysis in 
the western U.S because climatically this region tends to 
have dry summers wlth most precipitation falhng during win- 
ter (December to March) Thus the water year is more syn- 
chronized with the precipitation cycle than the calendar year 
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Baseflow drainage (the amount of water draining 
from the soil into streams and rivers) is calculated 
using an exponential decay function of percent soil 
saturation that reduces baseflow as the soil dries. After 
evapotranspiration and baseflow demands have been 
satisfied, overflow (water running over the top of the 
bucket) is calculated as the excess available water 
above maximum soil water storage. Overflow only 
occurs if the soil is saturated with water (the bucket is 
full, and overflowing), after evaporative demand and 
baseflow have been satisfied. Ru.noff is then the sum of 
baseflow and overflow. The amount of water stored in 
the soil for the next month is what remains after evap- 
orative demands are met and allowable runoff occurs. 
The calculated soil moisture storage is carried forward 
into the next month, and the procedure is repeated. 
Snow accumulation and ablation are not currently 
included in the mcdcl. 

Simulations for historical climate conditions 

Simulations were run for a dry (1972) and a wet 
(1977) water year, to evaluate how the model would 
respond to different climatic conditions. Precipitation 
data was acquired from the National Climatological 
Data Center (NCDC) compilation of historical precipi- 
tation measurements (EarthInfo 1990), and from the 
Soil Conservation Service's Snow Survey Program 
(SNOTEL) (USDA 1988). Because high elevation sites 
are under-represented in the NCDC data base, the 
SNOTEL data add high elevation precipitation mea- 
surements to the database. Simulations for long-term 
average precipitation (e.g equivalent to the 40 yr 
period for which average runoff was calculated in 
Table 1) were not made because SNOTEL data were 
not available for the entire period. 

Potential evapotranspiration over the basin was cal- 
culated as a function of temperature, humidity, wind, 
and surface roughness using a model presented by 
Gucinski et al. (1990). Maximum soil moisture relen- 
tion capacity, the water retained in the soil between 
field capacity (33 kPa) and wilting point (1500 kPa), 
was estimated using texture and organic carbon data 
from soil survey data (Kern 1991). 

2xC02 climate conditions are those climate conditions 
simulated by GCMs for an atmospheric CO2 concen- 
tration which is double that of the late 1950s or early 
1960s (Jenne 1990). Climate variables important to the 
regional water balance include air temperature, pre- 
cipitation, humidity, and wind speed. 

Currently, the only way to produce quantitative and 
spatially distributed estimates of key climate variables 
under 2xC02 conditions is to use output from GCMs of 
the atmosphere, which are complex numerical models 
that simulate the fundamental physical relationships 
of the earth's ocean-atmosphere-land surface system. 
Several GCMs have been formulated. However, they 
differ in the way they parameterize important atmos- 
pheric and surface processes, which leads to differences 
in their sirnulations of future climate conditions and in 
the geographic distribution of predicted change. These 
inconsistencies are due, in part, to the unrealistic para- 
meterization of land surface processes and because 
the computational requirements of these models limit 
the simulations to a very coarse grid-cell resolution 
(ca 4' latitude X 5' longitude). While general circulation 
model performance may be improved as faster comput- 
ers become available, the difficulty in making future cli- 
mate estimates stems from the inherent complexity of 
the earth's climate system and our incomplete knowl- 
edge of how that system works (Houghton et al. 1990). 

Data from the Geophysical Fluid Dynamics Labora- 
tory (GFDL) GCM (Manabe & Wetherald 1987) was 
used for the 2xC02 sensitivity analysis because data 
on projected future changes in humid~ty and wind 
speed were readily available and the model has a 
higher spatial resolution than other GCMs for which 
the same data are available. 

Generating a climate scenario from GCM output is 
complicated by the fact that the values predicted by 
GCM runs for l xCO, (current conditions) are not con- 
sistent with historical climate data (Schlesinger 1988). 
To deal with this problem, ratios between the 2xC0, 
values and 1xCO2 values were used to modify histori- 
cal averages of each climate variable required in the 
analysis (see Parry & Carter 1989). 

