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Abstract. Climate predictions from four state-of-the-art general circulation models (GCMs) were
used to assess the hydrologic sensitivity to climate change of nine large, continental river basins
(Amazon, Amur, Mackenzie, Mekong, Mississippi, Severnaya Dvina, Xi, Yellow, Yenisei). The four
climate models (HCCPR-CM2, HCCPR-CM3, MPI-ECHAM4, and DOE-PCM3) all predicted tran-
sient climate response to changing greenhouse gas concentrations, and incorporated modern land
surface parameterizations. Model-predicted monthly average precipitation and temperature changes
were downscaled to the river basin level using model increments (transient minus control) to adjust
for GCM bias. The variable infiltration capacity (VIC) macroscale hydrological model (MHM) was
used to calculate the corresponding changes in hydrologic fluxes (especially streamflow and evapo-
transpiration) and moisture storages. Hydrologic model simulations were performed for decades
centered on 2025 and 2045. In addition, a sensitivity study was performed in which temperature
and precipitation were increased independently by 2 °C and 10%, respectively, during each of four
seasons. All GCMs predict a warming for all nine basins, with the greatest warming predicted to
occur during the winter months in the highest latitudes. Precipitation generally increases, but the
monthly precipitation signal varies more between the models than does temperature. The largest
changes in the hydrological cycle are predicted for the snow-dominated basins of mid to higher
latitudes. This results in part from the greater amount of warming predicted for these regions, but
more importantly, because of the important role of snow in the water balance. Because the snow
pack integrates the effects of climate change over a period of months, the largest changes occur in
early to mid spring when snow melt occurs. The climate change responses are somewhat different
for the coldest snow dominated basins than for those with more transitional snow regimes. In the
coldest basins, the response to warming is an increase of the spring streamflow peak, whereas for
the transitional basins spring runoff decreases. Instead, the transitional basins have large increases
in winter streamflows. The hydrological response of most tropical and mid-latitude basins to the
warmer and somewhat wetter conditions predicted by the GCMs is a reduction in annual streamflow,
although again, considerable disagreement exists among the different GCMs. In contrast, for the
high-latitude basins increases in annual flow volume are predicted in most cases.

1. Introduction

There is a growing consensus in the geoscience community that the Earth will
experience a gradual warming in the coming decades, the major cause of which is
continuing increases in global concentrations of so-called greenhouse gases. Burn-
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ing of fossil fuels, in particular, is likely to continue to increase atmospheric CO,
concentrations to more than double their pre-industrial levels within the next 100
years (IPCC, 1996). In the past few years, the focus of research related to climate
change has shifted from the question whether global warming will occur to under-
standing where and how much change is likely to occur. In the United States, for
example, the U.S. National Assessment of Climate Variability and Change (here-
after USNA) is assessing the potential impacts of climate variability and change on
20 regions and five sectors throughout the U.S. One of the five sectors addressed
by the USNA is water resources.

Changes in atmospheric circulation, as evidenced by fluxes of moisture and
energy at the land surface, have immediate as well as long-term effects on river
systems. At short time scales, from days to months, changes in weather patterns
can lead to changes in the incidence of floods. At longer time scales, from seasons
to years, changes in drought characteristics are the main hydrologic manifestation
of climate change. At annual to decadal time scales, teleconnections in global at-
mospheric circulation patterns, caused primarily by ocean-atmosphere interactions,
strongly affect the hydrology of certain regions, especially in the tropics, but also in
some extra-tropical regions (e.g., Battisti and Sarachik, 1995; Glanz et al., 1991).
For example, the El Nifio/Southern Oscillation (ENSO) has been linked to floods
and drought in Southern Africa (Thiaw et al., 1999), and precipitation anomalies
in eastern Australia (Simpson et al., 1993).

Global increases in temperatures directly affect the hydrology of the land sur-
face through changes in the accumulation and ablation of snow, as well as in
evapotranspiration. Changes in atmospheric circulation are also predicted to re-
sult in changes in precipitation amounts, intensities and patterns (e.g., Felzer and
Heard, 1999). Although most general circulation models (GCMs) predict increases
in global average precipitation, there is little consensus on the amount or even
direction of regional changes. On the other hand, almost all climate models show
increases in temperature in most regions and for most seasons. Discrepancies in
GCM predictions of temperature change are more in magnitude than in direction.

Changes in land surface hydrology due to changing climate, such as changes
in the discharge of large, continental rivers, have potentially far reaching implica-
tions both for human populations and for regional-scale physical and ecological
processes. The geographic and topographic characteristics of large river basins and
the climatic variations that determine their hydrologic characteristics often consti-
tute the defining features of the regions they occupy. They govern to a considerable
extent the development of ecosystems, as well as human communities and their
activities. These regional ecosystems and human activities are usually reasonably
well adapted to the current climate conditions, but may be vulnerable to large or
rapid changes in climate.

In industrialized nations, food supplies and human health are at least partially
insulated from natural hydrologic variability. Where water is intensely managed,
the implications of changing hydrologic characteristics can be considered in the
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context of water management and associated institutional considerations. The Mis-
sissippi River has frequently been examined in this context (e.g., Olsen et al.,
1999). In the developing world, the context is often very different, because even
‘normal’ variations in climate and streamflow can result in devastating floods in
both urban and rural areas, or droughts that create potentially catastrophic food
shortages. Serious human health problems frequently accompany both of these
extremes.

Clearly, changes in climate are not the only cause of pressure on water re-
sources. Vorosmarty et al. (2000) argue that ‘impending global-scale changes in
population and economic development over the next 25 years will dictate the future
relations between water supply and demand to a much greater degree than will
changes in mean climate’. Arnell (1999b) also investigated the changes in water
resource stress as a result of predicted climate change and population growth.
These socio-economic changes are outside the scope of this paper. However, we
think that the results presented here can be an important source of information for
such studies.

Most regional assessments of climate change impacts are based on coupled
land-atmosphere-ocean simulations produced by GCMs. Because of the relatively
coarse spatial resolution at which GCMs operate (typically several degrees lati-
tude by longitude), downscaling and adjustment for model bias is essential for
interpretation of regional change predictions (Lettenmaier et al., 1999; Hamlet and
Lettenmaier, 1999; Doherty and Mearns, 1999; Leung et al., 1999). Nonetheless,
GCMs do simulate the large scale features of global climate with some skill, and
some have been shown to capture important climatic tele-connections (e.g., those
associated with ENSO (Leung et al., 1999)).

