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Concern over global climatic changes 
caused by growing atmospheric con
centrations of primarily carbon dioxide 

(CO2) and other trace gases - such as nitrous 
oxide (N2O), methane (CH4) and 
chlorofluorocarbons (CFCs)- has increased in 
recent years as our understanding of atmos
pheric dynamics and global climate systems 
has improved. These gases can alter the heat 
balance of the earth by retaining longwave 
radiation that would otherwise be lost through 
the earth's atmosphere to space. This effect, 
known colloquially as the "greenhouse effect," 

gained widespread public attention in 1988 
after a series of unusually warm years were 
attributed to rising concentrations of these 
greenhouse gases.1 

Despite recent improvements in our under
standing of atmospheric dynamics and large
scale climatic processes, the climatic effects of 
greenhouse gases are still only partially under
stood. One of the most important consequences 
of future changes in climate will be alterations 
in regional hydrologic cycles and the sub
sequent effects on the quantity and quality of 
regional water resources. However, the full ef
fects of these consequences are poorly under
stood. 

Most recent hydrological research suggests 
that climatic changes that are caused by in
creases in atmospheric trace-gas concentra
tions will alter the timing and the magnitude of 
runoff and soil moisture, change lake levels 
and groundwater availability, and affect water 
quality. Any or all of these effects could lead to 
environmental and socioeconomic disloca
tions, and they have widespread implications 
for future water resources planning and 
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management. 
Fundamental questions have yet to be 

answered about how greenhouse warming will 
alter regional precipitation patterns, and how 
water availability and quality will be affected. 
Very few watersheds have been studied in 
detail using appropriate models or methods. 
Little work has been done on the interactions 
among climate, vegetation responses and 
water resources. The role of management in 
mitigating the impacts on water resources has 
been inadequately assessed. Questions remain 
about the implications of climatic change for 
shared international rivers. And the role of in
ternational water law and water treaties in 
resolving climate-induced disputes is still un
resolved. These issues are of great importance 
to society if critical impacts are to be identified 
and if concerted efforts are to be made in order 
to reduce the negative consequences of climatic 
changes. 

Methods of Analysis 
Novaky et al. 2 and Beran3 distinguish between 
hydrology and water resources. Both sources 
consider hydrology to be the science of the 
hydrologic regime and water resources refers 
to the quantity and quality of water available at 
a particular time and place. Thus, hydrologists 
are interested in the effects of climatic changes 
on precipitation, runoff, soil moisture and the 
statistics of water availability, whereas water
resource planners are more interested in the 
effects of climatic changes on municipal water 
supplies, hydroelectricity production, reser
voir design and management, reliable yield 
and irrigation requirements. 

Three steps are required to evaluate the im
plications of climatic changes for water: 

1. Develop quantitative scenarios ofchan
ges in major climatic variables such as 
temperature, precipitation and evapo
transpiration. 

2. Simulate the hydrologic cycle for a 
basin of interest, using the scenarios 
developed in the first step. 

3. Assess the implications of the 
hydrologic variations identified in the 
second step for the performance of such 
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water-resource systems as dams, aqueducts, 
reservoirs, groundwater-recharge basins, 
and so on. 

Accurate quantitative estimates of the chan
ges in major long-term climatic variables such 
as air temperature, precipitation, evapo
transpiration and vegetation types and dis
tributions are needed in order to provide ac
curate forecasts of water availability and 
quality. Unless reliable climate forecasts can be 
produced by climatologists, the predictive 
value of all hydrologic assessments are neces
sarily limited. 

Development of Climate Scenarios 
To assess the implications of the greenhouse 
effect for water resources, regional details of 
future changes are needed for temperature, 
precipitation, evaporation, wind speed, and 
other hydroclimatological variables. The 
ability to predict these details, however, is 
limited, and therefore climate scenarios must 
be employed. Such scenarios should be inter
nally-consistent pictures of future conditions, 
and they can be constructed by a number of 
methods, including the direct use of general 
circulation models, paleoclimatic reconstruc
tions, recent historical climate analogues, or 
purely hypothetical climatic scenarios.4 

Direct Use of 
General Circulation Models 
Much of the effort of trying to understand 
climate has focused on the development of 
computer models of the many intricate and 
intertwined phenomena that make up the 
climate. The most complex of these models, 
typically referred to as general circulation models 
or global climate models (GCMs), are detailed, 
time-dependent, three-dimensional numerical 
simulations that include atmospheric motions, 
heat exchanges and important land-ocean-ice 
interactions. 5-ZO 

General circulation models currently pro
vide the best information on the response of the 
atmosphere to increasing concentrations of 
greenhouse gases. Data produced by using 
these models indicate, among other conditions, 
that: 



• Global average temperatures will rise ap
proximately 3°C for a doubling of carbon 
dioxide concentration; 

• Global average precipitation will increase 
ten to 15 percent; and, 

• Precipitation and temperature will both 
increase more toward the polar regions 
than toward the equatorial regions. 

