International Water Resources Association
Water International, Volume 25, Number 2, Pages 253-272 | June 2000

Climate Change and Resource Management
in the Columbia River Basin

Stewart J. Cohen, Environment Canada and University of British Columbia, Vancouver,
British Columbia, Canada, Kathleen A. Miller, National Center for Atmospheric Research,
Boulder, Colorado, USA, Alan F. Hamlet, University of Washington, Seaitle, Washington,
USA, and Wendy Avis, Environment Canada, Vancouver, British Columbia, Canada

Abstract: Scenarios of global climate change were examined to see what impacts they might have on
transboundary water management in the Columbia River basin. Scenario changes in natural streamflow
were estimated using a basin hydrology model. These scenarios tended to show earlier seasonal peaks,
with possible reductions in total annual flow and lower minimum flows. Impacts and adaptation re-
sponses to the natural streamflow scenarios were determined through two exercises: (a) estimations of
system reliability using a reservoir model with performance measures and (b) interviews with water
managers and other stakeholders in the Canadian portion of the basin. Results from the two exercises
were similar, suggesting a tendency towards reduced reliability to meet objectives for power production,
fisheries, and agriculture. Reliability to meet flood control objectives would be relatively unchanged in
some scenarios but reduced in others. This exercise suggests that despite the high level of development
and management in the Columbia, vulnerabilities would still exist, and impacts could still occur in sce-
narios of natural streamflow changes caused by global climate change. Many of these would be indirect,
reflecting the complex relationship between the region and its climate.
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Introduction

Global climate change could have significant impacts
on natural resource systems. Water resources and the eco-
systems and human activities that depend on water avail-
ability are particularly likely to be affected by climate
changes. Those impacts will depend very much on how
humans have already manipulated the hydrologic system
and on the extent to which past and current human activi-
ties already stress natural components of the system. In
the case of large, complex, and heavily modified river
systems, such as the Columbia River system in North
America, the potential impacts of future climate changes
can only be understood in the context of the evolving
stresses and conflicts among the multiple uses of the
basin’s resources.

The Columbia River is the fourth largest river in North
America (Snover, 1997), carrying an average of almost
247 billion cubic meters (200 million acre-feet) of water
per year (Volkman, 1997). It is also one of the most valu-
able and heavily developed transboundary water resources
in North America. The Columbia system produces more
hydroelectricity than any other river system in North
America, with average annual generation of 18,500 mega-
watts (U.S. Dept. of Energy-Bonneville Power Adminis-
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tration et al., 1991). Canada and the United States have
historically managed the basin’s water resources for a
set of imperfectly coordinated uses, including agricul-
ture, hydropower, navigation, recreation, sport and com-
mercial fishing, log transportation, wildlife habitat, and
urban, industrial, and aboriginal uses. Climate variabil-
ity affects the total volume and temporal pattern of run-
off in the basin, which, in turn, affects the value generated
by these water uses and the extent to which they come
into conflict with one another. This suggests that hydro-
logic changes caused by any long-term climate change
will have ecological and socioeconomic impacts that may
affect both the management of the system and the nature
of conflicts among various resource users.

Institutional factors are likely to play a significant
role in determining the extent to which this complex sys-
tem can adapt efficiently and equitably to future hydro-
logic changes. Within each country, various institutions
take responsibility for particular uses such as irrigation
and hydropower production, and some mechanisms are
in place for coordinating water allocation across sectors.
In addition, there are binational agreements. The Bound-
ary Waters Treaty of 1909, which created the Interna-
tional Joint Commission (1JC), also governs pollution



254

S.J. Cohen, K.A. Miller, A.F. Hamlet, and W. Avis

control issues. The Columbia River Treaty, ratified in
1964, provided for the development of substantial stor-
age capacity in the Canadian portion of the basin. Con-
struction of the Canadian storage projects resulted in
downstream flood management and hydroelectric benefits,
which are shared between the two nations under the terms
of this treaty.

There have been conflicts both within each country
and between the two nations regarding the use and man-
agement of the Columbia’s water resources. These con-
flicts have become more heated and costly as the variety
and complexity of the uses and users of the Columbia
River have grown. These developments have led to in-
creasing calls for new systems of management that would
allow for an integrated or holistic approach to water man-
agement within the basin (Day et al., 1997; Volkman,
1997). Current pressures for change may thus set the in-
stitutional stage for future efforts to accommodate com-
peting interests in a changing natural resource base.
Because policy choices made now could alter the costs of
adapting to the effects of climate change, it will be im-
portant to consider the possible implications of climate
change in weighing current policy options. There is tre-
mendous uncertainty regarding the exact nature of future
hydrologic changes in this region, but analyses of the
potential impacts of a range of possible changes may be
useful in developing strategies to deal with the effects of
climate variability and climate change.