Many studies of the impact of climate change on water resources for specific
geographic regions have been reported. Gleick (1999), for example, describes an
extensive bibliography with more than 800 papers about the impacts of climate
change on U.S. water resources. Arnell (1999a) studied the effect of climate change
on hydrological regimes in Europe. In contrast, this study attempts to place the
regional hydrological consequences of climate predictions in a global context. We
examine the hydroclimatic conditions under which sensitivities of key hydrologic
variables, including streamflow, evaporation, snow storage and soil moisture, are
greatest, and the relative implications of these hydrological sensitivities for water
management.

Our assessment targets nine large river basins, selected to represent a range of
geographic and climatic conditions. Changes in precipitation and temperature were
calculated based on altered climate simulations produced by long (multi-decadal)
runs of four GCMs. To enhance understanding of the causal relationships between
changes in surface climatic variables (which constitute forcings for the land sur-
face hydrologic system) and resulting changes in hydrologic conditions, we also
conducted a set of sensitivity experiments in which temperature and precipitation
were altered independently for each of the four seasons.
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Table 1

Selected river basins

River basin Gauge location Predominant Area (kmz)
climatic zones upstream of
gauge?
Amazon Obidos, Brazil Tropical 4,618,746
Amur Komsomolsk, Russia Arctic 1,730,000
Mid latitude — rainy
Mackenzie Norman Wells, Canada  Arctic 1,570,000
Mekong Pakse, Laos Tropical 545,000
Mississippi Vicksburg, U.S.A. Mid latitude —rainy 2,964,254
Severnaya Dvina  Ust — Pinega, Russia Arctic 348,000
Xi ‘Wuzhou, China Mid latitude — rainy 329,705
Yellow Huayuankou, China Arid - cold 730,036
Mid latitude — rainy
Yenisei Igarka, Russia Arctic 2,440,000

@ Areas are taken from the GRDC and RivDis data bases.

2. Experimental Design

2.1. RIVER BASINS

Given the large scale of application and the conceptual nature of some parame-
terizations used in macroscale hydrological models (MHMs), some calibration of
model parameters is inevitably necessary (Nijssen et al., 2001a). However, the
calibration process is time-consuming and quickly becomes infeasible when the
modeled area is large. To avoid this problem, Nijssen et al. (2001a) developed an
approach for transferring model parameters from calibrated to uncalibrated river
basins. As part of their study, the variable infiltration capacity (VIC (Liang et al.,
1994; Nijssen et al., 1997)) MHM was implemented for 26 large river basins. These
river basins were in turn a subset of the 50 continental-scale river basins delineated
by Graham et al. (1999). The nine river basins selected for this study (Table I) are
a subset of the 26 river basins studied by Nijssen et al. (2001a). They were selected
on the basis of the performance of the VIC model and the desire to represent a
range of climatic and geographic regions globally. Figure 1 shows the location of
the nine river basins. For each basin, historic river discharge records were obtained
from the Global River Discharge Center (GRDC) in Koblenz, Germany, and from
the RivDis 1.1 data base (Vorosmarty et al., 1998).

Because of the paucity of data records in most of the tropics, the selected river
basins are concentrated in the Northern Hemisphere. However, from a climate
change perspective this is not necessarily problematic. The most prominent sig-
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Figure 1. Location of the nine selected river basins.

nature of recent warming detected in long-term observations is during the winter
over the high mid-latitudes of the Northern Hemisphere continents (Nicholls et al.,
1996). Most climate models, including the ones used in this study, predict a similar
signature. Nonetheless, as more data records for tropical regions become available,
it would be of interest to further explore the hydrologic sensitivity of those river
basins in more detail.

2.2. SPATIAL AND TEMPORAL SCALE

Many recent studies have examined the response of state-of-the-art GCMs to
changing greenhouse gas concentrations and the effects of changes in water cycles
on regional scale hydrologic processes, ecosystems, and water resources. Gleick
(1999) summarizes a group of studies, performed for the USNA and included in a
special issue of the Journal of the American Water Resources Association (a second
special issue of the same journal was published in April 2000). These studies have
been carried out at varying levels of spatial and temporal detail. Some insight into
the implications of the spatial and temporal resolution of the results on the nature
of the conclusions drawn from each can be gleaned from a review of these studies.

At continental spatial scales, Felzer and Heard (1999) examined future precipi-
tation changes over North America simulated by two GCMs; Wolock and McCabe
(1999) examined potential changes in mountain snow pack in the Western U.S.;
while Frederick and Schwarz (1999) examined socio-economic impacts to regional
water supplies in the U.S. At somewhat smaller regional spatial scales, several
studies focused on more detailed hydrology and water resources impacts (Chao,



148 BART NIJSSEN ET AL.

1999; Gleick and Chalecki, 1999; Hamlet and Lettenmaier, 1999; Ojima et al.,
1999; Olsen et al., 1999). At fine spatial scales, Leung and Wigmosta (1999), and
Miller et al. (1999) examined watershed response based on downscaling of GCM
simulations using nested meso-scale climate models and high resolution distributed
hydrology models for several small watersheds.

Each of these studies captures different climate and hydrologic effects. Large
scale studies in some cases overlook seasonal or spatial distinctions that have
important consequences. For example, Frederick and Schwarz (1999) reported so-
cioeconomic impacts to Pacific Northwest (PNW) water resources based on annual
increases in streamflow volumes. These impacts were almost certainly underesti-
mated because reservoir storage in the Pacific Northwest is, in aggregate, much
less than mean annual runoff, meaning that it tends to be more sensitive to seasonal
patterns of runoff than to interannual variations. Frederick and Schwarz (1999)
based their conclusions on predicted annual increases in streamflows, but did not
consider the large changes in the seasonal patterns of runoff that would occur under
global warming. Hamlet and Lettenmaier (1999) and Leung and Wigmosta (1999),
on the other hand, also predicted modest annual increases in streamflow for the
Pacific Northwest, but showed the importance of seasonal changes in streamflow
patterns and of topographic features such as basin elevation, which strongly affect
the timing of snowmelt, and hence runoff.

These results for the PNW suggest that studies of hydrologic sensitivity to
climate change should at the least include consideration of possible seasonal hy-
drologic changes. Furthermore, the studies by Leung et al. (1999) and Hamlet
and Lettenmaier (1999) suggest that MHMs are able to capture the effects of
the dominant climate signals for large river basins. Except in situations where
high-resolution, local interpretations of climatic sensitivities are required, MHMs
should be sufficient for regional impact studies. The selection of the spatial and
topographic scale of the modeling experiments described here are based on this
premise.

2.3. DOWNSCALING

Despite rapid advances in the development of GCMs, their output generally shows
significant biases in the simulation of both temperature and precipitation under
current climate conditions. These biases are often so large that direct application
of the modeled meteorology in a macroscale hydrological model is not meaningful
(e.g., Doherty and Mearns, 1999).