In theory, GCM estimates of changes in 
hydrologic variables such as runoff could be 
used directly to estimate changes in water 
resources. Manabe and Wetherald used the 
Geophysical Fluid Dynamics Laboratory 
(GFDL) general circulation model to examine 
soil moisture in the mid-continental, mid
latitude region of the United States, and con
cluded that significant drying may occur if the 
concentration of CO2 is doubled in the earth's 
atmosphere.21 Although the results from the 
various GCMs are not in complete agreement 
on the issue of mid-continental summer dry
ness,22-24 more recent studies are beginning to 
confirm significant soil-moisture reductions.18 

One other feature of GCM-computed 
hydrologic changes merits special attention: 
the decrease and earlier disappearance of the 
winter snowpack. Although estimates of the 
changes in precipitation patterns vary consid
erably from one GCM to another, all GCMs 
show shorter snowfall and snowmelt seasons 
due to increases in average temperatures. The 
change in snow conditions, in turn, leads to the 
earlier and significant increase of evaporation 
from bare soils which is, in turn, responsible for 
much of the summer soil-moisture effects. 
Similar alterations of snowfall and snowmelt 
conditions have now been identified in 
regional model studies. 

GCM-generated hydrologic data suffer from 
two major limitations. First, the spatial resolu
tion of GCMs is too coarse to provide 
hydrologic information on a scale typically of 
interest to hydrologists. GCM resolution is un
likely to dramatically improve for many years 
because of the extreme cost of high-speed com
puter time - a factor of two increase in resolu
tion requires approximately a factor of eight 
increase in computer time.25 With a typical 
model resolution of 4.5 degrees latitude by 7.5 

degrees longitude and nine vertical layers in 
the atmosphere, computing one year of 
weather at 30-minute intervals takes ten hours 
of computer time on a Cray XMP supercom
puter, which is one of the fastest computing 
machines in the world. Present resolutions are 
usually between 4 to 7.5 degrees latitude by 5 
to 10 degrees longitude - these grid areas con
sist of hundreds of thousands of square 
kilometers. Yet, hydrologists are interested in 
climatic events that occur on the scale of tens or 
hundreds of square kilometers - a scale 
several orders of magnitude finer than current 
GCM resolution. 

Second, hydrologic parameterizations in 
GCMs are very simple and often do not provide 
the detailed information necessary for water
resource planning.4 The GCM soil-moisture 
budget, for example, is typically computed by 
the so-called "bucket method," in which the 
field capacity of the soil is assumed to be 
uniform everywhere.6 Runoff occurs when the 
soil moisture exceeds this capacity, and the rate 
of evaporation is determined as a simple func
tion of the soil moisture and the potential 
evaporation rate.26 Efforts are being made to 
improve GCM hydrology predictions through 
such improvements as more accurate vegeta
tion parameterizations and information on the 
behavior of soils. However, until such improve
ments occur, those interested in the implica
tions of climatic changes for water resources 
must seek other, more reliable methods of 
evaluating hydrologic impacts. 

Changes in climatological variables es
timated by GCMs (such as changes in tempera
ture and precipitation) are considered to be 
more reliable than GCM-predicted changes in 
runoff or soil moisture. As a result, there is a 
trend toward using temperature and precipita
tion estimates for a doubled-CO2 environment 
as inputs to more detailed regional models. 

Paleoclimate Analogues 
Variations of climate and hydrologic condi
tions from one geological period to another, 
and from one millennium to another, are clearly 
evident in the geologic record. By looking at 
these variations and attempting to identify 
periods that may be similar to future green-
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Reconstructed Runoff: Colorado River 
10-Year Moving Average 
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FIGURE 1. Four-hundred year runoff record in the Colorado River Basin reconstructed from 
tree rings and plotted as a ten-year moving average. Note the anomalously high runoff during 
the early 20th century that was used to determine allocations for the 1922 Colorado River 
Compact. 

house conditions, where and what significant 
changes inwater availability may be reasonab
ly determined. 