This article describes some of the available assess-
ments of the impacts of global climate change on the water
resources of the Columbia basin. The question of climate
change impacts in the Columbia is not a new one (e.g.,
Lettenmaier et al., 1992; Marks et al., 1993), but the
transboundary nature of this basin requires consideration
of impacts on both sides of the border. We therefore offer
to draw upon the published literature, recent work of the
Climate Impacts Group at the University of Washington,
and a set of interviews with various stakeholders in the
Canadian portion of the basin to present a preliminary set
of findings regarding vulnerabilities and alternatives for
adaptive management.

Background

It is necessary to consider the implications of climate
change for the Columbia basin in the context of the
region’s changing relationship with climate. This change
is taking place in response to evolving competition for
the region’s water and related resources. When consider-
ing possible futures, climate will not be the only compo-
nent to change.

Description of the Columbia Basin and its
Development

The Columbia River basin covers a total area of
614,000 km? (236,000 mi%) encompassing portions of six
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Figure 1a. Columbia River basin, including major dams and reser-
voirs. A = storage reservoirs (size is proportional to amount of stor-
age capacity), and Q = run-of-river facility.
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Figure 1b. Colombia River basin and all major structures.

U.S. states and one Canadian province (Figures la and 1b).
Striking geographical and seasonal contrasts mark the
current climate of the Columbia basin. In winter, Pacific
maritime air masses bring moisture into the basin, while
the summer climate is dominated by warm and dry conti-
nental air masses (Power, 1985). The mountainous areas
along the basin’s perimeter receive heavy winter precipi-
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tation, while low-elevation areas in the center of the ba-
sin are hot and dry in summer and receive little precipita-
tion even in winter. Figure 2 depicts the distribution of
average annual precipitation over the basin. The areas of
greatest precipitation are located in the Canadian portion
of the basin and west of the Cascade Mountains. Flows
from the latter area do not contribute significantly to power
generation at the major mainstem dams, but there is hy-
dropower generation on the Columbia’s major tributaries
on the west side of the Cascades, including the Cowlitz,
Lewis, and Willamette Rivers.

The Canadian portion of the basin accounts for a major
share of the runoff that can be used for hydropower gen-
eration at the Columbia River mainstem dams on the U.S.
side of the border. In addition, flood flows on the lower
river have historically been strongly affected by snow-
melt runoff from Canada. “Although only 15 percent of
the Columbia River Basin’s land mass is in Canada, Ca-
nadian snow pack accounts for about 30 percent of the
river’s total discharge. Excluding tributaries west of the
Cascades Mountains in the United States, Canada sup-
plies about 44 percent of the river’s discharge” (Volkman,
1997: 188). It was the potential value of controlling those
Canadian flows that spurred the negotiation of the Co-
lumbia River Treaty.

Under current climate, the Columbia is a snowmelt-
dominated system, with natural flow peaking sharply in
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Figure 2. Annual precipitation (U.S. Congress, 1962).

June. The development and operation of water storage
and diversion projects throughout the basin have substan-
tially altered this natural flow regime. Climate change is
likely to have further impacts on the seasonal distribution
of runoff, with warmer temperatures causing earlier snow-
melt and shifting the form of winter precipitation from
snow to rain over parts of the basin.

Throughout the 20™ century, the construction of large
multipurpose dams and storage projects on the Colum-
bia, Snake, and upper Columbia tributaries fundamentally
altered the Columbia’s hydrology and transformed it into
a “working river” (Volkman, 1997). The construction of
Bonneville, Rock Island, and Grand Coulee Dams, be-
ginning in the 1930s, marked the beginning of this era of
rapid development. Construction of the Canadian storage
projects subsequent to the ratification of the Columbia
River Treaty completed the transformation. The Colum-
bia is now a highly developed multipurpose river system.