Various methods have been used to downscale GCM results to hydrologically
relevant spatial scales. One of the more appealing methods uses a nested regional
climate model, which is forced at the boundary by the GCM, and which within
its domain resolves spatial scales relevant to the hydrological model. The problem
with this approach is that it is extremely computationally intensive and the results
inherit biases not only from the global GCM, but also from the regional climate
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model. The end result is invariably that the climate model output, downscaled or
not, must be adjusted so that a ‘base case’ scenario, intended to represent the cur-
rent climate, does in fact have the same statistical characteristics as the historical
observations. Adjustments are commonly required to create a base case, relative
to which alternative climate scenarios can be interpreted. A number of studies
have tested various downscaling methods ranging from very simple interpolations
(e.g., Lettenmaier and Gan, 1990) to rather complicated methods that are based
on stochastic representation of the evolution of daily weather patterns, and their
relationship to daily precipitation and temperature (Hughest et al., 1993).

The uncertainties of these past studies are based largely on the significant differ-
ences in climate change predictions between the different GCMs. For the present,
we therefore conclude that the simplest methods that impose the seasonal cycle of
regional-scale, GCM-predicted average changes on an observed temperature and
precipitation record are sufficient to investigate the range of hydrologic responses.
Accordingly, predicted changes in precipitation and temperature were applied as
a basin-wide, monthly average change. These changes were calculated as mean
monthly changes between a GCM control run and a particular decade in a transient
GCM run. The CO; (or equivalent greenhouse gas) concentration is kept constant
in the control run (at historic levels in most cases) and is increased in the transient
runs according to a specified emission scenario. Precipitation changes were defined
as the relative change in aggregated precipitation volume over the basin, while
temperature changes were defined as a shift in average temperature over the basin.

2.4. CLIMATE MODELS AND EMISSION SCENARIOS

Climate scenarios from eight different GCMs were obtained from the Inter-
governmental Panel on Climate Change Data Distribution Center (IPCC DDC)
(Table II). All eight models are coupled ocean-atmosphere models, output from
which was archived as part of the [PCC climate change efforts. Four of these mod-
els (CCCMA-CGCM1, HCCPR-CM2, MPI-ECHAM4, and DOE-PCM3) were
also used as part of the U.S. National Assessment. The models differ in the spa-
tial resolution and the processes they represent. Most of the models simulate a
change in greenhouses gases by changing the CO, concentration in the atmosphere,
using an equivalent CO, concentration, instead of explicit representation of the
individual greenhouse gases. Only two of the models (HCCPR-CM3 and DOE-
PCM3) simulate the effects of a number of individual greenhouse gases explicitly.
These two models are also the only two models that do not use a flux correction to
account for biases in the energy and moisture fluxes between the atmosphere and
ocean. Four of the models use bucket-type land surface schemes to simulate land
surface hydrology, while the other four use more modern, explicit representations
of vegetation and incorporate more sophisticated runoff generation mechanisms.
The transient emission scenarios differ slightly between the models (Table II),
partly because the models represent greenhouse gas chemistry differently. The
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Table 11

Selected climate models and scenarios

Organization Model Model Land Flux Transient Reference
resolution surface corrected?  emission
lat. x lon. scheme scenario?

CCCMA CGCM1 3.75° x 3.75° Bucket Yes A Boer et al. (2000a,b)

Canadian Centre
for Climate
Modelling and
Analysis, Canada

CCSR CCSR 5.5° x 5.5° Bucket Yes B Emori et al. (1999)
Center for Climate CGCM
Research Studies,

Japan

CSIRO CSIRO 3.2° x 5.6° Bucket Yes B Gordon and
Commonwealth CGCM O’Farrell
Scientific and (1997)

Industrial Research

Organisation,

Australia

GFDL GFDL 4.5° x 7.5° Bucket Yes A Manabe et al. (1991)
Geophysical Fluid CGCM Stouffer and
Dynamics Manabe
Laboratory, U.S.A. (1999)

HCCPR CM2 2.5° x 3.75° Vegetation Yes A Johns et al. (1997)
Hadley Center for and runoff

Climate Prediction
and Research, U.K.

HCCPR CM3 2.5° x 3.75° Vegetation No C Gordon et al. (2000)
Hadley Centre for and runoff

Climate Prediction

and Research, U.K.

MPI ECHAM4 2.8° x 2.8° Vegetation Yes B Rockner et al. (1996)
Max Planck and runoff Rockner et al. (1999)
Institute for

Meteorology,

Germany

DOE PCM3 2.8° x 2.8° Vegetation ~ No C Washington
Department of and runoff etal.

Energy, U.S.A. (2000)

4 The transient model scenarios are grouped as follows: A: 1% annual increase in equivalent CO,, and sulphate aerosols
according to IS92a; B: Equivalent CO; and sulphate aerosols according to IS92a; C: Increase in several greenhouse gases and

sulphate aerosols according to 1S92a.
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three different emission scenarios used are: (a) 1% annual increase in equivalent
CO, and sulphate aerosols according to the IPCC IS92a scenario (A); (b) equiva-
lent CO; and sulphate aerosols according to 1S92a (B); and (c) several greenhouse
gases (including CO,) and sulphate aerosols according to 1S92a (C). The 1S92a
scenario is one of the emission scenarios specified by IPCC and gives a doubling
of equivalent CO, after about 95 years (IPCC, 1996). A 1% annual increase in
equivalent CO; (doubling in 70 years) results in a 20% higher radiative forcing for
a given future time horizon compared to the IS92a scenario (IPCC, 1996).

Figure 2 shows the predicted changes in mean annual temperature and pre-
cipitation for each of the nine basins for the decades 2020-2029, 2040-2049,
and 2090-2099. These decades will hereafter be referred to as 2025, 2045, and
2095, respectively. All models predict a progressive warming for all basins, but the
amount of warming for each basin differs by model. Not unexpectedly, the spread
between the models increases with an increase in the lead time of the prediction.
Some of the differences are likely attributable to the differences in the emission sce-
narios, although there is no clear difference in warming signal between the models
that use scenario A and those that use scenarios B and C. Predicted annual average
warming ranges from 0.8 °C for the Xi (HCCPR-CM2) to 4.2 °C for the Macken-
zie (CCSR-CGCM) in 2025, from 1.1 °C for the Yenisei (DOE-PCM3) to 4.9 °C
for the Mackenzie (CCSR-CGCM) in 2045, and from 2.5°C for the Xi (DOE-
PCM3) to 8.5°C for the Mackenzie (CCSR-CGCM) in 2095. All models predict
an increase of precipitation for the northern basins (Mackenzie, Severnaya Dvina
and Yenisei), but the signal is mixed for basins in the mid-latitudes and tropics,
although on average slight precipitation increases are predicted. Predicted changes
in precipitation range from —16.5% for the Xi (CCCMA-CGCM) to 15.0% for the
Mackenzie (CSIRO-CGCM) in 2025, from —15.9% for the Xi (CCCMA-CGCM)
to 14.3% for the Severnaya Dvina (GFDL-CGCM) in 2045, and from —30.3% for
the Xi (CCCMA-CGCM) to 27.6% for the Mackenzie (CSIRO-CGCM) in 2095.
The CCCMA-CGCM model generally predicts the largest decrease in precipitation
and for many basins also the largest increase in temperature, especially in 2095.