Paleoclimatic analogues are reconstructions 
of information on precipitation, temperature, 
evaporation or other climatic variables from a 
variety of long-term records such as tree rings, 
pollen deposits, vegetation or fossil types, the 
appearance or disappearance of civilizations, 
lacustrine (lake sediment) deposits, shoreline 
terraces, traces of dunes and other morphologi
cal features, and chemical isotope ratios in ice 
cores. Figures 1 and 2 show two such climate 
reconstructions. Such reconstructions can pro
vide valuableinformation on both past climatic 
conditions and the vulnerability of existing 
water-resource systems to future changes. In a 
striking example, Stockton and Jacoby used 
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tree rings to extend the runoff record in the 
Colorado River Basin back more than 400 years 
(see Figure 1). 

This kind of study has direct water-manage
ment and policy implications. For example, the 
original 1922 Colorado River water allocation 
was based on the hydrologic record available at 
the time - this record spanned about 30 years 
from the late 1890s to the early 1920s. In 1976, 
when the historical record was reconstructed 
back to the mid-1500s using tree rings, the 1890-
1920s period stood out as a time of abnormally 
high runoff (see Figure 1). The 400-year record 
now shows that more water was allocated to 
users than is likely to be available on a long
term average basis. If the long-term record had 
been available in 1922, the overallocation might 
not have occurred. 



Vostok Ice Core: CO2 Record 
CO2 Concentration (ppmv) 
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FIGURE 2. Atmospheric carbon dioxide concentration in parts per million by volume (ppmv) 
for the past 160,000 years, reconstructed from the Vostok ice core, Antarctica. Note the high 
CO2 concentrations during the most recent interglacial period, the low CO2 concentration 
during the most recent glacial maximum, the rise in CO2 at the start of the current interglacial 
period (18,000 years ago) and the recent dramatic increase in CO2 concentrations due to 
industrial activities. 

Figure 2 shows an analysis of carbon dioxide 
and temperature from an ice core sample from 
the Vostok station in Antarctica. 29 This analysis 
extends the record of atmospheric CO2 con
centrations back 160,000 years. 

Perhaps the most ambitious effort to use 
paleoclimatic data to evaluate future climatic 
impacts is the attempt of Soviet climatologists 
to develop information on past periods that are, 
in theory, comparable to future periods ex
pected under conditions of greenhouse warm
ing. 30 In this work, the Holocene optimum 
(about 6,000 to 5,000 years ago) is considered an 
analogue for a 1 °C warming, the last intergla
cial (about 125,000 years ago) is considered an 
analogue for a 2 to 2.5°C warming and the 

Pliocene climatic optimum ( about 3 to 4 million 
years ago) corresponds to a warming of 3 to 
4°C. Although there are limits to the parallels 
that can be drawn between the past periods and 
future conditions, this type of activity can pro
vide valuable insights into climate dynamics. 

Several things limit the usefulness of 
paleoclimatic scenarios for evaluating the im
pacts of future climate changes on water 
resources. First, the farther we go back in time, 
the more difficult it becomes to recover 
hydrologic data. Thus, the evidence for 
developing such scenarios is limited in extent 
and scope. Second, the causes of climatic shifts 
over geologic time differ considerably from the 
anthropogenic changes now anticipated. And 
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third, because these past changes typically pre
date human activity, we have no evidence for 
how they might affect society. Because of this 
last limitation, attention has lately turned to the 
use of more recent climatic extremes within the 
current period of instrumented record. 