Hydropower production, flood control, navigation,
irrigation, and fishery protection are all considered in the
operation of the large multipurpose dams. Irrigation is
the major consumptive water use in the basin. Almost 2.4
million hectares (6 million acres) are irrigated on the U.S.
side of the border. Much of that irrigated agriculture is
concentrated along the Snake River and in tributary wa-
tersheds such as the Yakima and thus does not depend on
flows coming from Canada. The massive Columbia Ba-
sin Project, on the Columbia Plateau in the central part of
Washington State, however, draws its water from the
mainstem of the river. The project currently irrigates about
0.2 million hectares (half a million acres) by pumping
water out of Roosevelt Lake above Grand Coulee Dam,
which is the first mainstem dam south of the Canadian
border (U.S. Dept. of Energy-Bonneville Power Admin-
istration et al., 1991). While irrigation use is large in ab-
solute terms, irrigation withdrawals only account for about
six percent of the Columbia basin’s water (U.S. Dept. of
Energy-Bonneville Power Administration et al., 1991).

Figure la displays the major dams in the Columbia
basin, but these are only the largest projects out of more
than 200 hydroelectric projects in the basin (U.S. Dept.
of Energy-Bonneville Power Administration etal., 1991).
Figure 1b displays these smaller facilities. In addition,
there are numerous irrigation impoundments at which no
hydroelectricity is produced. Storage projects now pro-
vide the capacity to store approximately 30 percent of the
average yearly runoff.

The effects of these dams on the Columbia’s
hydrograph are displayed in Figure 3. As more storage
was added to the system, it was used primarily for flood
control and hydropower generation. This allowed system
operators to reduce the size of the annual peak in the lower
Columbia and to increase the discharge of the river at
other seasons, when it would be more valuable for power
production. The addition of major Canadian storage
projects during the 1960s—80s played a significant role in
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Figure 3. Changing the shape of the hydrograph. Source: Volkman,
1997. The cluster of 10-year blocks during the 1885-1964 period
exhibited only minor variations in annual distribution at The Dalles.
The addition of Duncan in 1967, Keenleyside in 1968, and Mica in

1973 reduced the spring peak and increased winter flows.

“flattening out” the Columbia’s hydrograph (Figures 3
and 4). Use of that storage to alter the timing of flows
increased the “firm,” or reliable, power loads that could
be generated at the downstream dams. That, and the flood
control benefits, were the major sources of the value for
those projects (Krutilla, 1967). In essence, these projects
are an attempt to force the basin’s hydrologic cycle to
adapt to human needs.

The relationship between seasonal electric power de-
mands, the natural annual hydrologic cycle, and opera-
tion of the system’s hydropower generating system is
currently evolving as increased transmission capacity and
regulatory changes transform the electric power market.
Formerly a regional market, where supplies of cheap hy-
dropower fueled power-hungry industries such as alumi-
num and aircraft production, regional electric power
producers now participate in a continental-scale market.
Since continental electricity demand peaks in both mid-
winter and midsummer, these are the periods when water
releases from the basin’s hydroelectric facilities are most
likely to occur. However, this bimodal cycle differs from
the single peak that prevails in the natural cycle of runoff
during the spring snowmelt period. Flood control and ir-
rigation requirements also influence the timing and
amount of releases and create water quality problems
unique to dam and reservoir operations. These varied pres-
sures alter hydrologic conditions for the basin’s fishery
resources. At the same time, water-related conflicts have
developed among other stakeholders as demands for the
resource continue to increase.

Current Resource Use Conflicts

In recent years, the nature of water use conflicts in
the Columbia basin has changed appreciably. Environ-
mental, aesthetic, cultural, and recreational values that

were given little attention during the period of dam de-
velopment have become the central focus of policy de-
bates. Awareness of the adverse environmental effects of
the massive transformation of the Columbia system has
grown, and the region’s larger and increasingly urban
population is expressing greater concern for environmental
preservation than was evident a few decades ago. Current
natural resource management issues and tensions among
competing water users in the basin provide a context for
understanding the potential implications of climate
change.

Table 1 provides an overview of these issues. More
complete discussions can be obtained from Volkman,
1997; Day et al., 1997; Pulwarty and Redmond, 1997;
Bankes, 1996; Ellis, 1996; Miller, 1996, 2000; and Sus-
tainable Fisheries Foundation, 1998.

Interjurisdictional Aspects

In addition to intersectoral conflicts, Table 1 includes
reference to conflicts between jurisdictions. Several sets
of actors with varying mandates influence operational
decisions on different scales. This complex web of deci-
sion making on the part of governments and private interests
affects the relationship between the basin and its climate.

The Columbia is an international basin, so the IJC
has the mandate to regulate levels and flows primarily
for flood control and navigation. Kootenay Lake and
Osoyoos Lake operations are regulated through Boards
of Control. The International Columbia River Board of
Control monitors the Grand Coulee Dam, constructed 20
years before the 1964 Columbia River Treaty.

