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ABSTRACT: The Pacific Northwest (PNW) regional assessment is
an integrated examination of the consequences of natural climate
variability and projected future climate change for the natural and
human systems of the region. The assessment currently focuses on
four sectors: hydrology/water resources, forests and forestry, aquat-
ic ecosystems, and coastal activities. The assessment begins by
identifying and elucidating the natural patterns of climate variabil-
ity in the PNW on interannual to decadal timescales. The pathways
through which these climate variations are manifested and the
resultant impacts on the natural and human systems of the region
are investigated. Knowledge of these pathways allows an analysis
of the potential impacts of future climate change, as defined by
IPCC climate change scenarios. In this paper, we examine the sen-
sitivity, adaptability and vulnerability of hydrology and water
resources to climate variability and change. We focus on the
Columbia River Basin, which covers approximately 75 percent of
the PNW and is the basis for the dominant water resources system
of the PNW. The water resources system of the Columbia River is
sensitive to climate variability, especially with respect to drought.
Management inertia and the lack of a centralized authority coordi-
nating all uses of the resource impede adaptability to drought and
optimization of water distribution. Climate change projections sug-
gest exacerbated conditions of conflict between users as a result of
low summertime streamflow conditions. An understanding of the
patterns and consequences of regional climate variability is crucial
to developing an adequate response to future changes in climate.
(KEY TERMS: integrated regional assessment; climate sensitivity
and vulnerability; management adaptability; long-term water
resources planning; hydroclimatology; Columbia River Basin; cli-
mate variability; climate change.)

INTRODUCTION

The Pacific Northwest Regional Assessment is an
inter-disciplinary research effort to understand the
impact of climate on natural and human systems
within the region. It is being conducted by the Joint
Institute for the Study of the Atmosphere and
Ocean/School of Marine Affairs Climate Impacts
Group at the University of Washington. For the pur-
poses of the assessment, the Pacific Northwest (PNW)
is defined as the states of Washington, Oregon and
Idaho and all of the Columbia River Basin.

We began the regional assessment by elucidating
the patterns of natural climate variability in the
PNW,; i.e., examining changes in average weather
conditions on time scales ranging from seasonal/inter-
annual to interdecadal. This effort relies primarily on
instrumental records of temperature and precipita-
tion (c. 120 years) and is being extended back in time
through paleoclimatic reconstructions using tree
rings, sediment cores, and other proxies. The empha-
sis is placed on understanding natural variations in
the large scale physical climate in order to address
the resultant variations in the environmental
(ocean/atmosphere/terrestrial) systems of the PNW
region.

Next, we assessed the impacts of climate variabili-
ty on natural systems within four sectors: hydrolo-
gy/water resources, forests and forestry, aquatic
ecosystems, and coastal activities. We also assessed
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the climate impacts to, and the responses of, the
human socioeconomic and political systems within
each sector. The time scale of climate variability we
examined, i.e., seasonal/interannual to interdecadal,
is consistent with that on which societal response
strategies to changes in climate are framed.

The responses of natural and human systems to
natural climate variability provide a framework for
understanding how the same systems might respond
to future climate change. We assessed the impacts of
climate change using projected changes in PNW tem-
perature and precipitation from Intergovernmental
Panel on Climate Change (IPCC) climate change sce-
narios for the decades of 2020 and 2040. In our
assessment of the impacts of both climate variability
and change, we differentiated between climate-
induced and anthropogenic effects as agents of change
within each sector.

The regional assessment focused on three ques-
tions:

1. How sensitive is the PNW to climate variability?

2. How adaptable is the PNW to climate variability
and change?

3. How vulnerable is the PNW to climate variabili-
ty and change?

This approach was taken from IPCC (1996b),
where these terms were defined as follows:

Sensitivity is the degree to which a system will
respond to a change in climatic conditions.

Adaptability refers to the degree to which adjust-
ments in systems’ practices, processes, or structures
to projected or actual changes of climate are possible.
Adaptation can be spontaneous or planned, and can
be carried out in response to or in anticipation of
changes in conditions.

Vulnerability defines the extent to which climate
change may damage or harm a system. It depends not
only on a system’s sensitivity but also on its ability to
adapt to new climatic conditions.

The final stage in the assessment was an evalua-
tion of the capacity of existing institutional arrange-
ments to respond effectively to the scope of changes in
the climate scenarios. The emphasis was on assessing
the region’s planning, adaptation, and mitigation
capabilities on an aggregated regional, as well as a
sector-by-sector, basis. Alternative options for improv-
ing response capacity and reducing vulnerability were
also identified and evaluated.
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In this paper we present the framework of the inte-
grated regional assessment developed for the PNW.
We highlight specific findings to illustrate the power
of this approach. Specifically, we focus on the impacts
of climate variability and climate change on hydrology
and water resources. This provides a hasis for impact
studies in the other three sectors, as the region’s
hydrology plays a critical role in translating climate
fluctuations into sectoral impacts. Although the
regional assessment project examines climate impacts
throughout the entire PNW, we confine our discussion
in this paper to the impacts on the region defined by
the Columbia River Basin (Figure 1). The Columbia
River, one of the largest in North America, drains
approximately 75 percent of the PNW, accounting for
55-65 percent of the total runoff from the region. It is
the basis for the dominant water resources system of
the PNW.

REGIONAL PATTERNS OF
CLIMATE VARIABILITY

We examine patterns of climate variability in the
PNW by focusing on the regional impacts of two
planetary-scale climate phenomena: the El1 Nifio/
Southern Oscillation (ENSO) and the Pacific Decadal
Oscillation (PDO). ENSO is the planet’s dominant
mode of climate variability on the seasonal to interan-
nual time scale (Rasmussen and Wallace, 1983). El
Nifio refers to a suite of anomalous climate conditions
in the tropical Pacific characterized by unusually
warm sea surface temperatures (SSTs) and weak
trade winds, while La Nifia refers to the climate state
characterized by anomalously cool SSTs and stronger
than average trade winds. ENSO events have pro-
nounced global climatic consequences, affecting the
PNW on interannual timescales in a manner which
will be described below.

The PDO has been described as a long-lived ENSO-
like pattern of Pacific climate variability (Zhang et
al., 1997). As is the case for El Niio and La Niiia,
extremes in the PDO pattern are marked by
widespread climatic variations in the Pacific Basin
and North America. Two main characteristics distin-
guish the PDO from ENSO. First, typical PDO
“events” have shown remarkable temporal persistence
relative to that attributed to ENSO events. In this
century, major PDO regimes have persisted for 20 to
30 years. Second, the climatic fingerprints of the PDO
are most visible in the region of the North Pacific and
North America, with secondary climatic influences in
the tropics. The opposite is true for ENSO (Zhang et
al., 1997, Mantua et al., 1997).
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Figure 1. The Columbia River Basin and Major Dams. The gray shaded area indicates the drainage basin
upstream of The Dalles, Oregon. Triangles represent major storage reservoirs (size of icon
represents relative storage capacity), circles are major run-of-river projects.

Several independent studies find evidence for two
full PDO cycles in the past century: cool PDO regimes
lasted from 1890 to 1924 and again from 1947 to
1976, while warm PDO regimes spanned 1925 to 1946
and from 1977 through at least the mid-1990s
(Minobe, 1997; Mantua et al., 1997). Recent evidence
suggests that the PDO may have switched to a cool
phase before 1997 (Hamlet and Lettenmaier, 1999a).
Causes for the PDO are unknown (National Research
Council, 1998).

These two large-scale patterns of climate variabili-
ty have similar influences on the climate of the PNW.
El Nifio and warm PDO eras increase the likelihood
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for anomalously warm and dry winter and spring
weather in the PNW. La Nifia and cool PDO periods
increase the likelihood that PNW winter and spring
weather will be anomalously cool and wet (Redmond,
and Koch, 1991; Mantua et al., 1997). Recent work
suggests that interactions between the PDO and
ENSO can enhance these patterns of variability. The
likelihood for warm-dry winter/spring conditions in
the PNW is especially high in years when EIl Niiflo
coincides with a warm phase of the PDO. Coincidence
of La Nifia and a cool phase of the PDO leads to an
increased likelihood for cool-wet winter/spring condi-
tions in the PNW (Gershunov and Barnett, 1998).
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However, other combinations of ENSO and PDO con-
ditions have coincided with poor event-to-event coher-
ence in patterns of PNW climate anomalies, with
probabilities for anomalous climate conditions essen-
tially the same as those for all non-ENSO years.