MODEL RESULTS 

A summary of the model run for the wet and dry 
Simulations for predicted 2 x C 0 2  conditions years, comparing it to measured runoff from, and pre- 

cipitation over, the U.S. portion of the basin is pre- 
To determine the sensitivity of the regional water sented in Table 1. Values are presented as an  average 

balance to potential future climate conditions, the re- depth of water, in mm, over the area of the U.S. portion 
gional water balance simulated, under 2xC02 climate of the basln. Standard deviations, shown for measured 
conditions (Houghton et al. 1990) was compared with precipitation and all modeled parameters, indicate the 
the regional water balance simulated for the relatively deviation from this mean depth when the parameter is 
wet and dry years from the historical record. Here distributed over the basin. No standard deviation is 
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shown for measured runoff because it is derived from a 
single measured value at the outflow of the basin. The 
contribution from the Canadian portion of the basin 
was subtracted from the total outflow to derive the con- 
tribution from the U.S. portion. 

Measured runoff from the U.S, portion of the Colum- 
bia River Basin was nearly 4 %  times greater during the 
wet year (1972) than during the dry year (1977) (see 
Table 1). However, measured precipitation was only 
1 ilr times greater during 1972 than during 1977, and in 
fact is less than the measured runoff (a physical impos- 
sibility). These results indicate that actual precipitation 
is severely underestimated in the basin, especially in 
wet years. The underestimate primarily results from 
the lack of high elevation measurement sites and the 
simple interpolation method used to distribute the 
measured precipitation across the spatial grid. 
Specifically, even with inclusion of the SNOTEL data, 
30% of the area of the basin is above the nearest pre- 
cipitation measurement site, and the interpolation 
method does not factor in precipitation-elevation rela- 
tionships. It appears that the relatively high runoff in 
1972 resulted from extensive snow deposition at 
higher elevations in the region, and that this snow 
deposition was inadequately measured because of the 
lack of high elevation measurement sites. 

While precipitation values in 1972 are higher than 
1977 across most of the basin (Fig. 2), the differences 
are not great enough to account for the differences in 
measured runoff between the 2 years (Tab1.e 1) .  During 
both years, the greatest precipitation fell in the 
Cascade mountains of Oregon and Washington, fol- 
lowed by the Sawtooth mountains of Idaho and Bitter- 
root and Rocky mountains of Montana. During the wet 
year (1972) more precipitation was produced in Coast 
Range and the M'illamette Valley of Oregon than dur- 
ing the dry year (1977). It was considerably drier east 
of the Cascades and in the southern portion of the 
basin during 1977. 

Although the modeled runoff is substantially less 
than that measured at the outflow of the basin for both 
years (Table l), the simulated distribution of runoff is 
reasonable (Fig. 3).  As would be expected, patterns of 
runoff closely follow patterns of precipitation, with 
most of the runoff being generated in mountainous 
regions and in the Willamette Valley of Oregon. 
During the wet year, measured snowfall in the Blue 
and Wallowa mountains in eastern Oregon, and in the 
normally arid mountains of southwestern Oregon and 
Idaho, was sufficient to generate significant runoff. In 
the dry year these regions contributed very little to dis- 
charge from the basin. 

Table 1. Annual water balance results for a very wet (1972) and a very dry (1977) water year, and for 2 x C 0 2  clilnate conditions 
predicted by the GFDL general circulation model (Manabe & Wetherald 1987) for the U.S. portion of the Columbia River Basin 
All values are In mm H 2 0  per unit area, so they represent an average depth of water over the basin. Measured annual runoff at 
the basln outflow has been corrected to reflect only discharge from the U.S portlon Annual values refer to water years (Oct to 
following Sep) NA: data not available or not applicable. Standard deviation (SD; in parentheses) is used to indicate the extent of 
dev~ation from the basin average repo.rted in the table; no SD is given for measured runoff from 1972 and 1977 because they are 
derived from single values measured at the basin outflow; SD 1s glven for the long-term average measured runoff because it IS 

based on 40 annual values 

Year Measured Measured Modeled Annual Modeled Soil Soil 
annual annual annual PET annual initial final 
precip. runoff runoff ET storage storage 