Reservoirs and hydroelectric generating facilities con-
structed within the Columbia River Treaty framework
(Mica, Duncan, Keenleyside, and Libby Dams) are man-
aged through operating plans jointly developed by the
respective national entitites: BC Hydro on the Canadian

O

a

]

o Byrrrer @ Mister = Mpiage — 0 prr Mov b Bueesr] — 0 por Nae A [MPier)|

Figure 4. Change in Columbia River hydrograph at The Dalles, 1879—
1992. Source: Volkman, 1997. The effect of storage projects on sea-
sonal flow was modest until the 1960s. One maf (million acre-feet) =
1,233.5 million cubic meters.
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Table 1. Resource Management Issues in the Columbia River Basin

Sectors

Conflict or Instrument

Source’

Hydroelectricity

versus fish hydropower turbines

Damage to spawning beds and destruction of eggs due

to flow changes

Mortality of juvenile salmon during passage through

Pulwarty and Redmond
(1997), Volkman (1997),
Sustainable Fisheries
Foundation (1998)

Injury or death to fish due to high gas pressures in water

downstream from dams

Flow rates during fish migration and spawning affected

by dams

Agriculture versus

urbanization and irrigators

Fish versus fish

Side effects of remedical actions to support certain species
(e.g., whitefish, salmon, and trout have different require-

Competition for water between expanding urban centers

Sustainable Fisheries
Foundation (1998)

ments for timing of enhanced flows)

Hydroelectricity versus

flood control elevation sites

Flood risk affected by residential encroachment onto low

Bankes (1996)

1JC flow orders pre-date fisheries issues and shoreline

encroachment

Agriculture versus fish

Interjurisdictional aspects

ment responsiblities

Irrigation withdrawals affecting fish habitat (e.g., Snake
River and Yakima River salmon)
Water banks established to facilitate sharing of water

National legislation applied with binational side effects
due to interaction of hydroelectricity and fish manage-

Ellis (1996), MacDonell
et al. (1994), Miller
(2000), Volkman (1997)

Day et al. (1997),
O’Neil (1997)

1. Also includes information obtained from interviews. See “Structured Interviews.”

side and Bonneville Power Administration (BPA) and the
Corps of Engineers on the U.S. side. The treaty empow-
ers the Permanent Engineering Board (PEB) to assist in
the settlement of any technical disputes relating to flow
control or the operating plans (Wandschneider, 1984; Day
et al., 1997). The treaty signatories can refer disputes to
the [JC, but they have not yet done so.

There are numerous producers of hydropower in the
basin who interact with one another either through ex-
plicit formal agreements or through competition in the
regional electricity market. In Canada, Mica, Keenleyside,
and Duncan Dams are operated by BC Hydro in coopera-
tion with BPA. West Kootenay Power (WKP) operates
four run-of-river hydroelectric facilities on the Kootenay
River in BC. WKP also operates the Brilliant Dam near
Castlegar as part of an agreement to purchase its power
entitlement from the Columbia Power Corporation (CPC).
CPC was recently established by the Province of British
Columbia and the Columbia Basin Trust — a regional
not-for-profit corporation (Government of British Colum-
bia, 1995; Columbia Basin Trust, 1997, 1998). Other fa-
cilities are operated by Cominco Ltd., a mining and
smelting operation.

In the U.S. portion of the basin, there are more than
250 storage and run-of-river projects, with ownership split
among federal agencies, investor-owned utilities, con-

sumer-owned utilities, and independent operators. The
U.S. Army Corps of Engineers operates some of the sites,
including Libby Reservoir (Lake Koocanusa), which it
operates partly for downstream power benefits in the U.S.
and Canada.

The coordination of British Columbia’s electricity
production and transmission and the growing intercon-
nections between utilities are reflected in the activities of
the British Columbia Power Exchange Corporation
(Powerex), a subsidiary of BC Hydro. On the U.S. side,
BPA operates the transmission lines and markets power di-
rectly and through other utilities. It is by far the largest actor
in the region’s electricity market, and its actions have a sig-
nificant influence on those of Powerex and other utilities.

Fish conservation and rehabilitation concerns are also
expressed at different scales. In Canada, the main respon-
sibility belongs to the federal Department of Fisheries and
Oceans (DFO) and the BC Ministry of Environment,
Lands, and Parks (MELP). The U.S. Fish and Wildlife
Service (USFWS), National Marine Fisheries Service
(NMES), and agencies in each state fill these roles in the
U.S.