WHAT IS THE SENSITIVITY OF THE COLUMBIA
RIVER BASIN TO CLIMATE VARIABILITY?

Hydrologic Response

Annual flow in PNW rivers is predominantly deter-
mined by winter (October to March) precipitation.
Variations in regional temperature and basin topogra-
phy determine whether this precipitation accumu-
lates as snow or falls as rain. In the spring, the
accumulated snow (if any) melts, contributing to
spring and summer streamflow. For low-lying rivers
on the west side of the Cascade Mountain range,
where temperatures are usually above freezing, most
of the winter precipitation falls as rain and little
water is stored in the snow pack. In intermediate ele-
vation basins on the west side, runoff is dominated by
precipitation falling as rain during the fall and early
winter and by the springtime melt of precipitation
stored as snow during the mid-winter and at higher
elevations. Rivers east of the Cascades tend to be
snowmelt dominated. Most of the winter precipita-
tion falls as snow, which melts in the spring, creating
a characteristic low-flow period in winter followed by
large spring/summer peak flows. The Columbia River,
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Snow pack =)

(winter)

Precipitation
(winter)

Groundwater Recharge
Soil Moisture

Pot. Evapotranspiration

spring/summer

which comprises rain-dominated, rairn/snow-dominat-
ed and snow-dominated subbasins, is dominated by
snowmelt.

Seasonal patterns of streamflow are crucial for
regional hydropower, fisheries resources, irrigated
agriculture and municipal drinking water systems.
Figure 2 shows a schematic of some key components
of the hydrologic water balance and its implications
for the regional assessment. Because the regional
hydrologic response is a dominant impact pathway for
climate impacts in the PNW, understanding climate
impacts to the region’s hydrology provides the founda-
tion for an investigation of climate impacts to other
natural systems within the region.

The hydrology of the PNW is strongly influenced by
the patterns of climate variability identified above.
Because PDO and ENSO extremes change the odds
that PNW winters will be warm and dry or cool and
wet, their occurrence tends to influence the region’s
characteristic hydrological patterns. For each of the
PNW river types, warm, dry winters tend to produce
low winter runoff, low snow pack accumulation, early
spring melt, and reduced spring and summer stream-
flow due to both decreased snow pack and increased
evapotranspiration. Overall, streamflow is reduced.
Cold, wet winters tend to produce the opposite effects
in each case.

The response of Columbia River streamflow to PDO
and ENSO oscillations is illustrated by composite
averages of streamflow during the two phases of each
climate phenomenon (Figure 3). These composites
were created using monthly records of naturalized
flows at The Dalles, Oregon for 1900-1998, with PDO
epochs as defined above. El Nifio (La Nifia) years
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Figure 2. The Dominant Impact Pathway Through Which Changes in Regional
Climate Are Manifested in the Pacific Northwest.
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Figure 3. ENSO and PDO Composite Hydrographs for the Columbia River Basin. Composite hydrographs for 1900-1998 Columbia River
naturalized streamflows at The Dalles, Oregon, during alternative phases of (a) ENSO, (b) the PDO, and (¢) during warm PDO/EI Nifio
and cool PDO/La Nifia years. Dashed lines represent the long-term mean. ENSO years and PDO epochs are as defined in the text.
Naturalized flow represents “virgin” streamflow, in which estimated human impacts on the river have been removed (see text).
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were defined as those years for which the December
to February NINO3.4 index (Trenberth, 1997) exceeds
0.5 standard deviations above (below) its long-term
(1900-1996) mean value. Naturalized flow represents
“virgin” streamflow, in which estimated human
impacts, i.e., the effects of storage, irrigation, and
increased evaporation from reservoirs, have been
removed. The time series of naturalized flows used
throughout this manuscript was derived by the Cli-
mate Impacts Group (N. Mantua, JISAO/SMA Cli-
mate Impacts Group, personal comm.) based on
naturalized flow estimates for 1928-1988 from the
BPA (Nancy Stephans, BPA, personal comm.). Natu-
ralized flows for 1989 to present and for prior to 1928
were calculated based on methods developed by the
BPA to convert gage flows to naturalized flows.

During El Nifio and warm PDO years (La Nifia and
cool PDO years) streamflow tends to be lower (higher)
than average, although large variability exists within
each climate category. The most significant shifts in
the probability for altered streamflow occur during
the spring/summer, i.e., April through September,
with the largest shifts occurring during peak flows in
June (Figure 3). During an average El Nifio year,
annual Columbia River streamflow is 12 percent
lower than the long-term average, while in the aver-
age La Nifia year it is about 8 percent higher than the
mean. Similarly, in warm PDO eras, annual average
Columbia River streamflow is 9 percent below the
long-term mean, while during cool PDO regimes it
averages about 6 percent above the mean. Average
flow anomalies are most pronounced during years in
which ENSO and the PDO are in phase (e.g., warm
PDOV/EI Nifio), indicating that these two climate
effects are at least partially independent and can
reinforce each other. During warm PDO/EI] Nifio
years, streamflow is on average 17 percent below the
mean, while in cool PDO/La Nifia years flow tends to
be about 14 percent higher than average.

Two extremes that any water management system
must deal with are unusually high and low stream-
flows. The estimated probabilities for these conditions
on the Columbia during different phases of ENSO and
the PDO are shown in Table 1. For the purpose of
this discussion, anomalous streamflow is defined as

April to September average naturalized flows at
The Dalles, Oregon, more than 1.5 standard devia-
tions from the long-term (water years 1900-1997)
average flow. This corresponds to 128 percent and
72 percent of the long-term mean for high and low
flows, respectively (Table 2). Flow anomalies of this
size can significantly decrease the Columbia River
water management system’s ability to meet water
resources objectives, as will be discussed below.

TABLE 1. Observed Probability of High and Low Streamflows in
the Columbia River Basin Associated With ENSO and the PDO.
ENSO years and PDO epochs are defined as described in the text.
Probabilities are computed using naturalized flows at The Dalles
for 1900-1998. Low (high) streamflow is defined as April to Septem-
ber average flow more than 1.5 standard deviations below (above)
the historical mean April to September flow. See Table 2 for the
observed historical distribution of Columbia River streamflow.

Probability of Probability of

LOW FLOW HIGH FLOW
Climate Category (percent) (percent)
All Years (1900-1998) 8 7
Warm PDO 14 0
Cool PDO 4 12
El Niiio 21 0
ENSO Neutral 0 9
La Nifia 3 12
Warm PDO/EI Niiio 36 0
Warm PDO/ENSO Neutral 0 0
Warm PDO/La Niiia 8 0
Cool PDO/EI Niiio 11 0
Cool PDO/ENSO Neutral 0 18
Cool PDO/La Niiia 0 19

During this century, anomalously high April to
September average streamflow has never been
observed during warm PDO epochs or during El Nifio
years (Table 1). Instead, these years exhibit an
increased probability for low flows. Cool PDO and
La Nifia years both exhibit an enhanced probability of

TABLE 2. Historical Distribution of Columbia River Streamflows at The Dalles, Oregon (1900-1998). This distribution was calculated
using total water year (October-September) flows derived from monthly records of naturalized streamflow and indicates the range
of natural variability in Columbia River flow. Because annual streamflow in the Columbia is dominated by summertime flow,
the historical distribution of summer (April-September) streamflow is essentially equal to that shown below for annual flows.

Flow Anomaly, -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0

Standard Deviations (o)

Percent Normal Flow 64 73 82 91 100 109 118 127 136
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high flows compared to the long-term record as a
whole. The largest probability shift for streamflow
occurs when the climate patterns are in phase,
consistent with similar probability shifts for PNW
temperature and precipitation (Gershunov and Bar-
nett, 1998). During warm PDO/EI Nifio years, the
probability of anomalously low streamflow is 36 per-
cent, compared to a probability of 8 percent in the
record as a whole. During cool PDO/La Nifia years,
the probability of anomalously high streamflow is 19
percent, compared to 7 percent in the overall histori-
cal record.