Recent Climate Analogues 
Modern instrumental data can be used to 
develop climate scenarios. Long-term records 
can be analyzed for examples of climatic 
variability that offer insights into the vul
nerability of water systems. Wigley et al. ex
amined precipitation records in England and 
Wales for the period 1766 to 1980 in order to 
evaluate whether there had been a change in 
the freiuency of wet and dry rainfall ex
tremes. 3 Jones then employed these data in 
order to reconstruct riverflow volumes in order 
to study the effects of climate on water 
availability.32 Similarly, Palutikof utilized 
scenarios constructed from the instrumented 
record to explore possible impacts on water 
resources in the United Kingdom in the early 
years of a climatic change.33 

On a far larger scale, Bradley et al. compiled 
precipitation data from the mid-19th century, 
northern hemisphere land areas in an effort to 
look for trends. 34 In the last 30 to 40 years, 
significant increases have been observed in 
mid-latitude precipitation (35 to 50°N) and 
decreases in low-latitude precipitation (5 to 
35°N). While these trends are consistent with 
GCM projections of precipitation changes as
sociated with increasing concentrations of trace 
gases, they cannot be unambiguously at
tributed to this cause. Such analyses help to 
define natural large-scale hydrological 
variability and are useful in defining the 
longer-term perspective for identifying 
anthropogenic perturbations. 

Finally, recent climatic anomalies can pro
vide insights into the vulnerability of present 
society to future climatic changes. Many sour
ces discuss regional water-resource impacts 
that are a function of past climatic vari
ability. 35-40 These case studies provide infor
mation on how to avoid environmentally and 
economically costly climate impacts in the fu
ture. 
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The greatest advantage to using recent 
climate analogies or case scenarios is that they 
are based on human experience. Perhaps the 
greatest drawbacks to this approach are that 
anticipated greenhouse climatic changes have 
an anthropogenic cause unlike those that led to 
past climatic variability, and that the mag
nitude of the anticipated changes due to the 
greenhouse effect are larger than most histori
cc11 natural variations. Thus, such analyses are 
often criticized on the grounds that the recent 
past is an unreliable guide to the future. 

Hypothetical Climate Scenarios 
Many hydrologists use purely hypothetical 
scenarios to assess the behavior of watersheds 
to future climatic conditions. Such scenarios 
(e.g., +2, +3, +4°C increases or decreases of 10 
and 20 percent in precipitation or 
evapotranspiration) permit the testing of wide 
ranges of hydrologic vulnerabilities. Although 
these scenarios are the easiest to develop, they 
are not particularly realistic and they often lack 
internal consistency. Care should be taken, 
therefore, in interpreting the results. 

Table 1 lists the range of hypothetical 
scenarios used in a variety of studies. The 
values chosen typically reflect best estimates of 
the changes in important climatic variables, 
although extreme values are occasionally 
chosen to explore where a system might fail to 
perform as expected or designed. Thus, the 
practice of using hypothetical temperature in
creases of 1, 2, 3 or 4 °C reflects the consensus 
that greenhouse warming will produce 
temperature rises in this range for an 
equivalent doubling of atmospheric carbon 
dioxide. Greater uncertainty about the mag
nitude, and even the direction, of regional 
precipitation changes is reflected in the choice 
of both increases and decreases in monthly or 
annual average rainfall. 

Combining Climate Scenarios 
With Regional Hydrologic Models 
Once scenarios of climate change are 
developed, hydrologic models can be 
employed to estimate the impacts on water 
resources. If accurate estimates of future water 
availability are to be calculated, regional 



TABLE 1 
Regional Studies Using Hypothetical Climate Scenarios 

Temperature 
Study /Scenario (degree C) 

Stockton & Boggess41 ±2 
Nemec & Schaake42 +1, +3 
Revelle & Waggoner43 +2,+4 
Flaschka et al.44 ±2 
Gleick45A6A7 +2, +4 
Fitzgerald & Walsh48 

Schaake49 

hydrologic evaluations need to incorporate the 
complexities of snowfall and snowmelt, topog
raphy, soil characteristics, natural and artificial 
storage, and monthly or seasonal variations. 

The concept of employing hydrologic 
models for assessing the regional impacts of 
climatic changes has several attractive charac
teristics. First, diverse modeling techniques 
exist. This diversity permits flexibility in iden
tifying and choosing the most appropriate ap
proach to take to evaluate any specific region. 
Second, hydrologic models can be chosen to fit 

' the characteristics of the available data. Third, 
regional-scale models require far fewer com
puter resources and are far easier to manipulate 
and modify than are general circulation 
models. Fourth, regional models can be used to 
evaluate the sensitivity of specific watersheds 
to both hypothetical changes in climate and 
to changes predicted by large-scale GCMs or 
climatic analogues. And finally, methods that 
i,i.corporate both detailed regional charac
teristics and output from GCMs will be 
well-situated to take advantage of the continu
ing improvements in the resolution, regional 
geography, and hydrology of global climate 
models. 