Wet year 
1972 

Dry year 507 332a 259 898 254 65 59 
1977 (377) (295) (325) (150) (57) (63) 

Long-term N A 741 N A N A N A N A N A 
average (490) 

GFDL 2xC02  636' N A 276 1627 396 63 27 
Scenario (543) (319) (470) (215) (57) (37) 

aAnnual runoff over the U.S. portion of the Columbia River Basin (Canadian portion of basin flow subtracted out) from gage 
measurements at the basin outflow, adjusted for storage effects (USACE 1981) 

b40-year average unit runoff for the U.S. portion of the Columbia Rlver Basin (Canadian portion of basin flow subtracted out) 
using historical runoff data from Wallis et al. (1991) 

'Average precipitation for the U.S. portion of the Columbia River Basln calculated from the 1972 and 1977 precipitation data 
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values in mm 

Flg. 2 Annual measured preclpltatlon for a wet (19721 and dry (1977) water year, interpolated to a 10 km grid resolution uslng an 
Inverse dlstance squared ~nterpolation algonthm 

Potential evapotransp~ration was essentially the 
same for both years (Table l ) ,  but modeled evapotran- 
splratlon was lower for the dry year (1977) than for the 
wet year (1972) because of soil moisture limitations 
resulting from reduced precipltation Though the total 
volume of evapotranspiration was less 1.n the dry yea.r, 
the evapotranspiratlon proportion of input precipita- 
tion was much higher In the wet year the model allo- 
cated 40 % of lnput precipitation to evapotranspiratlon, 
56% to runoff, and 4 % to increased soil moisture stor- 
age. In the dry year, evapotransplration was 5 0 % ~  of 
input precipitation. Runoff was 51 % of input preclpita- 
tion wlth the additional 1'4) from soil mo~sture storage 
depletion (Table 1). 

Though precipitation is basically unchanged, a sig- 
n~f~cdntly different climate for the Columbla R~ver 
Basin is predicted by the GFDL model under 2xC02 
conditions. An dverage January temperature increase 
of 4OC and July increase of 6.5"C are coupled with 
lower humidlty and higher wind speed Increasing 
potential evapotranspiration by about 80%) over the 
1972 and t977 values (Table 1). It 1s Important to note, 
however, that surface wind fields are not well pre- 

dicted by GCMs, so that this combination of higher 
temperatures, reduced hum~dities, and higher wind 
speeds form an extreme, and probably unlikely climate 
condition. 

An average of the wet and dry year precipitation was 
used to simulate the water balance for the GFDL- 
projected 2xC02 conditions. With the large increase in 
potential evapotranspiration under 2xC02 conditions, 
the model pred~cted a very different water balance for 
the basin. Evapotranspiration becomes a much larger 
fraction of precipltation - 63 % versus 40 % for the wet 
year (1972) and 50% for the dry year (1977) (Table 2) 
Runoff has about the same volume and distribution as 
for the dry year (see Table 1, Fig. 4 )  but when viewed 
as 43 % of input precipitation (Table 2), proportionally 
represents nearly a 2OC%, reduction Ln runoff from the 
simulated 1972 and 1977 conditions. 