Sensitivity of the Water Resources Management
System

The Columbia River is clearly responsive to climate
variability. Compared to other major North American
rivers, the variability of Columbia River streamflow is
relatively low. The coefficient of variation, that is, the
ratio of the standard deviation of streamflow to the
historical mean flow, is ~20 percent for the Columbia
(Table 2). In contrast, the coefficients of variation for
the Mississippi and Missouri Rivers are 56 percent
and 40 percent, respectively (Yevdjevich, 1963).
Hydrologic sensitivity is only part of the story; the
important question is how well does the Columbia
River water resources system cope with climate vari-
ability? Put another way, how do variations in climate
affect those who depend on the water resources of the
Columbia River Basin?

Answering this question requires an examination
of the management structure of the Columbia River
system. The Columbia River water management sys-
tem comprises over 250 dams, each with complicated
operating procedures (Bonneville Power Administra-
tion et al., 1995; hereinafter BPA et al., 1995). It was
originally designed to meet the region’s needs for flood
control, hydropower, irrigation and navigation.

More recently, use of water resources for fish and
wildlife protection, water quality, and recreation have
become more important as the region has grown and
environmental values have changed (BPA et al.,
1995). Specifically, the Pacific Northwest Power Plan-
ning and Conservation Act (NPA) of 1980 called for
fish to receive equitable treatment in comparison to
hydropower (Wood, 1993; Callahan et al., 1999). In
addition, the listing of several salmon stocks as
endangered or threatened under the Endangered
Species Act (ESA) during the 1990s has given anadro-
mous fish stocks high priority for management agen-
cies. The ESA prohibits any federal agency from
actions that would jeopardize these species or their
critical habitat. Various agreements have established
instream flow targets for fisheries protection. The
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1988 Vernita Bar Agreement aims to protect fall Chi-
nook salmon spawning grounds near Priest Rapids in
the Hanford Reach and the 1995 National Marine
Fisheries Service and U.S. Fish and Wildlife Service
Biological Opinions (NMFS, 1995) established sys-
tem-wide flow targets for the overall protection of
anadromous fish.

The various water uses in the Columbia River
Basin have unique and often competing requirements
for optimal timing of flows (BPA et al., 1995; Callahan
et al., 1999). As a result of fisheries protection efforts,
there is increased pressure for streamflow patterns to
resemble natural conditions more closely, with a large
spring freshet. This conflicts with hydropower produc-
tion and flood control objectives which have the effect
of decreasing spring peak flows (Hamlet and Letten-
maier, 1999b). Details of the conflicting reservoir
operation objectives among other water uses are
reviewed in Callahan et al. (1999).

Determining whether climate-induced variability
in streamflow affects water users requires an under-
standing of how the entire water management system
copes with natural variations in streamflow amount

-and timing. However, there is no single, coordinated,

prioritized system of operating procedures established
to ensure that the various water use objectives estab-
lished in the Columbia River Basin are achieved.
Only in the cases of hydropower production and flood
control is the Columbia River system managed and
operated as a whole (BPA et al., 1995). Operating pro-
cedures established for the remaining water uses call
for certain rule curves and storage allocations at vari-
ous individual dams within the system. Although
water supply objectives have been articulated with
regard to each individual water use, the system is not
generally managed as a whole and the conditions
under which the various competing water use objec-
tives can be satisfied are unclear.

Columbia River Water Resources Model.
Reservoir operations models offer opportunities to
examine complicated water management systems as a
whole and probe their sensitivities to climate variabil-
ity. The ColSim reservoir operations model is a
monthly timestep model simulating the major fea-
tures of the Columbia River water resources system
under the current operating policies (Hamlet and Let-
tenmaier, 1999b). ColSim was developed at the Uni-
versity of Washington as a research and planning tool
for understanding seasonal effects and climate
impacts on the water resources system of the
Columbia River Basin. The model represents the
major storage reservoirs, run of river dams, diver-
sions and return flows, from Mica Dam in British
Columbia to Bonneville Dam near the mouth of the
river, including the Kootenai, Pend Oreille, Clark
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Fork, and Snake River systems (Figure 1). The dams
on the Yakima and Spokane rivers, as well as those on
numerous smaller tributaries, are not simulated.
Operations at 13 major storage dams and 20 run-of-
river dams are simulated, that is, simplified versions
of current operations for hydropower production,
major flow target support (for fisheries protection),
agricultural withdrawals and flood evacuation. The
model is driven by monthly streamflow data (either
observed or simulated).

ColSim incorporates the major demands on the
water resources system that affect water allocation
under the current reservoir operating rules. The sys-
tem objectives examined here are flood control,
hydropower production, agricultural diversions from
the Middle Snake River, navigation, recreation and
maintenance of instream flow targets for fisheries
protection (Table 3). Both system-wide instream flow
targets (McNary dam) and flow targets for specific
locations within the river (Priest Rapids and
Columbia Falls) are examined. In the model, as in the
actual system, critical period analysis and winter
streamflow forecasts are used to determine the opera-
tional rule curves for January through July (the “vari-
able period”) that specify the amount of spring

storage evacuation for flood control and limits to
hydropower releases at major dams. From August
through December (the “fixed period”), operations are
guided by critical period analysis. Details of how the
system objectives are simulated by ColSim and vali-
dation studies showing that the model reproduces
well the observed macro-scale response of the actual
Columbia River system to streamflow variability can
be found in Hamlet and Lettenmaier (1999b).

Climate Sensitivities and Operating Priori-
ties. The ability of the Columbia River water
resources system to meet competing use objectives in
the face of natural streamflow variability was evalu-
ated using the ColSim reservoir operations model.
The model simulated current operating procedures
with regards to the multiple water resources objec-
tives supported by the Columbia River water manage-
ment system (as described above) for the period from
1931 to 1989. Modified flows (A.G. Crook Company,
1993) were used to drive the model. Modified flows
are estimated naturalized flows that have been
adjusted to contain the effects of the relatively small
irrigation diversions and evaporation effects in
most of the Columbia River Basin. Naturalized flows

TABLE 3. Columbia River Basin Reservoir System Objectives Evaluated by the ColSim Reservoir Operations Model.
See Hamlet and Lettenmaier (1999b) for a description of how the ColSim model simulates these objectives.
See Figure 1 for locations within the Basin.

Water Use

System Objective

Hydropower Production
Firm Energy

Annual system-wide energy target of 72 x 106 MW-hr supplied by the major dams

operating under the Pacific Northwest Coordination Agreement (PNCA). The monthly
firm energy target follows the characteristic seasonal load shape (BPA et al, 1994).

Non-Firm Energy

Annual system-wide energy target for characteristic seasonal load shapes (BPA et al.,

1994) of 19 x 106 MW-hr using only major PNCA dams and only when the dams are
above the energy content curve. In low flow years, non-firm energy production may be
threatened when firm energy production is not.

Flood Control

Instream flows

Maintenance of monthly-average flows below 400,000 cfs at The Dalles.

Proposed (monthly-varying) instream flow targets for resident fish protection at :

(1) McNary dam on the mainstem, to ensure adequate flow in the river as a whole
for overall anadromous fish protection (NMFS, 1995);

(2)  Priest Rapids, to protect the fall Chinook spawning grounds at Hanford Reach
under the Vernita Bar agreement; and

(3)  Columbia Falls, to support fish recovery activities for Kokanee salmon.

Agricultural Diversions

Sufficient supply to satisfy irrigation demand, quantified as withdrawals equal to

90 percent of estimated 1989 diversions from the middle Snake River.

Recreation Maintenance of a minimum elevation of 1280 feet (above sea level) for Lake Roosevelt
at the Grand Coulee dam from July 1 through Labor Day.

Navigation Maintenance of flows above 100,000 cubic feet/second at Ice Harbor in the lower Snake
River.
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were used for simulating the upper and middle
Snake River, since ColSim explicitly models the irri-
gation diversions in this part of the basin (Hamlet
and Lettenmaier, 1999b). Water years within this
time series were categorized according to flow anoma-
ly [standard deviations (o) from the 1900-1997 long-
term annual mean] (Table 2). Within each flow
category, operational performance was evaluated for
the suite of water resources system objectives listed in
Table 3. Performance was measured using reliability,
i.e., the observed probability of meeting the objective
within each flow category.