In the remaining part of this study we will focus on the results of four of the
climate models (HCCPR-CM2, HCCPR-CM3, MPI-ECHAM4, and DOE-PCM3)
and on two decades (2025 and 2045). These four models were selected because
they offer the greatest spatial resolution, facilitating the downscaling step to the
2° x 2° resolution of the hydrology models. More importantly, these four models
include modern and relatively sophisticated land surface schemes that represent
explicitly the interactions between vegetation and the surface energy and moisture
budgets. The decades 2025 and 2045 were selected for two reasons. First, in 2095
the spread in the predicted changes in temperature and precipitation is much larger
than in the other two decades and some of the predicted changes in temperature
are very large, even for these four models (e.g., 7.0 °C warming for the Amazon in
2095 (HCCPR-CM3)). Second, planning horizons in water resources development
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Figure 2. Predicted changes in mean annual temperature and precipitation for each river basin
for the decades 2020-2029 (2025), 2040-2049 (2045), and 2090-2099 (2095). Note that climate
prediction for 2095 were not available for GFDL-CGCM and MPI-ECHAM4. Also note that the
CCCMA-CGCM model provided three ensemble runs, all three of which are plotted.

are more typically on the order of 20-30 years, placing a greater emphasis on the
decades 2025 and 2045.

2.5. VARIABLE INFILTRATION CAPACITY MODEL

The predicted changes in temperature and precipitation, that is, the mean monthly
differences between the GCM transient and control runs, were used to perturb ob-
served temperature and precipitation records. Both the historical and the perturbed
records were used to drive a MHM to study the hydrological effects of changes
in atmospheric forcings. The MHM used in this study is the variable infiltration
capacity (VIC) model (e.g., Liang et al., 1994, 1996; Nijssen et al., 1997). The
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VIC MHM has been used in a number of modeling studies of large river basins
(e.g., Abdulla et al., 1996; Cherkauer and Lettenmaier, 1999; Lohmann et al.,
1998b; Matheussen et al., 2000; Nijssen et al., 1997, 2001a,b; Wood et al., 1997).
Distinguishing characteristics of the VIC model include the representation of:

e subgrid variability in land surface vegetation classes;

e subgrid variability in the soil moisture storage capacity, which is represented
as a spatial probability distribution;
subgrid variability in topography through the use of elevation bands;

e drainage from the lower soil moisture zone (baseflow) as a nonlinear reces-
sion;

e spatial subgrid variability in precipitation.

The VIC model calculates the moisture fluxes for each model grid cell inde-
pendently. Because the model grid cells are large (2° x 2°), it is assumed that
there is no significant exchange of ground water between the cells. The generated
daily baseflow and ‘fast response’ runoff are routed downstream using a stand-
alone routing model, which is described in detail by Lohmann et al. (1996, 1998a).
Streamflow can exit each grid cell in eight directions and all flow must exit in the
same direction. The flow from each grid cell is weighted by the fraction of the grid
cell that lies within the basin. As in Nijssen et al. (2001a,b) flows were routed on a
1° x 1° network, because the higher resolution flow networks allowed a somewhat
better approximation of the modeled channel network than the native 2° x 2° spatial
resolution.

In the context of the climate change simulations it should be noted that the
VIC model does not include CO, enrichment effects. Although the direct effects
of increased temperatures and CO, concentrations on plant growth are reasonably
well understood individually, their combined outcome is unclear and merits more
study (Kirschbaum et al., 1996; Melillo et al., 1996). Similarly, climate-induced
vegetation changes were not considered in the model experiments, and all model
runs were executed using the baseline vegetation.

2.6. BASELINE SIMULATION

The baseline simulation acts as a surrogate for the real system under current climate
conditions. In the baseline simulation the VIC model was forced with observed
temperature and precipitation. This allowed a comparison between modeled and
observed hydrographs to ensure that the MHM can capture and replicate the impor-
tant hydrological processes. Subsequently, all changes in hydrological fluxes and
storages were calculated relative to this baseline simulation. Results from previous
work by Nijssen et al. (2001a,b) were used for the baseline simulations.

In Nijssen et al. (2001b), a gridded data set of daily meteorological model
forcings for the period 1979-1993 was developed for global land areas (excluding
Greenland and Antarctica) at a spatial resolution of 2° x 2°. Daily precipitation and
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daily minimum and maximum temperature were derived from station observations,
and extended using stochastic interpolation methods for those areas with insuf-
ficient coverage by daily meteorological stations. The resulting daily sequences
were scaled to match the means of pre-existing global, monthly time series (Hulme,
1995; Huffman et al., 1997; Jones, 1994). Daily surface wind speeds were obtained
from the NCEP/NCAR reanalysis project (Kalnay et al., 1996). The remaining
meteorological forcings (vapor pressure, incoming shortwave radiation, and net
longwave radiation) are calculated by the VIC model based on daily temperature
and precipitation using algorithms by Kimball et al. (1997), Thornton and Running
(1999), and Bras (1990).

The daily data were used to drive the VIC model to calculate a set of derived
variables (evapotranspiration, runoff, snow water equivalent, and soil moisture) and
to study the water balance of each of the continents. For each 2° x2° model grid cell
land surface characteristics such as elevation, soil and vegetation were specified.
Elevation data were calculated based on the 5 minute TerrainBase Digital Elevation
Model (DEM) (Row et al., 1995), using the land surface mask from Graham et al.
(1999). Vegetation types were provided by the AVHRR-based, 1 km, global land
classification from Hansen et al. (2000), which has 12 unique vegetation classes.
Vegetation parameters such as height and minimum stomatal resistance were as-
signed to each individual vegetation class. Soil textural information and soil bulk
densities were derived from the five minute FAO-UNESCO digital soil map of the
world (FAO, 1995), combined with the WISE pedon data base (Batjes, 1995). The
remaining soil characteristics, such as porosity, saturated hydraulic conductivity,
and the exponent for the unsaturated hydraulic conductivity equation were based
on Cosby et al. (1984).