The Northwest Power Planning Council also contin-
ues to play a role in coordinating salmon restoration with
power system operation, but that role has diminished in
recent years. When the U.S. Congress passed the North-
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west Power Act in 1980, it created the Northwest Power
Planning Council. The Council was to plan the region’s
energy future while implementing a program to offset the
effects of the dams on salmon and other fish and wildlife
populations. Under the Northwest Power Act, the BPA
uses hydropower revenues from federal projects to cover
the costs of the fish and wildlife program. The Council
adopted its first fish and wildlife program in 1982.

The 1987 version of the program, which was the most fully
developed program before the Endangered Species Act list-
ings, aimed to double the salmon runs through a series of
measures affecting all stages of the salmon life cycle: me-
chanical screens and bypass channels at the dams, flow
augmentation, habitat restoration projects and other initia-
tives. (Volkman, 1997: 68).

Recent endangered species listings have largely over-
shadowed the Council’s fish and wildlife program. In
1991, the NMFS listed Snake River sockeye salmon as
endangered, and the following summer, classified Snake
River spring/summer and fall chinook as threatened. In
1994, NMFS reclassified these chinook as endangered.
In 1993, in accordance with the provisions of the Endan-
gered Species Act, NMFS issued a biological opinion iden-
tifying minimum flows in the Snake and Columbia Rivers
that would be necessary for the successful downstream
migration of juvenile salmon. Unfortunately, in 1994,
flows fell below those minimum targets: “Columbia River
flows for the spring migration were more than ten per-
cent below target flow levels, while Snake River flows
for the summer migrations were short by more than 25
percent” (Ellis, 1996: 300). Mild drought conditions pre-
vailed that year, with reconstructed Columbia River flow
at The Dalles (adjusted for diversions) slightly below the
long-term mean (Pulwarty and Redmond, 1997). The
shortfalls occurred despite the fact that during the sum-
mer of 1994, water rentals from the Upper Snake River
Rental Pool provided for the release of more than 431
million cubic meters (350,000 acre-feet) to augment the
flow of the Lower Snake River for hydropower genera-
tion and anadromous fish passage (Miller, 2000).

Current efforts to preserve the remaining salmon
stocks have focused on providing sufficient supplemen-
tal flows to return the flow regime to a more natural pat-
tern. The agencies responsible for the operation of 14 U.S.
federal dams now plan to operate those facilities in a
manner consistent with two more Biological Opinions by:
(a) NMFS for Snake River salmon and (b) USFWS for
the Kootenai River white sturgeon (U.S. Dept. of Energy-
Bonneville Power Administration et al., 1995). These
opinions call for a set of strategies to enhance fish sur-
vival. In the case of the Snake River salmon, these in-
clude barge transportation of some smolts and provision
of sufficient spill at Snake and lower Columbia River dams
to move most naturally migrating smolts past the dams

without passing through the turbines. The NMFS and
USFWS biological opinions “are now regarded as setting
the basic rules for system operations for salmon”
(Volkman, 1997: A.1-A.2).

The Columbia River Treaty addresses the use of Ca-
nadian storage facilities only for hydropower generation
and flood control. The treaty’s negotiators did not envi-
sion any substantial use of that stored water for fishery
preservation or other environmental purposes. Now that
parties on the U.S. side are struggling to provide suffi-
cient flows to preserve the Columbia’s remnant wild
salmon runs, they may wish to alter the pattern of releases
from the Canadian storage reservoirs, particularly in low-
flow years. However, under the terms of the treaty, Canada
would have to be compensated if such changes reduced
Canadian power generation (Day et al., 1997).

There is no formal way to incorporate the needs of salmon
or other environmental considerations into river manage-
ment other than through economic trades . . . Adjustments
can be made in system operations to accommodate such
concerns, but the treaty’s hydropower generation and flood
control purposes require compensation for these changes.
Thus, in the low-flow year of 1977 when fish interests
sought water for salmon flows, Canadians were willing to
help out at six US dollars per acre-foot (or around 0.05 US
dollars per cubic meter). United States interests declined
the offer at that price, and tried to make do. The fact that
the Treaty makes river operations for fish and wildlife a
cost rather than a value is a subject that has yet to be ad-
dressed in negotiations between the two countries.
(Volkman, 1997: 30)