We examined the flow anomaly at which the relia-
bility of meeting each water resources objective
decreased to 85 percent. A reliability of 85 percent is
presumably low enough that impacts will be felt by
the water user; however, this analysis does not
attempt to quantify such impacts. Nor do we attempt
to rank the severity of impacts across the different
water uses. The economic, institutional or social
impacts of a 15 percent failure in one system objective
may be significantly different than those resulting
from the same failure rate in another objective. An
evaluation of the relative severity of impacts would
clearly be required before using this information to
inform policy decisions affecting water use priorities.

The sensitivity of a water use objective to climate
variability is indicated by the degree to which stream-
flow has to deviate from the norm before the reliabili-
ty of meeting that system objective decreases to 85
percent. The lower the (absolute) value of the flow
anomaly corresponding to a reliability of 85 percent,
the higher the sensitivity to climate variability. Fig-
ure 4 shows the flow anomalies associated with a reli-
ability of 85 percent for the system objectives defined
in Table 3. The reliabilities of achieving McNary flow
targets and middle Snake agricultural withdrawals
decrease to 85 percent when flow is more than 0.1c
below average. Non-firm energy does not fall below
85 percent reliability until flows are more than 1.5¢
below average. Thus, the McNary flow target is more
vulnerable to low flow conditions than is non-firm
energy production under the current operating
system.

Firm energy production and the Priest Rapids and
Columbia Falls flow targets are shown in Figure 4 to
be 85 percent reliable at a flow anomaly of -36. These
objectives were actually simulated to be 100 percent
reliable by the model for the period of study, during
which time the lowest observed annual streamflow
was -2.33¢ for water year 1977. The invulnerability of
firm energy targets to climate variability is not sur-
prising since this was the essential criterion for deter-
mining the amount of energy production assigned to
the hydro-system (BPA et al., 1991). The Priest
Rapids and Columbia Falls instream flow targets are
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robust to natural climate variability due to upstream
storage that can be used to satisfy these flow require-
ments.

System objectives for navigation and flood control
are adversely affected by higher than average flows.
Because the reliability of meeting navigation objec-
tives decreases first when flow increases, navigation
objectives are more vulnerable than flood control to
high flow conditions. Thus, the reliability of some pri-
mary water resources objectives will vary significant-
ly from year to year as a result of natural climate
variability, while the reliability of other uses is essen-
tially isolated from climate by the design of the oper-
ating system.

The model results shown in Figure 4 indicate the
order in which water use objectives are affected by
high and low streamflows. They therefore define the
de facto system operating priorities. For uses impact-
ed by high flow conditions, flood control at The Dalles
(85 percent reliable at +20) is of higher de facto priori-
ty than navigation (85 percent reliable at +0.7c).
For uses impacted by low flow conditions, the decreas-
ing order of de facto priority within the system is:
firm energy production (100 percent reliable), fish-
eries flow targets at Priest Rapids and Columbia Falls
(100 percent reliable), non-firm energy (threshold of
85 percent reliability at -1.50), Lake Roosevelt Recre-
ation (85 percent reliable at -0.20), and middle Snake
River irrigation and the McNary Flow Target (85 per-
cent reliable at -0.1c). Because the system-wide
instream flow target for fisheries protection is sup-
ported by a much lower percentage of available sys-
tem storage compared to that allocated for energy
production, it is much more vulnerable to streamflow
variability and can only be fully satisfied when
streamflow is near or above average.

These de facto priorities of the operating system
are not in keeping with legislative policy established
by the NPA for the Columbia River which called for
fisheries protection and hydropower production to be
of equal priority. This indicates that the water
resources operating system is, by design, sub-optimal
in this regard. However, in evaluating parity between
these competing uses, it is important to note that firm
energy power production levels have declined recently
with changes in the operating system resulting from
the institution of instream flow targets. In addition,
efforts to improve the status of anadromous fish runs
have not been limited to maintenance of instream
flows. Other types of mitigation, such as dam bypass
facilities and transportation programs for juvenile
fish, have also been adopted. Nonetheless, state and
federal fish and wildlife agencies and regional Indian
tribes have long argued that the power planning pro-
cess does not consider anadromous fish protection and
power production of equal priority (Wood, 1993), a
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Figure 4. The Sensitivity of Columbia River Water Resource Objectives to Natural Streamflow Variability.
Shown are flow anomalies at which each objective decreases to a reliability of 85 percent, as modeled
by the ColSim reservoir model (see text). (a) Thresholds for reliability of uses impacted by low flow.

Note that firm energy production and the Priest Rapids and Columbia Falls flow targets are
simulated by the model to be 100 percent reliable for the entire study period (see text).
(b) Thresholds for reliability of uses impacted by high flow. Water use objectives are defined in Table 3.
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perception that is unlikely to change when instream
flow targets are inconsistently met.

WHAT IS THE ADAPTABILITY OF THE
COLUMBIA RIVER BASIN TO
CLIMATE VARIABILITY?

The overall adaptability of the Columbia River
Basin to climate variability is determined by total
storage capacity of the water resources system, priori-
ties and patterns of reservoir operations, fluctuating
demand for water, and patterns of conflict between
different governmental and non-governmental
agencies and their constituencies. In other words,
adaptability depends on both the technological infras-
tructure, i.e., the reservoir system and its operating
procedures, and the institutional arrangements with-
in the system.

Technological Infrastructure

We examine the adaptability of the technological
infrastructure by asking whether the Columbia River
system could have been managed differently in the
past to better optimize water distribution among all
uses. The previous discussion showed that firm ener-
gy objectives have been essentially isolated from cli-
mate variability by the design of the operating system

and the amount of energy production assigned to the
hydro-system. In contrast, overall instream flow
requirements for fisheries protection is one of the first
objectives to be affected by low streamflow (Figure 4).
Could the operating system be redesigned to satisfy
both fisheries protection and energy production objec-
tives?

The ColSim water resources model was used to
evaluate a hypothetical alternative reservoir operat-
ing system design in which all major storage in the
system (including Canadian treaty storage) was used
to meet the instream flow targets set for McNary and
Lower Granite dams by the 1995 Biological Opinion
Agreement (NMFS, 1995). Rule curves and system
objectives for all other water uses, including firm
energy production and flood control, remain
unchanged. The mean reliability (for 1931-1989) of
meeting the McNary flow target increased from 86
percent, for the “status quo” operating system dis-
cussed above, to 99 percent for the alternate operat-
ing system (Table 4). However, this improvement in
isolating flow target goals from the effects of climate
variability was accompanied by corresponding reduc-
tions in the reliability of current levels of hydropower
production and of other uses in the system. Mean reli-
ability for meeting yearly-average, system-wide firm
energy targets of 6.0 x 106 MWhr/month decreased
from 100% in the original system to 90 percent under
the alternative operating system. The average simu-
lated shortfall for firm energy production was
3,000,000 MWhr/year. Impacts to other water uses

TABLE 4. Reliability of Meeting Columbia River Basin Water Resources System Objectives Under the Status Quo Operating
System and an Alternative, Hypothetical Operating System Wherein System-Wide Instream Flow Targets are

Supported by All System Storage. Reliability, or
ColSim model for the period 1931-1989 (see

the probability of no failure, was determined using the
text). System objectives are as defined in Table 3.

Reliability Reliability
Status Quo Operating Alternative Operating
System Objective System (percent) System (percent)

Hydropower Production

Firm Energy 100.0 90.2

Non-Firm Energy 95.3 88.2
Flood Control 98.4 98.6
System-Wide Instream Flow Target

McNary Dam 86.2 994
Local Instream Flow Targets

Priest Rapids 100.0 94.7

Columbia Falls 100.0 90.7
Agricultural Diversions (middle Snake River) 90.1 90.1
Recreation 90.7 81.8
Navigation 91.8 91.8
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are shown in Table 4. Because of the conflicting tim-
ing for hydropower production and major instream
flow targets, it 1s not possible to insulate both uses
from climate variability within the current framework
of water use objectives. Either instream flows for fish-
eries protection or current levels and timing of firm
hydropower production can be fully protected from cli-
mate variability, but not both. Thus the current sys-
tem cannot adapt to meet all of the current demands
all of the time.

The Columbia River system, with more than 250
reservoirs and 100 hydroelectric projects, is one of the
most highly developed in the world. It is generally
considered to be a mature water management system
with little room for future expansion or development.
Under current assumptions and institutions there are
very limited possibilities for changes in infrastruc-
ture, such as adding additional reservoir storage
capacity to better meet conflicting demands.