As discussed in Section 2.1, Nijssen et al. (2001a) used the same (base case)
data and model to evaluate methods for model parameter transfer from calibrated to
uncalibrated basins. The final calibrated flows for the nine selected basins (which
were taken from Nijssen et al. (2001a)) had a mean absolute bias in the annual
flow volume of 10.0% and a mean relative root mean squared error of the monthly
discharge time series of 40.6%. The mean monthly hydrographs of observed and
simulated flow are shown in Figure 3. We again emphasize that in the remainder
of this paper, when examining the hydrologic effects of altered climate scenarios,
the change in the hydrologic fluxes were calculated relative to the results from the
baseline simulation, rather than the historic observations. This convention avoids,
at least to first order, the effects of model bias.
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Figure 3. Mean monthly observed and simulated hydrographs for the period 1980-1993 (note that
mean flows were only calculated based on those months for which coincident simulated and observed
values were available).

3. Climate Scenarios

3.1. PRECIPITATION AND TEMPERATURE CHANGES

Figures 4 and 5 show the baseline mean monthly temperature and precipitation,
with superimposed predicted monthly changes in temperature (in °C) and precip-
itation (in percent) for the four climate models for 2045. Changes in 2025 (not
shown) are similar, but are generally smaller in magnitude.

All rivers other than the Amazon have a strong seasonal temperature signal,
with a maximum in July and August. As expected, the amplitude of the seasonal
temperature cycle increases with latitude. Generally, the increases in temperature
for the tropical and mid-latitude basins (Amazon, Mekong, Xi and Mississippi)
are fairly evenly distributed throughout the year. For the high-latitude basins, the
temperature increases have a strong seasonal signal for most of the models, with the
largest increases in temperature predicted for the winter months. However, there
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Figure 4. Baseline and predicted changes in temperature for 2045.

is considerable variation in the change predicted by the GCMs, especially on a
monthly basis.

The predicted relative changes in precipitation likewise have their largest in-
creases during the winter months for high-latitude basins. Note however, that in
some of these basins the precipitation falls mainly in the summer, and a small
relative change in summer might amount to a larger change in annual precipitation
volume than a large relative change in winter. For example, most of the climate
models show increased precipitation for the Yellow River during fall, winter and
spring, but a decrease during the summer months. Because most of the precipi-
tation in the Yellow river basin falls during these summer months, the net effect
is a decrease in annual precipitation in 2045 for two models (HCCPR-CM2 and
HCCPR-CM3), no change for one model (DOE-PCM3) and a small increase for
the fourth model (MPI-ECHAMA4). The opposite is the case for the Mekong River,
where an increase of precipitation is predicted during the monsoon season, and
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Figure 5. Baseline and predicted changes in precipitation for 2045.

a decrease during most of the remaining part of the year. Because most of the
precipitation in the Mekong basin falls during the monsoon, a net increase in pre-
cipitation is predicted by all four models. Note that the HCCPR-CM3 model pre-
dicts a strong drying in the Amazon river basin during the second half of the year,
resulting in a 9.8% decrease in annual precipitation volume.

3.2. STREAMFLOW CHANGES

Figures 6 and 7 show the mean monthly simulated hydrographs for the nine basins,
both for the baseline conditions and the four climate models for 2025 and 2045,
respectively. Although there is a large spread in predicted outcomes for most of the
rivers, some general patterns are apparent.

The Yellow River in Southeast Asia was the only river for which a reduction in
annual streamflow resulted for all of the climate models in both decades, even the
MPI-ECHAM4 model in 2045, which predicted an increase in annual precipitation
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Figure 6. Mean monthly hydrographs for the nine basins for the baseline and climate model
simulations in 2020-2029.

of 7.0% (from 517 to 553 mm). In this case, the increase in precipitation was offset
by an increase in annual evapotranspiration of 9.3% (from 410 mm to 448 mm),
caused by an increase in annual temperature of 2.7 °C. Consequently, the VIC
model predicted a small decrease in annual runoff of 1% (from 106 to 105 mm).

The tropical and mid-latitude basins generally do not show a change in the sea-
sonal hydrographs, other than a general wetting or drying, depending on whether
the change in temperature and the resulting increase in evapotranspiration are
sufficient to offset the increase in precipitation. The exception is the HCCPR-
CM2 simulation for the Xi river basin in 2045, which shows a large reduction
in streamflow during the second half of the year, resulting from a 22% reduction in
precipitation (from 649 to 508 mm) during the last six months of the year.

One of the most persistent features of the predicted seasonal hydrographs occurs
for those river basins in which a significant part of the annual precipitation falls
in the form of snow under current climate conditions (Yenisei: 52%, Severnaya
Dvina: 48%, Mackenzie: 41%, Amur: 21%). As mentioned in the previous section,
the predicted warming in these high-latitude basins is greatest during the winter
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Figure 7. Mean monthly hydrographs for the nine basins for the baseline and climate model
simulations in 2040-2049.

months. Consequently, a smaller amount of precipitation falls in the form of snow
in the altered climate scenarios. This effect is most pronounced for those basins
with large areas where the temperature is close to 0°C during part of the winter.
For instance, the reduction in the amount of the precipitation falling in the form of
snow is greater in the Severnaya Dvina than in either the Yenisei or the Mackenzie
river basins, both of which experience very low temperatures during the winter.
The reduction in the proportion of precipitation falling as snow for the Severnaya
Dvina in 2045 ranges from 9.9% (HCCPR-CM2) to 14.7% (MPI-ECHAM4). In
comparison, the reduction in snow in the Yenisei ranges from 0.0% (DOE-PCM3)
to 2.9% (HCCPR-CM3). This reduction in the amount of precipitation falling as
snow leads to higher streamflows during the winter months, particularly in the
Severnaya Dvina and to a lesser extent in the Mackenzie, Amur and Yenisei River
basins.

In addition to a reduction in the amount of precipitation falling as snow, the
start of snow accumulation is delayed and the onset of the snow melt is advanced
as winter temperatures warm. Again, this is most pronounced for basins such as
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the Severnaya Dvina, where temperatures are not as cold as in the Yenisei or
Mackenzie basins. For all basins where a significant part of the precipitation is
stored as snow during the winter months, the hydrographs increase earlier in the
spring under the altered climate scenarios. However, the warmer basins, such as
the Severnaya Dvina, show a decrease in the spring peak flows despite an increase
in winter precipitation as a result of shallower snow packs. The cold basins on
the other hand show an increase in the spring peak flows, because almost all of
the increase in winter precipitation is stored as snow during the winter months.
Maximum basin-wide snow accumulation in the Severnaya Dvina decreases from
313 mm water equivalent in April under current climate conditions to maximum
accumulation in 2045 ranging from 164 mm in March (MPI-ECHAM4) to 264 mm
in March (DOE-PCM3). In contrast, maximum accumulation in the Yenisei river
basin increases from 210 mm in April under current conditions to maximum ac-
cumulation in 2045 ranging from 217 mm in April (HCCPR-CM3) to 237 mm in
April (MPI-ECHAM4). Mid-latitude basins (Mississippi and Yellow) also show a
significant decrease in the amount of precipitation falling as snow.