The interaction of power and fish management re-
sponsibilities creates a situation in which federal legisla-
tion can be applied with binational side effects. Recent
concerns about ecosystem health in the lower Columbia
led to a legal challenge by the Sierra Legal Defense Fund
to the U.S. government, under the Endangered Species
Act, to shift water management practices to a “fish first”
approach. The challenge is based on the 1994 USFWS
declaration of the Kootenay (Kootenai in the U.S.) white
sturgeon as an endangered species in the U.S. This uni-
lateral action led to changes in releases from Libby dur-
ing sturgeon spawning season in 1995 and 1996. The
British Columbia government asked for 5.6 million Ca-
nadian dollars in compensation for lost power, but the
U.S. government rejected this (O’Neil, 1997). In two other
cases, DFO has had to request flow changes at Keenleyside
to protect rainbow trout and mountain whitefish. In all
three cases, federal legislation in either Canada or the U.S.
was used. The side effect was that changes in flow re-
sulted in changes in flood control and power benefits,
which were not contemplated in the international agree-
ment covering the treaty facilities (Day et al., 1997).

The involvement of aboriginal and environmental
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interests in fisheries and water resources concerns (Cana-
dian and U.S. Columbia River Inter-Tribal Fisheries Com-
missions, BC Wildlife Federation, Grand Forks Watershed
Alliance, Pacific Rivers Council, Environmental Defense
Fund, and others) has added to the complexity of regional
decision making. These interests look for public partici-
pation arenas and have become involved in various com-
mittees such as the Columbia Operations Fisheries
Advisory Committee (COFAC) and the Columbia Basin
Trust Advisory Committee. There was also the May 1997
challenge by the BC Wildlife Federation, Sierra Legal
Defense Fund, and the BC Aboriginal Fisheries Commis-
sion to the North American Commission for Environmen-
tal Cooperation (NACEC), established by the North
American Free Trade Agreement (NAFTA). Part of the
claim was that BC Hydro was not operating according to
Canada’s environmental standards, and that DFO was not
enforcing Canada’s Fisheries Act by protecting fish habi-
tat from hydropower operations.

In summary, there are many actors operating at local,
regional, provincial/state, federal, and international scales.
Some nongovernment actors work across scales in order
to promote their agendas. As issues have evolved,
interjurisdictional bodies have been established that bring
these various actors together. The evolution of these
mechanisms may already be affecting the relationship
between the basin and its regional climate.

Potential Sensitivities to Climate Change

As radiatively active trace gases continue to accumu-
late in the atmosphere, global warming may result. Cur-
rent model projections suggest substantial warming in
western North America over the course of the next cen-
tury (IPCC, 1996). This has been recognized by the In-
ternational Joint Commission (1JC) as a potential force of
change that could alter drought and flood frequencies,
hydroelectric power production, water demand, fish habi-
tats, water quality, and navigation in transboundary wa-
tersheds (LJC, 1997).

How might the water-dependent resources and eco-
nomic activities in the Columbia basin be affected by such
a climate change? Two kinds of impacts are anticipated:
(a) direct impacts on hydrology, vegetation, crop poten-
tial (e.g., growing season length), aquatic ecosystems,
energy demand for heating and cooling, hydropower pro-
duction, and flood risk and (b) indirect impacts through
the various conflicts outlined above. These may influence
institutional arrangements and create the potential for new
conflicts.

A first step in assessing these impacts is to describe
the range of possible changes in the hydrologic regime of
the Columbia basin. “Climate Change Scenarios and Hy-
drologic Impacts™ discusses several assessments of cli-
mate change impacts on the Columbia basin’s water
resources. While these suggest a wide range of possible

results, they point to some general conclusions, includ-
ing the high likelihood of a shift in the timing of seasonal
peak flows, possible reductions in summer flows in at
least some parts of the basin, and increases in water tem-
peratures.

Our discussion of possible impacts will focus prima-
rily on the implications of a climate change scenario re-
flecting these characteristics, as described below.
Interviews conducted as part of this project made use of
this scenario to guide the respondents’ thinking about cli-
mate change impacts. It is important to emphasize, how-
ever, that any particular scenario represents only one
possible picture of the future. The implications of a wide
range of scenarios should be explored to develop a more
complete picture of the possible impacts of a changing
climate.

Climate Change Scenarios and Hydrologic Impacts

Global climate models (GCMs) have been the pri-
mary tool used to analyze the potential impacts of in-
creased greenhouse gases (and more recently, the effects
of aerosols) on global climate (IPCC, 1996). A GCM isa
mathematical representation of the behavior of the atmo-
sphere in which a horizontal and vertical grid structure is
used to track the movement of air parcels and the exchange
of energy and moisture between parcels. To be useful for
the analysis of climate change, the atmospheric model
must be coupled to models of other components of the
climate system, such as the oceans and sea ice. A fairly
elaborate climate model may include several vertical lay-
ers in the atmosphere and the oceans, as well as a dy-
namic sea ice model.