Not only is it currently impossible to meet all water
resources objectives, current institutional arrange-
ments in the Columbia River Basin appear to pre-
clude an organized and comprehensive management
response that would optimize allocation of water.

Institutional Arrangements

Adaptability to Floods. Institutional arrange-
ments in the Columbia River Basin relative to the
overriding priority of flood control clearly facilitate
adaptability. Because flood control was an original
priority of the Columbia River system, as stipulated
in the authorizing legislation for many of the storage
dams (BPA et al., 1995), and flood-control manage-
ment is centralized, adaptability is essentially
ensured. There are only four major actors in this
arena: the U.S. Army Corps of Engineers (ACOE), the
U.S. Bureau of Reclamation (USBR), the Bonneville
Power Administration (BPA) and Canadian Projects.
The ACOE operates 22 U.S. federal dams, USBR
operates nine and the BPA markets hydropower for
all federal dams in the system. The ACOE is the
primary decision-maker and the BPA, USBR and
Canadian projects cooperate according to various
agreements. The ACOE is closely linked with both the
NOAA Regional River Forecast Center and the
National Resource Conservation Service of the USBR
for forecast information and flood control protocols
that facilitate adaptability in high streamflow condi-
tions (D. Laurine, River Forecast Center, Portland,
Oregon, and P. Brooks, ACOE, Portland, Oregon, per-
sonal communications, 1996). With respect to flood
control, there is no doubt about who is in charge of
reservoir operations for all dams: it is the ACOE
(BPA et al., 1995).
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Adaptability to Droughts. The situation is quite
different with respect to drought. The Columbia
Basin, as a natural system, is under great stress
because it cannot even now satisfy all demands made
upon it (BPA et al., 1995). In drought conditions,
junior water rights holders may not receive their full
water allocations, hydropower companies can suffer
substantial economic losses and low streamflows can
harm fish stocks and habitat (Callahan et al., 1999).
For example, the Roza irrigation district in the Yaki-
ma River Basin (a sub-basin of the Columbia) is a dis-
trict comprised solely of junior water rights. Because
of drought conditions in 1992, 1993 and 1994, water
entitlements in Roza were reduced by 42, 33 and 63
percent, respectively (Gray, 1999). This had signifi-
cant impacts on the district’s irrigated agriculture,
which mostly comprises perennial fruit crops, such as
tree fruits. In contrast, senior water rights holders in
the Yakima Basin have always received their full
water right (Gray, 1999). The allocation of junior and
senior water rights among different water users and
water districts is an artifact of the historical develop-
ment of water projects.

Drought conditions exacerbate conflicts between
hydropower production and fisheries protection inter-
ests. During 1987 and 1988, Snake River run-off was
only ~60 percent of the 50-year average (Wood, 1993).
During this year, minimum instream flows in the
Snake River were not provided. According to fisheries
interests, base flows were retained by hydropower
managers to satisfy their priorities of reservoir refill
and flow shaping for power marketing, while power
planning representatives maintained that the low
flows were a result of the basin-wide drought condi-
tions (Wood, 1993). Callahan et al. (1999) found that
these kinds of institutional conflicts associated with
limited supply were a general feature of Columbia
Basin water resources management.

Can the current Columbia River water resource
management system optimize water allocation among
competing water uses in the region? The answer to
that is a resounding “no” for several complex reasons.
The water resource management system in the Amer-
ican part of the basin is large and fragmented. It
includes a very large cast of managers at federal,
regional, state, county, and municipal levels, plus
fourteen Native American tribes. The management
system also includes the constituents and pressure
groups that have developed to advance the influence
of interests in fisheries, hydropower, industry, trans-
portation, irrigated agriculture, recreation and other
users of the river. Without a primary decision-maker,
such as the ACOE for flood control, the system
remains highly disjointed. In addition, the agree-
ments, legal requirements and coordinating processes
for managing the Columbia River systems create a
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complicated decision-making process that requires
immense effort to alter. The primary governing
agreements include the Columbia River Treaty, the
Canadian Entitlement Allocation Agreement, the
Pacific Northwest Coordination Agreement (PNCA),
the Endangered Species Act, the Pacific Northwest
Electric Power Planning and Conservation Act, and
the Fish and Wildlife Coordination Act (Callahan et
al., 1999).

Legal agreements (particularly PNCA) provide the
authority for coordination in a highly decentralized
system. Beyond meeting operational requirements,
however, the management system responds very slow-
ly to change. Coordination agreements, unresolved
conflicts (e.g., between fisheries, in-stream flow for
hydropower production, water rights) and other legal
requirements constrain the flexibility of managers.
This inertia increases the vulnerability of the system
to climate variability (Callahan et al., 1999).

Under these conditions, any changes to system-
wide operations require a huge bureaucratic effort;
therefore short-term changes for only incremental
improvements are unlikely. The fact that there is not
enough water in the system to meet current needs all
of the time, combined with current patterns of conflict
between water users, implies that any changes to the
water management system would redistribute
impacts without resolving conflicts. In the event of
efforts to initiate change, water users would therefore
tend to become “polarized” within the legal and politi-
cal sectors, depending on whether or not they stood to
benefit from the proposed changes. This would create
additional obstacles to change. A current example of
this is the fight between farmers and environmental-
ists over the proposed breaching of several Snake
River dams to restore salmon runs.

Western Water Law. Western water law presents
another major hindrance to optimizing water use in
the face of declining supply. Western water law was
developed in the nineteenth century, is based on the
concept of the prior appropriation rule, i.e., “first in
use, first in rights,” and favors use of water for irriga-
tion (Dufford, 1995). This rule in its original form
denied that connections exist between groundwater
and surface water and that water left in the stream is
of “beneficial use” (Dufford, 1995).

In the face of legal attacks by environmentalists
and disparate groups seeking protection for fisheries,
the prior appropriation rule has been amended so
that the latter two denials are no longer operative
{Dufford, 1995). Opponents to the rule are increasing-
ly relying on the provisions of the Clean Water Act,
the Endangered Species Act, and the Public Trust
Doctrine (Johnson and Pascal, 1995). For example,
in an appeal of a 1996 case involving the Washington
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Department of Ecology (WDOE) versus approximately
150 developers, the State Pollution Control Hearings
Board upheld the authority of WDOE to deny applica-
tions for rights to groundwater when for the purpose
of protecting state fisheries (Taylor, 1996). The
Board’s decision was in turn upheld by the King
County Superior Court in 1998 (Hopkins, 1998).

Western water law has proven to be very difficult
to change (Illahee, 1995; Dufford, 1995). Current
avenues for effecting change are voluntary transfers,
such as leasing rights, which are both expensive and
temporary; the courts; or State/Federal legislatures
(Benson, 1995). The two routes in the courts, i.e., liti-
gation or a general adjudication for a watershed, are
time-consuming and expensive (Dufford, 1995). The
latter route is being attempted for the Yakima Basin,
but has already been in the courts for 18 years with
experts predicting another nine years before there
will be an outcome (Lehman, 1995). This is another
example of the legal and political obstacles that
emerge when proposed changes to the water resources
management system threaten to redistribute impacts
without resolving conflicts.

Difficulties will increase in the future with increas-
es in regional population. Washington State popula-
tion is projected to increase at an annual growth rate
of about 1.3 percent from a population of approxi-
mately 5,900,000 in the year 2000 to about 7,500,000
in 2020 (Washington State Office of Financial Man-
agement, 1998). The projected increase is roughly
equivalent to adding three cities the size of Seattle to
the state in the next twenty years. Increased popula-
tion, which will increase the demands placed on
regional water resources, will present an additional
barrier to adaptability, regardless of future patterns
of climate variability or change. Without significant
changes in water resources management and use pat-
terns, projected population growth represents an
increased stress on an already stressed system.

HOW VULNERABLE IS THE COLUMBIA RIVER
BASIN TO CLIMATE VARIABILITY?