The 58" .  reduction in soil moisture storage at th.e 
end of the 2xC02 simulation (a reduction from 63 to 
27 mm of water storage) is even more significant. Soil 
mols ture depletion under the 2 x CO, conditions con - 
trtbuted 13";, of the predicted runoff. If these condi- 
tions were to persist for even a few years, both soil. 
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values in mm 

Fig. 3. Annual modeled ~uno t f  for a wet (1972) and  dry (19771 u7dtel year 

Table 2. Partitioning of runoff ( Q ) ,  evapotranspiratlon (ET) ,  
and change In soil water storage ( A S )  as  a proportion of input 
annual precipitation (P),  for a very wet (1972), a very dry 
(19771, and s~mulated  2 x C 0 2  water years, over the U S por- 
tion of the Columbia River Basin. The 2 x C 0 2  climate condi- 
tions were  predicted by the GFDL general clrculatlon model 

[Manabe & Wetherald 1987) 

Year Q ET A S  P 

1972 56 % 40 X +4 %, 100% 

moisture storage and runoff would be sharply reduced 
across the basin. 

DISCUSSION 

Dolph et al. (1992) state the limitations of measured 
precipitation within the Columbia River Basin, indica- 
ting that they do not expect modeled runoff to equal 
measured runoff from the basin, because the precipita- 

tion estimates are s~gniflcantly less than what actudlly 
occurred in both the wet and dry years. Model 
performance should, ~nstead, be evaluated on how ~t 
partitions input precipitation Into evapotranspiration, 
runoff, and soil moisture storage. As discussed above. 
the model partitions input precipitation into 40% 
evapotranspiration and 56% runoff for the wet year 
(1972), and 50'10 evapotranspiratlon and 48 % runoff 
for the dry year (1977). These values fall into the 
ranges estimated for temperate coniferous forests by 
Eagleson (1986) and McNaughton (1986). While esti- 
mates of basinwide runoff and evapotranspiration par- 
titioning for the Columbia R~ver Basin are not avail- 
able, several point or small scale experiments have 
reported values of these ratios for sltes within the 
Columbia River Basin. Harr (1977) reported that storm 
runoff averaged 38% of storm precipitation at a site 
in the H. J Andrews Expenmental Forest in the 
central Cascade Mountains of Oregon. Running & 
Coughlan (1988) simulated the 1984 annual water bal- 
ance at Seattle, Washington, near the Columbia River 
Basin, showing 38 % runoff and 58 % evapotranspira- 
tion. Running et  al. (1989) simulated annual evapotran- 
spiration for 1985 over 2 drainages near Flathead Lake 
in northwestern Montana, which is in the mountains 
near the northeastern topographic boundary of the 
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values in mm 

Fig. 4. Annual modeled runoff calculated using the 2xCO: GFDL potent~al evapotranspiration estimates and the average of 
precipitation from the wet (1972) and dry (1977) water years 

Columbia River Basin. They showed runoff 60% and 
evapotranspiration 40 % of annual precipitation in one 
drainage and 7 1 "/o and 32 '% in the other. Each of these 
studies was for a particular site within or near the 
Columbia River Basin, and should not be expected to 
represent the regional average. However, the Dolph 
et al. (1992) simulation over the 10 km grid in the 
Flathead Lake region produced 75 O/o runoff and 21 % 
evapotranspiration for the wet year (1972), and 52% 
runoff and 48 % evapotranspiration for the dry year 
(1977). 

All of the studies being compared with the Dolph et 
al. (1992) results were run at a daily or on a storm event 
basis. However, while monthly results reported in 
Table 2 are not identical to these reported values, they 
are similar and give us conf~dence that our model is 
effectively partitioning input precipitation into runoff, 
evapotranspiration, and soil moisture storage. 

The Dolph et al. (1992) water balance model and cli- 
mate change simulations can be compared with those 
of Gleick (1987a, b). Gleick (1987a) developed a spa- 
tially lumped water balance model for the Sacramento 

River Basin in California. The principal difference be- 
tween the 2 models is that Gleick's is spatially lumped, 
and cannot simulate patterns of soil moisture over the 
region. The Dolph et al. (1992) model was designed to 
be spatially distr~buted and run over a DEM grid in 
order to analyze patterns of soil moisture in response to 
different climate conditions. Gleick's (1987a) model 
did account for snow accumulation and ablation, and 
was able to better reproduce the seasonality and mag- 
nitude of runoff from the basin. 