Many types of hydrologic-simulation 
models have been developed in recent years to 
help hydrologists study ecosystems, to aid in 
the engineering design of structures and to 
study the response of watersheds to different 
types of perturbations. Different classification 

Evapotranspiration Precipitation 
(percent) (percent) 

±10 
±10, 25 
-10 
± 10, 25 
±0, 10, 20 

±5, 10, 15 ±5, 10, 15, 20 
±10 ±10, 20 

schemes have been used to discriminate among 
these models, including physical and mathe
matical, continuous and discrete, dynamic and 
static, descriptive and conceptual, and stochas
tic and deterministic.50,51 For the purpose of 
climate-impact assessment, an important dis
tinction can be made between: 

• Those models that rely primarily on em
pirical or statistical techniques for 
evaluating the hydrologic characteristics 
of a region or for extending the existing 
hydrologic record; and,41A3]i2 

• Those techniques that are physically
based mathematical descriptions of 
hydrologic phenomena - these techni
ques are the so-called deterministic or 
conceptual models.42A4-47,53- 56 

Stochastic hydrologic models were initially 
introduced to analyze reservoir design and 
operation. These models provide the means for 
estimating, among other things, the probability 
of sequences of future dry or wet years given 
past hydrologic data, and they are often easier 
to design and manipulate than deterministic 
models. But since stochastic hydrologic techni
ques assume that future hydrologic behavior 
will look statistically like the past, they are of 
limited use in evaluating the effects of climatic 
changes, which may alter the underlying dis
tributions and physical relationships among 
hydrologic variables. 
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For that reason, considerable attention has 
been given to the wide range of deterministic, 
physically-based hydrologic models. Many 
deterministic models have been developed to 
analyze the different types of hydrologic 
phenomena. The models vary in their ability to 
represent or reproduce the small- and large
scale features of watersheds, from narrowly
focused models that study short time period, 
site-specific characteristics to general models 
capable of incorporating water balances in a 
large region. Each type of model has strengths 
and limitations, depending on the model 
design, data requirements and the objectives of 
the analyst. 

Because of these varied strengths and limita
tions, it would be advisable that a set of criteria 
for ·using regional models to evaluate the 
hydrologic impacts of climatic changes be 
developed. Six important technical factors 
should be considered when selecting and using 
a regional hydrologic model to study the im
pacts of changes in climate on regional water 
resources:47 

1. The inherent accuracy of the model. 
2. The degree to which model parameters 

depend on the climatic conditions for which 
the model is calibrated. 

3. The availability of input data, including 
comparative historical data. 

4. The accuracy of the input data. 
5. Model flexibility, ease of use and adap

tability to diverse hydrologic conditions. 
6. Compatibility with existing general cir

culation models. 

Models designed to evaluate the impacts of 
climatic changes on runoff must be able to: 

• Reproduce reasonably well the historical 
streamflow record; and, 

• Simulate the streamflow under climatic 
conditions that are different from the con
ditions for which the model has been 
calibrated. 

There are extensive discussions in the literature 
about the ways in which hydrologic models can 
be validated. 5o,57- 59 Almost all of these studies, 
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however, deal with validating models under 
stationary climatic conditions. When the goal is 
to investigate the effects of climatic changes, 
additional effort must be made to extend the 
validation to conditions of non-stationary 
climates. Strictly speaking, this type of valida
tion is not possible until the climatic changes 
actually occur and the "experiment is done." 
There are, however, tests that can be applied to 
provide at least some measure of confidence 
that the initial model calibration is still valid. 
Among these tests is the differential split
sample test, which is applied to a model when 
initial conditions are to be changed. In this case, 
two periods with different historical conditions 
are chosen, such as a period of high average 
precipitation and a period of low average 
precipitation. For example, if the climatic 
change to be modeled is a transition to a 
warmer, wetter scenario, the model should be 
calibrated on a dry, cool data set and then 
validated for the other extreme.59 A variation 
on this test consists of calibrating the model on 
average conditions and verifying that the rela
tive errors during the dry periods and wet 
periods are of similar distribution and mag
nitude. 