Vulnerability depends on both a system’s sensitivi-
ty to climate variability and its ability to adapt. The
sensitivity analysis of the Columbia River Basin indi-
cated the increased probability of abnormally low
streamflow during El Nifio and/or warm PDO years.
In addition, the reliability of meeting some system
objectives, e.g., irrigation water supply for the middle
Snake River and McNary fishery protection flow tar-
gets, decreases rapidly with decreasing streamflow
under the current operating system and framework
of water resources demands (Figure 4). The inertia
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of the fragmented management system, coupled with
the inefficient allocation of water resulting from west-
ern water law, hinders adaptability to these condi-
tions. Under current conditions, recreation, instream
flow targets, agricultural diversions in the middle
Snake River and, to a lesser degree, non-firm energy
targets are vulnerable to climate variability because
of the lack of adaptability in the system.

Perceptions of Regional Managers

Water resource managers’ perceptions of the
impacts of climate variability on the resources that
they manage were identified in a 1996 survey of man-
agers at 28 different organizations in the PNW (pri-
marily within the Columbia Basin) (Callahan, 1997;
Callahan et al., 1999). The survey consisted of 31
interviews conducted by three of us (Callahan,
Fluharty and Miles) with individuals and groups of
planners, hydrologists, engineers, climatologists, reg-
ulators and analysts in private, municipal, state, fed-
eral, and tribal organizations. The interviews
included representatives from organizations con-
cerned with hydropower production, fish and wildlife
management, water quality and watershed manage-
ment, flood control, irrigation, municipal and indus-
trial water supply, and river navigation. The primary
goal of the survey was to identify the degree to which
managers incorporated climate forecast information
into their operational decision making process (Calla-
han, 1997; Callahan et al., 1999). Managers were also
asked to discuss the ways in which the resource(s)
they manage were sensitive and vulnerable to climate
variability and to characterize the most important cli-
mate-related vulnerabilities of the region. In the dis-
cussion that follows, the terms “drought” and “flood”
are used to represent the extremes in low or high
streamflow significant to each manager and do not

necessarily represent a universal definition of hydro-
logical conditions.

Regional water managers consider the Columbia
River system to be most vulnerable to drought; 80
percent ranked drought as the region’s primary cli-
mate-related issue of concern (Table 5). Drought
ranked highest for managers of fish and wildlife,
water quality and watersheds, navigation, irrigation,
and hydropower production, as well as for those man-
aging multiple water uses. Many managers stated
that their vulnerability to drought had increased as a
result of instream flow requirements for fisheries pro-
tection.

The specific reasons behind each group’s concern
with drought further illustrates the conflicts within
the system. When water is scarce, the hydropower
industry may suffer economic losses because of lost
generation capabilities and the cost of buying power
outside of the Columbia River system. Droughts exac-
erbate problems for salmon, such as low streamflow
and water quality concerns, such as increased water
temperature. Political pressure on hydropower and
irrigation interests to protect fisheries intensifies dur-
ing low flow periods when conflicts between the uses
intensify. In the managers’ perceptions, coalitions
form among different uses with parallel objectives,
thereby pitting hydropower, irrigation, municipal and
industrial water supply, some recreation and some
navigational interests against environmental and
commercial interests seeking in-stream protection for
fisheries, other recreational, and other navigational
interests (Callahan et al., 1999). The dominance of
flood control protocols in reservoir operations may
benefit different interests at different times but, as
discussed previously, the operational dominance of
hydropower interests means that the others must
fight over what is left.

A relative lack of storage in the reservoir system
contributes to the perceived vulnerability of the
Columbia River Basin to drought. The Columbia

TABLE 5. Ranked Primary Vulnerabilities Related to Climate Variability in the Pacific Northwest from a 1996 Survey of Water
Resource Managers at 28 Different Organizations in the Pacific Northwest, Mainly in the Columbia Basin (Callahan, 1997;
Callahan et al,, 1999). Vulnerabilities were defined as changes to which the water management system cannot adapt;
all of the vulnerabilities shown here were perceived by water managers to be related to climate variability.

Water Management Vulnerability of Concern

Number {and Percentage] of Respondents
Considering This Vulnerability Major (N= 25)

Drought

Flooding

Low Storage Capacity in Reservoirs
Decline in Fisheries Stocks and Habitat
Water Quality Degradation

20 (80 percent]
15 (60 percent]
12 [48 percent]
8 [32 percent]
5 (20 percent]
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River can store only about 30 percent of its annual
runoff in reservoirs, much less than the storage avail-
able on the Missouri and Colorado Rivers, for example
(BPA et al., 1995). Inadequate storage was recognized
as a major vulnerability by 12 out of 25 managers, all
of whom have reservoir operational responsibilities.

The time scale of drought and storage vulnerability
cited by the different water managers ranged from a
single year to a decade. This range most likely indi-
cated a loose and varying definition of drought and
vulnerability between managers. Nonetheless, thresh-
olds of management sensitivity to drought duration
and intensity are likely to be different for different
water users. These differences must be accounted for
in regional assessments of climate impacts.

Regional managers are also concerned about the
opposite end of the streamflow spectrum - floods.
Despite the fact that much of the reservoir system
was originally designed for flood control, 15 out of 25
managers interviewed considered the system either
vulnerable to flooding or vulnerable as a result of
flood control operations. Reservoir levels are drawn
down for flood control in the fall to create storage for
winter and spring runoff, a schedule that is generally
compatible with winter hydropower production. Irri-
gation interests, who would like to store more of the
fall and winter precipitation for use in the following
growing season, are potentially in conflict (BPA et al.,
1995).

While storage vulnerabilities were primarily asso-
ciated with drought risks, the ACOE also views cur-
rent storage capacity as a flood-related vulnerability.
The Vanport, Oregon flood of 1948 was the largest of
this century. During peak flows of 1,010,000 cubic
feet/second at The Dalles (approx. four times average
streamflow) (USGS, 1949), a levee broke, destroying
the town of Vanport, killing thirty-eight people, and
causing $103 million in property damage (White,
1995) (see Figure 1 for location). At the time, there
were only two dams on the Columbia, Grand Coulee
and Bonneville, neither of which was built for flood
control. Subsequent flood-control reservoirs and coor-
dination of flood control management has increased
the Columbia River system’s capability for decreasing
peak flows and made the modern Columbia River sys-
tem resilient to high flow conditions. High flows flood-
ed some lowland areas in February 1996, but without
the current flood control system, flows would have
been at least as high as they were in 1948 (Stewart,
1998).

The decline in fisheries stocks and habitat and
degradation of water quality were the remaining cli-
mate-related vulnerabilities considered to be of
primary concern ky regional managers (Table 5).
Managers in fish and wildlife sectors perceived
the fisheries-related vulnerability in terms of the
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negative effects of environmental and management
conditions on salmon stocks. Managers in hydropow-
er, flood control, forecasting, and irrigation felt that
the major vulnerability resulted from the inflexible
changes in the management requirements that were
designed to help restore fish stocks.

All of the managers concerned about climate
impacts to water quality had fish and wildlife, water
quality, or watershed management responsibilities.
The primary types of water quality problems dis-
cussed were overly warm temperatures (mainly a
problem in summer), inadequate dilution of pollu-
tants, and turbidity. All three are strongly affected by
climate variables including temperature, precipita-
tion, runoff, and the frequency and severity of storm
events.

Within the Columbia River system we see, not sur-
prisingly, that all of the uses, conflicts, and climate-
related vulnerabilities are intertwined. The primary
issues of conflict in the Columbia River system are
instream flow requirements, water rights, and reser-
voir operational conflicts between fisheries, recre-
ation, irrigation and hydropower (Callahan et al.,
1999). These conflicts arise from the way the water
management system deals with variations in water
supply caused by natural climate variability. More-
over, the operation of the water management system
is embedded in, and currently inseparable from, those
conflicts. The climate-related vulnerabilities of the
Columbia River system — drought and low streamflow,
inadequate storage in the reservoir system, floods,
water quality degradation, declining fish stocks and
habitat — are also closely related to the main issues of
conflict. The tight relationships between the conflict-
ed issues and climate-related vulnerabilities indicates
that eliminating vulnerabilities will not be a matter of
simply finding a technical solution, e.g., establishing
new operating priorities for the water management
system. Alternative management solutions will
always result in situations with winners and losers
and will therefore be politically difficult to implement.