3.3. WATER BALANCE CHANGES

The monthly water balance for a river basin is given by
P, =E + R + AS;, (1

where P, is precipitation during month ¢, E is evapotranspiration, R is runoff, and
AS is the change in storage, including water stored as soil moisture, snow, and
canopy interception. All terms in Equation (1) are understood to be basin averages.
Figure 8 shows each of the monthly water balance components from Equation (1)
under current climate conditions. Note that the runoff in Equation (1) and Figure 8
is not the routed runoff in the channel network, but is the runoff generated at the
grid cell level by the VIC model. Although these two quantities are identical when
integrated over a sufficiently long period, they differ in their timing.

In the tropical river basins, precipitation and evapotranspiration are largely in
phase, because enough energy is available for evaporation during most months. In
the mid and high latitude basins, evapotranspiration peaks in early summer, when
high soil moisture coincides with long days. Evapotranspiration tends to decrease
in mid to late summer when moisture shortages stress the vegetation.

Storage changes tend to be largest in the snow dominated basins. For example,
the total storage in the Severnaya Dvina River basin during May decreases by
109 mm. This is the net effect of an increase in soil moisture storage of 31 mm
and a decrease in snow water equivalent of 141 mm. On the other hand, the stor-
age change in June of 115 mm is the net effect of a decrease in soil moisture of
104 mm and a decrease of snow water equivalent of 10 mm. Storage changes in
these basins are positive in the fall and winter, when soil moisture is replenished
and water is stored as snow, and negative in spring and summer, when snow melt
and evapotranspiration deplete the moisture storage.
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Figure 8. Mean monthly water balance components for current climate conditions for the nine river
basins. Averages are for the period 1980-1993.

Figure 9 shows the change in the mean monthly water balance components for
the DOE-PCM3 scenario in 2045. The DOE-PCM3 scenario was selected, because
the associated hydrographs are generally representative of the changes predicted
by the other models (see Figures 6 and 7). Temperature changes from the DOE-
PCM3 model tend to be somewhat smaller than for the other models, with annual
basinwide temperature changes in 2045 ranging from 1.1°C for the Yenisei to
1.9 °C for the Mackenzie. Annual precipitation changes in 2045 range from —0.8%
for the Xi to 7.7% for the Amur River basin.

In the Amazon basin a positive change in both precipitation and temperature is
translated into an increase in evapotranspiration and runoff in most months. The
Mekong and the Xi river basins, both in Southeast Asia, exhibit an increase of
precipitation during the early part of the monsoon season and a decrease during the
last part of the monsoon and during the dry season. Both runoff and evaporation
are increased during most months with increased precipitation. However, much of
the increased precipitation during the early part of the monsoon season is used to
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Figure 9. Predicted changes in the monthly water balance components in 2045 for the DOE-PCM3
scenario.

replenish soil moisture storage. Changes in the amount of water that enters or is
released from soil moisture storage are particularly large in the Xi basin, which
according to the DOE-PCM3 model, will experience the largest absolute changes
in precipitation (increase of 39 mm in August and a decrease of 22 mm in both
October and November).

Among the snow-dominated basins, the coldest basins again show a different
signal as compared to the warmer basins. For the coldest basins (Amur, Macken-
zie, and Yenisei) an increase in moisture storage is predicted during the winter
months, because most of the increased precipitation is stored as snow. Conse-
quently, snowmelt runoff is increased. In the warmer basins (Severnaya Dvina and
Mississippi) snow water storage decreases, resulting in increased runoff during the
winter, but decreased runoff during the snowmelt period.
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4. Sensitivity Study

Diagnosis of the results presented in the previous section provides insight into the
causes of changes in the hydrographs associated with the four different climate
models. Nonetheless, it is difficult to analyze the hydrologic processes that are
responsible for some of the changes in the water balance components, both because
the climate models predict simultaneous changes in precipitation and temperature,
and because there can be large month-to-month variations in the changes (even in
their direction).

To isolate processes that lead to changes in the water balance components, we
performed a controlled model experiment, in which temperature and precipitation
were increased by fixed amounts for specified periods. Temperature was increased
by 2 °C during each of the four seasons, here defined as December—February (DJF),
March—-May (MAM), June—August (JJA), and September—November (SON). Sep-
arately, the precipitation was increased by 10% during each of these four seasons
as well. The results of this sensitivity experiment provide the basis for the
interpretations in the following two sections.

4.1. SEASONAL CHANGE IN TEMPERATURE

Figure 10 shows the change in seasonal evapotranspiration in response to an
increase in mean monthly temperature of 2°C. The seasons along the abscissa
represent the seasons during which the change in temperature was imposed, while
the seasons along the ordinate axis correspond to the seasons for which the result-
ing change in the evapotranspiration was calculated. Thus, in Figure 10, circles
along the diagonal represent changes in evapotranspiration during the same season
in which the change in temperature was imposed. Off diagonal circles represent
changes in season Y due to a change in temperature in season X. The area of the
circles represents the magnitude of the relative change in the evapotranspiration,
with black representing an increase and gray a decrease in evapotranspiration.
Similarly, Figure 11 shows the relative change in runoff resulting from the same
increase in temperature. Note that the circles represent percentage changes relative
to the base case and that the scale of the circles is the same in both Figures 10 and
11.

For example, the panels for the Severnaya Dvina indicate that a 2° increase in
temperature in the winter (DJF), leads to an increase in winter evapotranspiration of
more than 10%, followed by a small increase in spring (MAM) evapotranspiration
(Figure 10). The same temperature increase in the fall (SON) leads to an increase in
fall runoff, but to an even greater relative increase in winter runoff (Figure 11). In
contrast, a temperature increase in the summer (JJA) results in a decrease in runoff
in all seasons for this basin (Figure 11).

The black circles on the main diagonal in Figure 10 indicate that an increase in
temperature leads to an increase in evapotranspiration in the season in which the



164 BART NIJSSEN ET AL.

Amazon Amur Mackenzie
o| o %
JUA [ i o [ ]
MAM ® € &
DF| @ - ® - @

Ml:lulmg ' I Missil.wippi I : Sl:\-'l:l:na}a Dvina
SON & & .
JIA ] ) o

MAM ® (] ® ‘ . °
oF|l @ - o .

|IE Yellow [ Venisei

son| - ® ® o
JJA- & ' [ ] - [ ]

MAM- ® | % - @

D.JF- . [ ) . .