Despite improvements in the ability of these climate
models to simulate large-scale climate processes, there
continue to be inaccuracies in the representation of cur-
rent regional climates due, in part, to the coarse spatial
resolution on which these models must operate. Compu-
tational costs increase rapidly as the horizontal resolu-
tion of a model is increased. At present, it is prohibitively
costly to run coupled climate models at a resolution that
would be sufficiently fine to accurately depict the effects
of mountains and other complex surface features on re-
gional climates.

Inherent uncertainties in modeling the effects of glo-
bal warming at the regional scale are compounded, in this
case, by the influence of the region’s complex topogra-
phy on the Columbia basin’s climatic regime. As indi-
cated in Figure 2, precipitation is heavily concentrated in
a few high-elevation areas, while much of the basin’s land
area lies in an intermountain rain shadow. At present, the
flow of the Columbia is dominated by snowmelt from
those high-elevation areas, with melt from glaciers con-
tributing to late summer flows. The natural flow of the
mainstem (measured at The Dalles, near Portland) peaks
sharply in June, while the natural peak flow of the Snake
River occurs in May. All warming scenarios indicate that
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winter precipitation, particularly at lower elevations, will
be more likely to fall as rain rather than as snow and that
the annual snowpack will tend to melt earlier. This re-
sults in an earlier peak in the annual hydrograph.

MPI Scenario

The scenario used in the interviews was based on a
transient run of the Max Planck Institute (MPI) GCM.
Lettenmaier et al. (1996) used this global scale data set to
construct a regional scenario, which was applied by the
Pacific Northwest Regional Climate Change Assessment
Project (University of Washington Climate Impacts
Group) to examine the near-term consequences of global
warming for the Columbia basin (Miles, 1996; Snover,
1997). The term transient refers to the fact that the model
was run assuming that global concentrations of CO, and
other radiatively active trace gases would increase gradu-
ally over time, following an emissions scenario devel-
oped for the Intergovernmental Panel on Climate Change
(IPCC) known as IPCC IS92a (Lettenmaier et al., 1996).

Estimates of climate changes are based on differences
between the modeled current climate and “quasi-equilib-
rium’” states for particular decades in the future. Estimated
temperature and precipitation differences from the GCM
run were interpolated to a finer-resolution scale to drive a
1 degree latitude-longitude grid hydrologic runoff model
(Hamlet et al., 1997; Lettenmaier et al., 1996). The model
uses temperature and precipitation data to calculate simu-
lated natural streamflow at 71 sites within the Columbia
River basin (Hamlet et al., 1997).

Under the MPI scenario, the region would experience
warmer, wetter winters and warmer, drier summers. By
the year 2020, the scenario suggests that average annual
temperatures would be approximately 1°C warmer than
at present, with average annual precipitation over the
Columbia decreasing by approximately 10 percent (Fig-
ure 5). Further warming is projected by the year 2050,
with temperatures 2.5°C warmer than the current climate.
The simulated climate of 2050 shows somewhat greater
warming in January and February than in other months
(Hamlet et al., 1997). Preliminary analysis of the hydro-
logic impacts suggests that total average annual runoff at
The Dalles would decline by 14.7 percent for 2020 and
by 16.0 percent for 2050 (Hamlet et al., 1997). The pro-
jected impacts on the Columbia’s hydrograph at The
Dalles are displayed in Figure 6.

Other GCM-Based Scenarios

Figures 5 and 6 also show the implications of two
other GCM-based scenarios for Columbia basin stream-
flows and system operation (Lettenmaier et al., 1996;
Hamlet et al., 1997; Hamlet et al., 1998). The team used
transient model runs from the Geophysical Fluid Dynam-
ics Laboratory (GFDL) and United Kingdom Meteoro-
logical Office-Hadley Center (UKMO) and a steady-state
doubled CO, run of the GFDL (not shown).