Strategies for Reducing Vulnerability

The success of the Columbia River water manage-
ment system at adapting to the threat of floods sug-
gests that centralized management of the resource is
a necessary condition for institutional adaptability to
climate variability. Three additional criteria for an
effective response to climate variability are manageri-
al flexibility (including the ability to incorporate new
information), development of institutional memory,
and coordination. As described previously, current
water resources management in the Columbia is
based on a heuristic analysis of historical conditions
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(during August-December operations) and measure-
ments of snowpack (during January-July). Recent
improvements in long-range streamflow forecasting
based on PDO and ENSO climate signals suggest that
these kinds of forecasts could increase the flexibility
of the Columbia River management system in fall and
early winter (Hamlet and Lettenmaier, 1999a; Leung
et al., 1999).

When the development of institutional memory is
encouraged, a water resources management system
that learns how climate variability has affected it in
the past has the potential to improve its operations
under similar conditions in the future. Institutional
memory played a prominent role in the Seattle Public
Utilities’ development of a successful drought
response policy. After being challenged by significant
droughts in 1987 and 1992 (both El Nifo years), the
utility responded quickly when a strong El Nifo event
was predicted for 1998. Actions taken to augment
supply and storage and reduce demand successfully
precluded negative impacts to water users during the
significantly low streamflows that occurred in 1998
(Gray, 1999).

A coordinated management system that allows
costs and benefits to be shared and/or traded among
users of the water resource encourages flexibility and
adaptability to climate variations. Hydropower pro-
duction throughout the Columbia River Basin is coor-
dinated (under the PNCA) as if the total system had a
single owner (BPA et al., 1995). This coordination pro-
vides the flexibility necessary to respond to climate
variability by encouraging, for example, operational
decisions that shift energy production to parts of the
system that have more available water in storage. In
contrast, the irrigation districts of the Yakima Basin
are operated essentially independently, with little
basin-wide coordination. When low streamflow condi-
tions occur, each district copes as well as possible on a
local level, but largely in isolation (Gray, 1999).

IMPACT OF FUTURE CLIMATE CHANGE
IN THE COLUMBIA RIVER BASIN

The analysis of the impacts of climate variability in
the Northwest provides a foundation for an examina-
tion of potential regional consequences of future cli-
mate change. Our analysis of climate variability
showed that the dominant impact pathway was via
the regional hydrology, specifically through the influ-
ence of wintertime temperature and precipitation on
snow pack and streamflow (Figure 2). If future region-
al climate projections resemble temperature and pre-
cipitation changes like those observed in the past, or
have similar impacts to snow pack and streamflow,
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the impacts of such a change in chimate can be readily
estimated.

We examine the implications of future climate
change by comparing the impacts of projected changes
in temperature and precipitation derived from two
global climate model simulations archived by the
IPCC. The climate simulations examined here were
produced by the Max Planck Institute (MPI)
(ECHAM4 climate model, see Cubasch et al., 1992 for
a description of earlier models) and the U.K. Meteoro-
logical Office Hadley Centre (HC) (HadCM2 model,
Johns et al., 1997). These models each assume a 1
percent annual compound increase in CO,, and both
include the effects of sulphate aerosols. The time
scales chosen for this intercomparison were the
decades centered on 2025 and 2045. The climate
change signal predicted by these mocels is presented
here as a Columbia River basin-wide spatially aver-
aged change in temperature or precipitation relative
to the respective model’s control run for each month.
Details on the downscaling methods used to obtain
these averages can be found in Hamlet and Letten-
maier (1999b).

The MPI and HC simulations show different rates
of warming and different precipitation patterns in the
Columbia River Basin (Figure 5). The two models pre-
dict increased temperatures for all months of both
2025 and 2045. Despite month-to-month differences,
average winter and summer temperature increases
are relatively consistent between the models. For
precipitation, the two models predict significantly
different patterns of changes, especially during the
summertime (Figure 5).

These model scenarios represent only regional and
monthly average temperature and precipitation
changes. Although climate models are not currently
capable of simulating how climate variability would
be affected by future climate change, our study of
water resources in the Columbia River Basin indi-
cates that for the current climate it is climate varia-
tions that are of concern to water resource managers.
It is when streamflow diverges from the mean that
water users experience impacts. Thus, although
future changes in mean streamflow are important, so,
too, is how streamflow may vary in the future.

In order to examine the impacts of future climate
change, we therefore apply projections of future
climate changes to the historical record of PNW
climate. In this way, we can examine the implications
of climate change for streamflow and water resources
objectives in the Columbia River Basin, within
the context of our current understanding of the
natural patterns of climate variability. The general
procedures are as follows (for specific details, see
Hamlet and Lettenmaier, 1999b). The projected
monthly changes in basin-average temperature and
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precipitation, derived from the climate simulations
(Figure 5), are used to perturb the historical record of
PNW temperature and precipitation. This perturba-
tion is uniform over each calendar month and the
entire basin. Historical temperature and precipitation
records were derived from PNW climate station data
from 1961 to 1997, interpolated to 1/8 degree (lati-
tude/longitude) over the Columbia River Basin. The
perturbation changes the long-term mean of the his-
torical record for each calendar month, but preserves
most aspects of the observed climate variability. For
example, the observed relationships between daily
maximum and minimum temperatures are preserved,
as is the relative spatial variability of precipitation
and temperature throughout the basin. The perturba-
tion is done separately for the climate change projec-
tions for 2025 and 2045, resulting in three time series
of regional temperature and precipitation, i.e., the
base case (unperturbed), 2025 and 2045.

Each time series was used to drive a 1/8 degree res-
olution Variable Infiltration Capacity (VIC) hydrology
model developed at the University of Washington and
Princeton University (Liang et al., 1994; Nijssen et
al., 1997, Matheussen et al., 1999). The VIC model
has been widely used for simulation of regional-scale
watersheds in North America and Europe (see for
example, Abdulla et al., 1996, and Lohmann et al.,
1998). Because the VIC model simulates well the
effects of variability in temperature and precipitation
on observed Columbia River streamflow for the his-
torical record (Hamlet and Lettenmaier, 1999b), it is
expected to be similarly skilled at simulating the
effects of the relatively small changes in temperature
and precipitation projected for 2025 and 2045.

Composite hydrographs for the Columbia River for
each time series show the consequences of the
changes in temperature and precipitation predicted
by the climate simulations (Figure 6). The quantita-
tive effects to streamflow are significantly different
for the two climate models, however the qualitative
effects to seasonal patterns of streamflow are relative-
ly consistent. The consequence of the projected cli-
mate changes is higher flows during the winter and
spring, and lower flows during the summer and fall.
The tendency towards more precipitation and warmer
temperatures during the winter (Figure 5) implies
substantially more rain, less snow pack accumulation,
and therefore increased wintertime runoff. The
decrease in snow pack accumulation, combined with
lower summertime precipitation and higher summer-
time temperatures and evapotranspiration, lead to
decreased summertime flows (Hamlet and Letten-
maier, 1999b). The timing of flows is also altered.
Peak spring flows tend to begin earlier compared to
current runoff patterns (Figure 6).
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Figure 6. Composite Columbia Basin hydrographs (average
for each calendar month) for the Columbia River at The
Dalles Resulting from the Climate Changes Simulated by
MPI and HC (shown in Figure 4): (a) 2025 and (b) 2045.
The base case represents the composite simulated historical
hydrograph for 1961 to 1997. The composite hydrographs
for 2025 and 2045 represent the effects to streamflow of
perturbing the historical record of temperature and
precipitation by the climate changes simulated
by the climate models (see text).

The impacts of these projected changes in flow
regime on the water resources objectives of the
Columbia River Basin were examined using the Col-
Sim reservoir simulation model. An estimate of the
reliability of meeting water resources system objec-
tives was developed for the time series representing
the base case, 2025 and 2045. The MPI scenarios,
which result in the largest decreases in summertime
streamflow (Figure 6), produce the greatest impacts
to the system uses that are sensitive to decreased flow
in that season. The performances of energy produc-
tion, flow targets, agricultural irrigation and recre-
ation are all significantly degraded for the MPI
scenarios (Figure 7). Because of the smaller resultant
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Figure 7. Effects to the Reliability of Columbia River Water Resources Objectives Simulated by the
ColSim Model for the Climate Change Simulations Compared to the Base Case.

changes to summer streamflow, the HC simulations
caused smaller impacts to these uses, especially for
2025. In contrast, the decreased summertime flows
resulting from the MPI scenarios tended to improve
the system performance with respect to reliability of
desirable navigation conditions and flood control at
The Dalles, i.e., uses that are enhanced by lower
flows. Under the HC simulations, the reliability of
these uses was reduced due to the large predicted
increases in fall and winter precipitation volumes.
For HC simulations, energy production capability was
enhanced or essentially unchanged from the base case
(Figure 7).