DJF MAM JJA  SON DJF MAM JJA SON DJF MAM JJA  SON

Season in which change was experienced

Season in which change was imposed

@ 5 . +10% -5% -10%

Figure 10. Relative change in seasonal evapotranspiration due to an increase in mean monthly tem-
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change is indicated by the area of the circle, with black representing an increase and gray a decrease
in evapotranspiration (see text for details).

temperature is increased. Note that because the circles represent relative changes,
the large changes during the winter in the cold climates represent only a small
absolute increase in evapotranspiration. In most cases the increase in evapotranspi-
ration during the months in which the temperature is increased is accompanied by
a decrease in evapotranspiration during the remaining months, because without a
simultaneous increase in precipitation less water remains in storage and moisture
stress is increased. This effect is strongest in the season immediately following
the season in which the temperature change is imposed, and generally decreases
for the seasons after that. The only exception to this is in the Severnaya Dvina
basin, where an increase in temperature during the fall (SON) or winter (DJF)
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Figure 11. Relative change in seasonal runoff due to an increase in mean monthly temperature of
2 °C. For details see Figure 10 and the text.

leads to an increase in evapotranspiration during the spring (MAM) as well. In this
case, a larger proportion of the precipitation in the fall and winter falls as rain,
leading to reduction in the depth of the snow pack. In turn, the number of snow
free days in May (defined as the area-weighted sum of snow free days per grid
cell), increases by about one day. This leads to an increase in transpiration of about
1.5 mm (in the VIC model the vegetation does not transpire when snow is on the
ground or in the canopy). Some of the basins also show a very small increase in
evapotranspiration during the season preceding the season in which the temperature
increase was imposed. These changes do not appear to be significant, because in
all cases their magnitude is much less than 1 mm over a period of three months.
Figure 11 shows that increases in temperature generally lead to decreases in
runoff, commensurate with the increases in evapotranspiration shown in Figure 10.
The only cases where an increase in temperature leads to an increase in runoff
is during the winter and spring months in those basins where water stored as
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snow forms a significant component of the water balance. In the coldest basins
(Yenisei, Mackenzie, and Amur) the greatest change occurs during MAM, because
the temperature during DJF remains well below 0°C, even with an increase of
2 °C. In contrast, the change in runoff in the Severnaya Dvina basin is more evenly
distributed over the fall, winter and spring months.

4.2. SEASONAL CHANGE IN PRECIPITATION

Increasing precipitation increases both evapotranspiration (Figure 12) and runoff
(Figure 13). Relative changes in runoff are generally larger than relative changes in
evapotranspiration. To some extent, this can be explained because runoff forms a
smaller component of the water balance than evapotranspiration, and an increase in
both of 10 mm will result in a greater relative change in runoff. However, because
the relative changes are different, the relative importance of runoff in the water
balance increases. Because evapotranspiration is energy-limited during the winter
months in the snow dominated basins, evapotranspiration in the winter increases
only slightly in response to increases in precipitation during that period. The
evapotranspiration in those basins responds much more strongly in summer, when
sufficient energy is available to evaporate much of the extra precipitation. In the
coldest basins the runoff change resulting from a winter increase in precipitation is
largest in spring and summer, because most of the winter precipitation is stored as
SNOW.

In the Severnaya Dvina river basin evapotranspiration decreases in the season
after increasing the precipitation. In particular, evapotranspiration during the spring
decreases, following an increase in precipitation during the fall and winter. The
mechanism is the same as described in the previous section. Increased precipitation
during the fall or winter leads to a thicker snow pack and reduces the number of
snow free days during the spring, resulting in a small reduction of total evaporation
during these three months.

4.3. OBSERVED TRENDS IN STREAMFLOW

Lins and Slack (1999), in a study of streamflow trends in the United States dur-
ing the period 1944-1993, noted that trends were most prevalent in the annual
minimum to median flows and least prevalent in the annual maximum category.
Generally, increases in streamflow were observed across most of the United States,
except in the Southeast and the Pacific Northwest, where decreases were observed.
They concluded that the conterminous United States is becoming wetter and less
extreme. Gan (1998) in a study of the Canadian Prairies, found that over the last
40-50 years many stations observed positive trends in streamflow during March,
attributed to an earlier onset of snowmelt, followed by lower flows in May and june.
This shift in streamflow is similar to the response of the Mackenzie and Severnaya
Dvina we predict for an increase in temperature during the winter months (Fig-
ure 11). Similarly, Grabs et al. (2000) found a positive trend in the annual discharge



HYDROLOGIC SENSITIVITY OF GLOBAL RIVERS TO CLIMATE CHANGE 167

Amazon Amur Mackenzie

SON| - . . ) . . e © e @
NNTY e @ . . e @O - . - @ -
MAM . [ ] . [ ] . ™ . ® [ ]

B DJF| @ . (] . .

§ Mukﬁng ' ' Missiﬁsippil Sevefna}'a Dvina

& ) L 1

§ son| - . : e | - e o © . @

@ . 5 +

§ WA - e |l o @ - | .

2 | A 1

c MAM| [ ] . . : P . s a

2 I 1

[5]

§ DJF [ ] . e @ @ . . .

£ ; - - - : - -

z Xi Yellow Yenisei

5 SON . . ° . . e @ e @

w

b A & 1

% JJA . [ ] . . . . . . . .
MAM [ ] . . . L L] L] . @ . .
DJF| @ . . e | @ . . ® .

DJF  MAM ~ JJA “SON  DJF MAM  JJA SON  DJF  MAM  JJA ~ SON

Season in which change was imposed

@ @ 5% 10%

Figure 12. Relative change in seasonal evapotranspiration due to an increase in mean monthly
precipitation of 10%. For details see Figure 10 and the text.

time series of Siberian rivers, with negative trends in the summer, and a positive
trend during winter and early spring. Those observed trends are likewise similar
to the signature we predict for warmer winter temperatures. Analysis of the annual
streamflow of large rivers in southeastern South America for the period 1911-1993
(Robertson and Mechoso, 1998), showed an upward trend in the Paraguay-Parana,
especially since about 1960. The same trend was observed by Genta et al. (1998),
who also noted that the amplitude of the seasonal cycle had decreased. Marengo
et al. (1998) showed that variations in streamflow in Amazonia were strongly
related to El Nifio, but found no significant trends to wetter or drier conditions.
The observed changes in South American rivers are consistent with our results in
that changes in precipitation have an immediate and strong effect on streamflow
(Figure 13).
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Figure 13. Relative change in seasonal runoff due to an increase in mean monthly precipitation of
10%. For details see Figure 10 and the text.