Gleick (198713) used his water balance model to in- 
vestigate the potential impacts of climate change on 
the Sacramento River Basin, using hypothetical GCM- 
based climate scenarios. His results for the GFDL- 
based scenarios show decreases in summer soil mois- 
ture by between 33 and 36°/;), depending on the 
scenario, and a shift in the seasonality of runoff from 
spring to winter. This agrees with the decrease in soil 
moisture simulated by Dolph et  al. (1992) but is of 
slightly lower magnitude primarily because the 
method that Gleick used to estimate potential evapo- 
transpiration did not account for the coupled effects of 



Marks et a1 . Columbia River Basin water balance 211 

reduced humidity and increased wind speed with ele- 
vated temperatures. 

Model limitations and future enhancements 

Use of this model to support development of man- 
agement policy to reduce the impact of climate change 
on water resources and vegetation is limited princi- 
pally by underestimation of input precipitation over 
the region. This is the primary cause of the difference 
between modeled and measured annual runoff vol- 
ume. High elevation precipitation and snow measure- 
ment are especially lacking. Inclusion of SNOTEL data 
increases estimated precipitation volume by as much 
as 45% in some areas of the western USA (Dolph & 
Marks 1992), but this is still insufficient in the 
Columbia River Basin where nearly 30% of the land 
area is above precipitation measurement sites. Thus 
far, techniques which are computationally feasible 
have not been developed to interpolate precipitation 
based on precipitation-elevation relationships across 
regions this large (Phillips et al. 1992). Use of the 
model to evaluate the effects of climate variation and 
change on water resources and vegetation will require 
spatially distributed precipitation estimates that ac- 
count for the spatial arrangement of measurement 
sites, precipitation-elevation relationships, and topo- 
graphic constraints on precipitation distribution. 

Water resource planning in the Columbia River 
Basin is based on an estimate of the timing and magni- 
tude of spring snowmelt. Managing water resources 
under a changing climate will require assessment of 
seasonal changes in the regional water balance. 
Currently the Dolph et al. (1992) model is limited to 
annual analyses because it does not partition precipi- 
tation into snow and rain, and thus does not simulate 
snow accumulation or snowmelt. The effects of climate 
change on water resources and the water balance of 
the region may involve considerable changes in the 
seasonality of precipitation and runoff (Gleick 1987b, 
Lettenmaier & Gan 1990). To account for seasonal vari- 
ations in soil moisture storage, runoff, and evapotran- 
spiration, the model must include snow accumulation 
and depletion to simulate snow storage and spring 
snowmelt. 

Vegetation condition and distribution are closely 
coupled to the regional water balance. Assessment of 
climate change effects on different types of vegetation 
requires knowledge of soil moisture status in several 
soil layers. Major plant lifeforms (e.g. deciduous trees, 
shrubs, grasses) have different overall moisture 
requirements, and different rooting depths which 
impart adaptive abilities and liabilities in relation to 
obtaining sufficient moisture under different precipita- 

tion regimes. These to a large degree control the geo- 
graphic patterns of vegetation in the Columbia River 
Basin and elsewhere (Neilson et al. 1992). To be an 
effective management tool, the model must be modi- 
fied to account for the effect of vegetationhater bal- 
ance interaction, and the treatment of soil moisture 
storage must be expanded to include multiple soil 
layers. These are short-term research goals (Dolph et 
al. 1992, Neilson et al. 1992) and will yield more realis- 
tic and biologically accurate predictions of changes in 
vegetation distr~b.ution and condition in response to 
climate change. 

Including vegetation characteristics such as canopy 
structure in the model would also improve its simula- 
tion of water balance, since evapotranspiration is pn- 
marily a water flux through a vegetation canopy con- 
trolled by stomata1 conductance and canopy density 
(Woodward 1987). The water balance simulation will 
also be expanded to include the Canadian portion of 
the basin. This will require development of several 
input data layers for the Canadian region, including 
precipitation, temperature, humidity, wind, vegeta- 
tion, and soils. 