This analysis assumed no change in the current
Columbia Basin operating policies nor in the various
demands on the system in the future. For example, no
adjustments were made to the operational rule curves
governing energy production and reservoir evacuation
for flood control to account for the altered timing of
peak flows under climate change (Figure 6). Climate
change or other factors may also significantly affect
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demand; such changes could affect the frequency,
severity, and duration of impacts. It is possible that
some of the impacts detailed above might be mitigat-
ed with adaptive management or physical system
modifications.

We emphasize that there are considerable uncer-
tainties in the climate model results described above.
However, consistent features in the model scenarios
include a qualitative shift in the PNW to warmer,
wetter winters with less snow and more rain. That
shift presages future regional vulnerability. Most of
the region’s water storage capacity is represented by
winter snow pack: total reservoir storage capacity in
the Columbia River Basin is limited to 30 percent of
total flow (BPA et al., 1995). As snow pack declines, so
will management options for responding to projected
future growth in demand under current system
constraints. Conflict between uses is likely to
increase, but the Columbia River water resources sys-
tem is unable to resolve conflicts between water
resources objectives in low streamflow situations,
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even for the current climate. For example, low
streamflow in water year 1992 resulted in a net loss
of approximately $273 million for the Bonneville
Power Administration (BPA et al., 1994) and created
serious water shortages in several other water
resources systems in the PNW including the Yakima
River basin (Gray, 1999). Taking summer streamflows
in water year 1992 as a drought threshold, Hamlet
and Lettenmaier (1999b) showed that the frequency
of simulated summer streamflow sequences below
this threshold nearly doubled by 2045 for the HC sce-
nario and more than quadrupled by 2045 for the MPI
scenario, relative to the base case.

It is important to note once again that the climate
model scenarios only indicate how regional average
temperature and precipitation might change; they do
not address how climate variability would be affected
by climate change. Our analysis uses the projections
of changes in average climate with an assumption
that the patterns of climate variability in the PNW
remain unchanged in the future to examine the effect
of a shift in mean temperature and precipitation in
the context of observed natural variability. Climate
change, however, may manifest itself through changes
in ENSO, the PDO and/or other natural modes in the
climate system, resulting in altered patterns of cli-
mate variability. Although climate models currently
project gradual climate change, there is also a possi-
bility that the climate system may respond in surpris-
ing and/or sudden and unforeseen ways (IPCC, 1996a;
Broecker, 1987, 1997). There is still much uncertainty
over whether and/or how global climate change will
alter natural patterns of climate variability.

On-going natural climate variability will have
major implications for monitoring future climate and
developing policy responses to anthropogenic climate
change. Monitoring and policy changes based solely
on short-term observations of climate, without regard
for patterns of variability like the PDO, are likely to
be ineffective or even detrimental to a long-term
strategic response to a changing climate.

CONCLUSIONS

Large scale patterns of climate variability, i.e.,
ENSO and the PDO, have exerted considerable influ-
ence on PNW climate for at least the past 120 years,
primarily through atmospheric and oceanic circula-
tion changes favoring either cool and wet or warm
and dry PNW winter and spring seasons (Redmond
and Koch, 1991; Mantua et al., 1997). The PNW is
highly sensitive to these patterns of climate variabili-
ty as evidenced by the resultant variations in
Columbia River streamflow (Figure 3).
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Under the current operating system in the
Columbia River Basin, the water uses most sensitive
and therefore most vulnerable to climate variability
are (in descending order): McNary flow target for fish-
eries protection, Lake Roosevelt recreation, naviga-
tion, non-firm energy, and middle Snake River
agricultural diversions. Firm energy and flood control
are the most protected activities in the main stem of
the Columbia. In spite of legislation mandating
greater protection for anadromous fish populations,
our analysis shows that overall Columbia River
instream flow requirements have a very low de facto
priority within the current water resources operating
system. These are only fully satisfied in years with
close to, or higher than, average streamflows. While
system-operating procedures could be revised to make
instream flow targets insensitive to climate variabili-
ty, this could be accomplished only by increasing
impacts to other system objectives (Table 4).

Adaptability to the threat of floods is high in the
main stem of the Columbia, given the existence of
centralized authority, adequate technological infras-
tructure, and good working relationships between the
dominant players. Adaptability in the face of
droughts, however, is limited. When water supply
decreases, conflict increases and the system lacks the
necessary centralized authority to optimize declining
supply. This absence of authority is exacerbated by
the allocation of water rights under the prior appro-
priation rule. In general, conflict between in-stream
and out-of-stream uses is intensifying (Lee, 1995), due
to increasing consumptive demand and instream flow
requirements. Climate variability brings additional
stresses to a system already highly stressed by
anthropogenic activities.

Vulnerabilities under current patterns of climate
variability are greatest in relation to the extremes of
high and low streamflow. Addressing the climate-
related vulnerabilities of the water resources system
is impeded by the high level of conflict between com-
peting water uses. Any attempts to rework the techni-
cal and/or management systems to better coordinate
water use objectives will be hindered by the fact that
there is currently not enough water to satisfy all of
the users all of the time. Reallocation of water
resources would move impacts from one user to
another, polarizing the water users and creating polit-
ical obstacles to change.

With respect to the future climate, we reiterate the
power of the integrated regional assessment frame-
work. By elucidating the pathways through which
natural variations in regional climate are manifested
as vulnerabilities in natural and human systems, we
suggest how the same systems may respond to future
climate change. In other words, we can hypothesize
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about the future once (but not before) we understand
the present.

The model simulations of future climate examined
here result in significantly decreased summertime
streamflow as a result of decreased storage of precipi-
tation as snow. Thus, patterns of summer streamflow
under climate change would be similar to those cur-
rently occurring during El Nifio and warm PDO years
(compare summertime flow in Figures 3 and 6). This
implies heightened conflict between water uses in the
future. The inflexibility of the water management sys-
tem will significantly impact the ability of the PNW to
cope with these future changes. Without reforms in
water use practices or water law, increased popula-
tion densities also imply expanding conflict over
water supply. Increases in demand may further limit
the flexibility of the water management system to
adapt to climate change by intensifying conflicts
between water users.

We believe that an understanding of the dynamics
of regional climate variability and its impacts must,
and now can, underlie the design of policies for water
resources management for the 21st century. Previous
studies have shown that climate forecast information
is little used in PNW resource management decision
making processes (Pulwarty and Redmond, 1997,
Callahan et al., 1999). The Climate Impacts Group is
working to educate managers and policy makers
throughout the PNW about the links between climate
variability, streamflow, and impacts to water
resources. By understanding these linkages, man-
agers will be in a better position to utilize climate
information in decision making.

The case studies examined here identify four ele-
ments necessary for an effective response to climate
variability and change: centralized management of
the resource, managerial flexibility and the ability to
incorporate new information, development of institu-
tional memory, and coordination. While a few aspects
of water management in the PNW have all of these
desirable features, much work remains at the region-
al level to improve the adaptability of water resource
management to climate variability and change.

Current projections of how climate will change in
the future as a result of increasing atmospheric con-
centrations of greenhouse gases are insufficiently cer-
tain to be used as climate predictions. Nonetheless,
the results presented here indicate that even relative-
ly small changes in regional temperature and precipi-
tation can have significant impacts on both the
Columbia River flow regime and water resource objec-
tives in the region. As regional climate changes, con-
tinuing to base water resource management decisions
on an analysis of historical conditions is likely to
become increasingly inadequate and inappropriate.
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Upon what information should water resource man-
agers base their operating decisions in a changed cli-
mate? Given the difficulty of changing operating
procedures in the complex and fragmented Columbia
Basin water management system, the implications of
alternative decision making frameworks, such as
using streamflow forecasts that incorporate the
effects of climate change to generate annual rule
curves, should be explored.

Finally, the best management and planning of
today will be done with an eye towards both natural
patterns of climate variability and possible future
changes in climate. Monitoring programs and policy
response strategies that follow only short-term cli-
mate trends will be ineffective at best and are likely
to encumber a long-term strategic response to the
changing climate by either overestimating or underes-
timating the true long-term trends.
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