5. Changes in Drought Statistics

Because existing water resource management systems and ecosystems have de-
veloped to cope with current streamflow rates and volumes (and their variability),
both increases and decreases in streamflow can have adverse effects. Increases in
the length and intensity of droughts are of particular concern, because of globally
increasing water supply demands (e.g., Vorosmarty et al., 2000). Floods, which
are relatively short-term phenomena, are difficult to represent adequately given the
monthly timestep of the flow data available to us. In addition, a different type of
study would be required to examine the effects of changes in extreme precipitation,
which are often the cause of floods.

A metric that can be used to assess the hydrologic vulnerability of a river basin
is the average deficit length (L), that is, the average number of consecutive years
that the annual river discharge is unable to meet a certain demand level (D). In
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Figure 14. Mean deficit length as a function of the demand level for the nine basins (CV is coefficient
of variation of the annual flow in the baseline simulation). Climate change simulations are based on
2045.

addition to the deficit length, other metrics such as the deficit magnitude and deficit
intensity can be used. The magnitude M is defined as the cumulative excursion
below D during the period of length L (M = ZtL: (D — Q,), with Q, the annual
flow during year ¢), and the intensity (/) is defined as I = M /L (Salas, 1993).
Figure 14 shows the mean deficit length as a function of the demand level for
each of the nine basins in 2045. The demand level is here defined as a fraction
of the baseline mean annual flow. Because the entire analysis period from the
model simulations comprises only 14 years (the first year is a spin up year and
is not used in the analysis), the following method was used in the construction of
Figure 14. A two-parameter log-normal distribution was fitted to each of the annual
flow series of each simulation. To this end, the annual series were log-transformed
and normalized, resulting in normally distributed series with a mean of zero and
a standard deviation of one. A lag one autoregressive model (AR(1)) was fitted to
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each of the annual series, and a 10,000 year series of annual flows was generated
using the AR(1) model (Salas, 1993). These 10,000 year time series were then used
to calculate the mean deficit lengths plotted in Figure 14. The demand level was
defined as a fraction of the baseline mean annual flow and increased in steps of 5%
between 5% and 100% of the baseline mean annual flow.

Arguably, a 14 year time series will in most cases be insufficient to fit an AR(1)
model and derive reliable statistics. However, in this case we are concerned with
a change in the mean deficit length as a function of a change in climate, in order
to evaluate the change in vulnerability of the different basins. Because we are only
interested in changes relative to the base case, we argue that even though the actual
numbers may be open to discussion, the qualitative changes in the vulnerability
reflected by the curves in Figure 14 are informative.

The range of the baseline curves in Figure 14 reflects the coefficient of varia-
tion (CV) of the annual flows (the coefficient of variation of a statistical sample
is defined as the standard deviation divided by the mean). The arctic rivers and
the Amazon have the lowest CV (Mackenzie and Yenisei: CV = 0.08, Amazon:
CV = 0.09), while the Yellow shows the highest CV (CV = 0.31).

An upward shift of the curves in Figure 14 reflects a drying of the basin, because
the average deficit length increases for the same demand level. A downward shifts
corresponds to a decrease of the average deficit length for a given demand level,
and consequently represents a wetting of the basin. As seen before, all models
predict a drying in the Yellow River basin in 2045, with the largest degree of
drying predicted by the two Hadley Centre models. The Xi also becomes drier, with
only one model (HCCPR-CM?2) predicting a large change. Two models predict an
increase in runoff in the Amazon, one predicts a slight decrease, while the HCCPR-
CM3 model predicts a large increase in the mean deficit length. The high latitude
basins generally become wetter. For these basins, the increase in temperature dur-
ing the winter months contributes only slightly to an increase in evapotranspiration,
and much of the increased precipitation consequently contributes to an increase in
runoff. The signals for the Mekong and Mississippi are mixed.

Figure 14 shows the extent of disagreement in the regional simulations that still
exists between the various GCMs. Whereas HCCPR-CM?2 predicts the greatest
drying in the Amazon and MPI-ECHAM4 predicts the greatest wetting, this signal
is reversed in the Mississippi, where MPI-ECHAM4 predicts the greatest wetting
and HCCPR-CM2 the greatest drying.

6. Conclusions

Transient climate predictions from four GCMs were used to assess the hydrologic
sensitivity to climate change of nine large, continental river basins. The GCMs
were selected because they have modern land surface schemes, high spatial reso-
lutions, and generally represent the current state-of-the-art in climate simulations.
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All of the models used either the IPCC 1S92a emission scenario, or a 1% compound
annual increase in CO,. The nine river basins represent a range of geographic and
climatic conditions. Changes in basinwide, mean annual temperature and precipi-
tation were calculated for three decades in the transient climate model runs (2025,
2045, and 2095) and hydrologic model simulations were performed for decades
centered on 2025 and 2045. In addition, sensitivity analyses were performed in
which temperature and precipitation were increased independently by 2°C and
10%, respectively, during each of four seasons.

The main conclusions of this study are:

All models predict a warming for all nine basins, but the amount of warming
varies widely between the models, especially with increased time horizon. The
greatest warming is predicted to occur during the winter months in the high-
est latitudes. Precipitation generally increases, but the monthly precipitation
signal varies more between the models than does temperature.

The largest changes in the hydrological cycle are predicted for the snow-
dominated basins of mid to higher latitudes. Partly, this is a result of the
greater amount of warming that is predicted for these regions. More im-
portantly, though, the presence or absence of snow fundamentally changes
the nature of the land surface water balance, because of the effect of water
storage in the snow pack. Water stored as snow during the winter does not
become available for runoff or evapotranspiration until the following spring’s
melt period. Because of this cumulative process, the snow pack integrates the
effects of climate change over a period of months, and the largest hydrological
changes are manifested in the early to mid spring melt period. In general,
the streamflow regime in snowmelt dominated basins is most sensitive to
increases in temperature during the winter months.

Somewhat different sensitivities to climate warming are predicted for the
coldest snow dominated basins than for transitional basins. Whereas the for-
mer show an increase of the spring streamflow peak in response to warmer
temperatures and increased winter precipitation, the latter show a decrease. In
the coldest basins, any increase in precipitation during the winter is stored as
snow, because even for a relatively large increase in temperature, winters will
remain quite cold with temperatures generally well below freezing. In con-
trast, in the warmer basins increased temperature leads to increased rainfall
during the winter and a decrease in the depth of the snow pack. The net effect
is that the spring snow melt peak is reduced.

Globally, the hydrological response predicted for most of the basins in re-
sponse to the GCMs predictions is a reduction in annual streamflow in the
tropical and mid-latitudes. In contrast, high-latitude basins tend to show an
increase in annual runoff, because most of the predicted increase in precipita-
tion occurs during the winter, when the available energy is insufficient for an
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increase in evaporation. Instead, water is stored as snow and contributes to an
increase in streamflow during the following snow melt period.
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