The model results using the 2 x C 0 ,  scenario should 
be viewed as a sensitivity analysis rather than a 
prediction of future water balance in the Northwest 
because of the limitations of general circulation models 
(Houghton et al. 1990) and because of previously dis- 
cussed limitations of input precipitation data and of the 
way the water balance model characterizes snow, soil 
moisture storage, and vegetation. For a more detailed 
analysis of potential 2 x C 0 ,  climate impacts on the 
water balance of the Columbia River Basin, scenarios 
from several general circulation models should be used 
to generate a range of possible future conditions, as 
was done by Lettenmaier & Gan (1990) for California. 
However, significant improvements must be made in 
GCMs before their simulations of future regional cli- 
mate conditions can be considered accurate for predic- 
tive purposes. 

POTENTIAL IMPACTS OF CLIMATE CHANGE ON 
NATURAL RESOURCES 

Some qualitative statements on the impacts of cli- 
mate change on natural resources in the Columbia 
River Basin can be made based on the preliminary out- 
put from the model and our general understanding of 
how climate controls the quality and quantity of water 
and forest resources in the basin. Gucinski et al. (1990) 
showed in some detail that several GCM scenarios 
predict an  increase in potential evapotranspiration for 
the Colunlbia River Basin. Warmer temperatures, com- 
bined with increases in wind and decreases in humid- 
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ity, will increase potential evapotranspiration over the 
region. This w ~ l l  increase the relative magnitude of 
evapotranspiration in the water balance (Tables 1 Le 2) .  
If precipitation does not increase to satisfy the in- 
creased atmospheric demand for water, soil moisture 
and runoff will decrease. Warmer temperatures would 
also shift the seasonality of runoff, with peak runoff 
occurring earlier in the spring (Gleick 198713, Letten- 
maier & Gan 1990). The most significant result of the 
water balance simulation for 2xC0, climate conditions 
is the 58 % reduction in soil moisture storage at the end 
of the simulation run. If the scenario climate conditions 
continued for even a few years, they would have a 
negative impact on available water resources for irri- 
gation, urban, and industrial uses, fisheries, power gen- 
eration and navigation. 

Although only limited modeling of climate change 
impacts or, vcgetatior, in the Col~mbia  River Basin has 
been conducted to date, climate-induced reduction in 
soil moisture and an increase in the elevation of the 
seasonal snow zone would have a significant effect on 
vegetation condition and distribution in the basin. 
These environmental changes are likely to result in the 
upward migration of tree and other plant specles, re- 
duced forest productivity, and increased disturbance 
probabilities (Franklin et al. 1991) 

ROLE OF REGIONAL WATER BALANCE MODELS 
IN NATURAL RESOURCE MANAGEMENT 

A key component in natural resource management is 
understanding how resources respond to seasonal and 
annual variations in climate. The potential for large 
changes in regional climate underscores the need for 
understanding how climate affects resource abun- 
dance and distribution, and the need for tools with 
which to evaluate the potential effects of climate 
change on natural resources. The development of re- 
gionally distributed water balance models will enable 
integrated assessments of climate change impacts 
throughout large river basins. These mod.els will pro- 
vide a better understanding of how inter-annual shifts 
in precipitation patterns can affect local-scale runoff 
and soil moisture. Moreover, these models are an im- 
portant step in developing improved vegetation mod- 
els, since the water balance plays such an important 
role in controlling vegetation pa.tterns. With coupled 
water balance-vegetation models, resource managers 
can assess geoyraphlcal aspects of vegetation change, 
and may be able to predict changes in habitat type and 
location for biodlversity analyses. 

The modeling approach presented by Dolph et al. 
(1992) and discussed here is an important step toward 
development of a simulation tool that will improve 

assessment of climate change impacts on water and 
vegetation resources Effective implementation of this 
tool for resource management will be contingent upon 
development of improved methodologies for estimat- 
ing precipitation over rugged terrain, and enhance- 
ment of the model as discussed above. 
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