Different methods have been used in the 
past few years to evaluate climate-induced 
changes in water availability, including both 
conceptual and stochastic models.3,45,60,61 In 
one of the earliest comprehensive studies, 
Stockton and Boggess41 used the empirical 
relationships derived by Langbein and others62 

to predict changes in runoff for the 18 water 
resource regions of the coterminous United 
States. Using only hypothetical annual-average 
changes, they conclude that warmer and drier 
shifts in climate would be the most problematic 
for water availability. Revelle and Waggoner 
also used the empirical relationships of 
Langbein to evaluate hypothetical climate 
change scenarios for the Colorado River 
Basin.43 They concluded that annual runoff in 
that region is especially sensitive to changes in 
temperature. In one of the first regional studies, 
Nemec and Schaake used a more detailed 
deterministic approach to look at the impact of 
hypothetical temperature and precipitation 
scenarios in an arid and a humid watershed.42 



TABLE 2 
Hydrologic Studies Using GCM Output 

Study GISS GFDL NCAR osu 

Gleick47 X X X 
Cohen55 X X 
Mather & Feddema54 X X 
Sanderson & Wong64 X 
Bultot et a!.56 X 
U.S. EPA63 X X X 

Note: Different GCM runs were used by different researchers. Thus, the results of each study must be reviewed individually. 
Please refer to the individual studies for details of the methodologies and basin-specific assumptions. 

GISS = Goddard Institute for Space Studies, New York, New York 
GFDL = Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey 
NCAR = National Center for Atmospheric Research, Boulder, Colorado 
OSU = Oregon State University, Corvallis, Oregon 

More recently, a number of studies have of
fered new insights into hydrologic vul
nerabilities to greenhouse warming. These 
studies involve more accurate and comprehen
sive regional water-balance models and incor
porate climate scenarios developed from 
general circulation models.44-47,55,56,63 Table 2 
lists some of those studies that used general 
circulation model scenarios of climate change 
as inputs to regional hydrologic models. 

Cohen evaluated the implications of general 
circulation model temperature and precipita
tion scenarios for water levels in the Great 
Lakes.55 The net basin water supply of the 
Great Lakes was predicted to decline in 
response to greenhouse warming over a wide 
range of climate scenarios, including some with 
large increases in precipitation, although the 
overall results were sensitive to changes in 
wind speed and other assumptions about vari
ables that may alter lake evaporation rates. 
Using temperature and precipitation data from 
two GCMs (the Geophysical Fluid Dynamics 
Laboratory model and the Goddard Institute 
for Space Studies model), net basin supply 
decreased between 15 and 30 percent. 

In a study of the Sacramento Basin in 
California, many hydrologic impacts were 
identified that were robust and consistent over 

a wide range of both hypothetical and GCM
generated climate-change scenarios.45-47,53 

These impacts include large decreases in sum
mer soil-moisture levels, decreases in summer 
runoff volumes, major shifts in the timing of 
average-monthly runoff throughout the year 
and large increases in winter runoff volumes. 
Using eight different general circulation model 
temperature and precipitation scenarios, in
cluding both increases and decreases in 
average precipitation, summer runoff 
decreased by between 30 and 68 percent ( see 
Figure 3), winter runoff increased 16 to 81 per
cent (see Figure 4) and summer soil moisture 
decreased 14 to 36 percent (see Figure 5). The 
principal mechanism driving these hydrologic 
effects is a dramatic change in snowfall and 
snowmelt conditions. Due to higher tempera
tures, a greater fraction of annual and seasonal 
precipitation falls as rain rather than as snow. 
This condition has the effect of reducing total 
annual snowpack. In addition, the precipita
tion that is received as snow begins to melt 
earlier in the spring and melts faster, leading to 
less spring and summer snowmelt runoff and 
decreases in summer soil moisture. This effect 
has now been noted in other regions, 56,63,65,66 

and has been identified in GCM results.4,18 

Two other results are particularly notewor-
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FIGURE 3. Percent change in average summer (June, July and August) runoff between the 
model historical run ("base case") and eight GCM-derived doubled carbon dioxide scenarios 
in the Sacramento Basin in California. Note that all scenarios show a decrease in summer 
runoff. 

thy. First, annual runoff appears to be more 
sensitive to changes in precittation than . to 
changes in temperature,40, 4,47 an effect 
described theoretically by Wigley and Jones.67 

Second, in watersheds with a seasonal snowfall 
and snowmelt pattern, the seasonal distribution 
of runoff and soil moisture is more sensitive to 
temperature than to precipitation.47,56,63 In 
these watersheds, higher temperatures reduce 
the ratio of snow to rain during the winter, 
hasten the onset of spring snowmelt and in
crease the rate of snowmelt runoff. 

The results of these regional studies suggest 
that physically-based models are able to pro
vide considerable information on the regional 
hydrologic effects of climatic changes, despite 
uncertainties about many regional details of 
future climate. Such information has important 
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ramifications for long-range water resource 
planning, for agricultural water development 
and conservation, and for industrial water use 
over the next several decades. 

Summary & Discussion 
Ultimately, unless climate-induced changes 
can be converted into estimates of how the 
availability of freshwater resources may 
change, water managers and planners will be 
unwilling or unable to implement new 
management policies or to plan for changed 
conditions. Freshwater resources are critical for 
both ecological services and human develop
ment. Among the critical issues are the quality 
of drinking water, supply for industrial ac
tivities, agricultural water use, sewage treat
ment, navigation, hydroelectricity production 



100 -

80 -

60 

40 

20 

Climate-Induced Change in Winter Runoff 
Sacramento Basin, California 

81 

66 

,._ 
~ 
C 

~ 
(I) 
0.0 
C 
(1j 

..c u 
c 
(I) 

l:'. 
~ 

0 

-20 

-40 

-60 

-80 I 
I 

-1 oo I 
TOnly 

38. .34 

J_ 

T,P(r) T,P(a) 

-NCAR [f{iff'Jl GFDL [_::__::_] GISS 

NCAR = National Center for Atmospheric Research 
GFDL = Geophysical Fluid Dynamics Laboratory 
GISS = Goddard Institute for Space Studies 
T only= Temperature changes only 
T, P(r) = Temperature and relative (percent) change in precipitation 
T, P(a) = Temperature and absolute change in precipitation 
N.I. = NCAR relative precipitation run not included from Refs. 45 & 53 

FIGURE 4. Percent change in average winter (December, January and February) runoff be
tween the model historical run ("base case") and eight GCM-derived doubled carbon dioxide 
scenarios in the Sacramento Basin in California. Note that all scenarios show large increases 
in winter runoff. 

and a wide range of environmental services 
such as fisheries, waterfowl habitat and wet
lands preservation. Many other water resource 
problems will also arise, including impacts on 
groundwater withdrawal and recharge, and ef
fects on islands dependent on shallow fresh
water lenses and rainfall. Far more research 
into these questions is needed. 

In the long run, large-scale general circula
tion models of the climate may be able to pro
vide valuable information on detailed, regional 
impacts on water supplies. But waiting until 
such a capability is available means waiting 
until climate impacts unambiguously begin to 
appear. For that reason, hydrologists and water 
planners are relying on a variety of other 
methods to increase current understanding of 
climatic vulnerabilities, including reviewing 

the paleoclimate and the more recent instru
mented records, and using regional hydrologic 
models to explore a wide range of climate
change scenarios. These techniques have iden
tified a number of important problems that 
may soon face us. 

Ultimately, if realistic estimates of changes 
in regional water availability are to be calcu
lated, then a number of advances are needed. 
In order to be valuable to water resource plan
ners, regional hydrologic assessments must in
clude: 

• A focus on short time-scales such as days 
or weeks, rather than annual or even 
monthly averages; 

• The ability to incorporate into regional 
studies the increasingly detailed assess-
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FIGURE 5. Percent change in average summer (June, July and August) soil moisture between 
the base case and eight GCM-derived scenarios. All of the scenarios reveal large decreases in 
summer soil moisture. These changes are driven by an increase in the ratio of rain to snow in 
winter, by a faster and earlier spring snowmelt as well as by increased summer evapotranspira
tion. 

ments of changes produced by GCMs; 
• The ability to produce information on 

hydrologically important variables, such 
as changes in runoff and available soil 
moisture; and, 

• The ability to incorporate snowfall and 
snowmelt, vegetation changes, topog
raphy, soil characteristics, natural and ar
tificial storage, and other regional com
plexities. 

Finally, the long construction times and sub
sequent lifetimes of reservoirs, dams and 
water-transfer facilities means that planning 
should begin today for changes that may not 
become evident for years. Yet changes in water 
resources management and planning will only 

64 CIVIL ENGINEERING PRACTICE SPRING 1990 

come if those responsible for water systems can 
be convinced that the problem of climatic 
change is sufficiently real and pressing to re
quire their attention. 
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