The differences and similarities among the transient
simulations can be seen by comparing their results for
2050. All three models predict similar changes in aver-
age annual temperatures, with the GFDL showing the
greatest warming at 3.39 °C and the MPI the least at 2.57
°C. An even larger temperature increase (3.91 °C) is pre-
dicted by the GFDL 2 x CO, simulation (not shown). The
UKMO scenario for 2050 and the GFDL 2 x CO, simula-
tion show the largest temperature increases in midsum-
mer, about 5.5 °C. The MPI and GFDL temperature
changes are more uniform through the year. All three
transient simulations show increasing precipitation from
November through March and large decreases in precipi-
tation for spring and summer (May through September).
In contrast, the GFDL 2 x CO, scenario contains increased
precipitation in all months except June and July. The run-
off calculations from these various scenarios display simi-
lar shifts to an earlier seasonal peak, but there are rather
large differences in total annual runoff. For 2050, the
GFDL scenario showed little change in total annual run-
off compared with the current climate, while the UKMO
scenario showed a slight decrease, and the MPI showed a
fairly large decrease (about 16 percent). For the GFDL 2
x CO, scenario, the increased precipitation resulted in large
increases in runoff, especially in the fall and spring, with
a 22 percent increase in total runoff (Lettenmaier et al.,
1996). More recent simulations are similar, with the vari-
ous models predicting somewhat different changes in the
annual hydrograph, but all pointing to lower late summer
flows (Hamlet et al., 1998).

All of these scenarios rely on a rather simple method
of interpolating the temperature and precipitation changes
from the output of a coarse-resolution GCM to the local
scale. A problem with this technique is that it does a poor
job of capturing the effects of complex topography. For
example, because the coarse-resolution models do not
adequately resolve the Cascade Mountains, their rain-
shadowing effects are not represented. The method of
applying differences from the GCM current and perturbed
simulations only partially corrects for this problem, be-
cause any moisture increases tend to be carried too far
inland (Giorgi et al., 1998; Mearns et al., 1999).

Nested climate modeling is a promising approach to
resolving the inaccuracies arising from coarse GCM reso-
lution. This technique uses the output of a large-scale
GCM to provide the meteorological boundary conditions
needed to drive a high-resolution climate model over a
limited geographic area. In other words, a coarse-resolu-
tion GCM simulates the large-scale climate features, while
the effects of topography and other surface features are
captured by the nested regional model (Giorgi and Mearns,
1991). One such model is NCAR’s regional climate model
(RegCM2) (Giorgi et al., 1993a,b). Results from runs of
that model are available for the U.S. portion of the Co-
lumbia basin (Giorgi et al., 1998; Mearns et al., 1998).
The high spatial resolution at which the regional climate
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Figure 5. Temperature and precipitation changes in the Columbia basin in the MPI (top), GFDL (middle), and UKMO (bottom) scenarios.
Source: Hamlet et al., 1998. One thousand cfs (cubic feet per second) = 283 cubic meters per second.

model was run (50 km) enables detailed responses by the
model to the complex topography of the northwest. The
predicted changes in seasonal temperatures, precipitation,
and runoff are broadly consistent with the other scenarios
examined, suggesting increased winter runoff and pos-
sible reductions in summer runoff over portions of the
basin. However, because the Canadian portion of the ba-
sin is not adequately covered, these results cannot be used
to estimate changes in the flow of the entire Columbia
system.

Other meso-scale climate models have been devel-
oped that can be used to drive regional hydrology models
of the entire Columbia basin (e.g., Leung et al., 1999).
However, these climate simulations contain biases both

inherited from the GCM boundary conditions used to drive
the meso-scale model and from the meso-scale model it-
self. In order to achieve reasonable hydrologic simula-
tions using these simulations as driving data, some sort
of bias correction is required. Questions about reproduc-
tion of existing patterns of natural variability that are im-
portant in assessing the ability to meet water resources
objectives under changed climate have not been fully ad-
dressed at this time.

Summary of Climate Scenarios
and Hydrologic Changes
These alternative scenarios suggest a range of pos-

sible changes for the Columbia basin, but they all project

Change
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Figure 6. Projected impacts of climate change scenarios on natural
streamflow at The Dalles (near Portland); MPI (top), GFDL (middle),
and UKMO (bottom). Source: Hamlet et al., 1998.

significant warming and increased winter precipitation.
The scenarios differ in the magnitude of these increases,

and in some cases, precipitation during summer is pro-
jected to decrease (Snover, 1997; Hamlet et al., 1998).
All of the scenarios suggest similar changes in the sea-
sonal pattern of streamflows. An earlier peak in the an-
nual hydrograph is highly likely. This is similar to results
obtained in water balance studies (Taylor and Taylor,
1997; Coulson, 1997). Several scenarios suggest higher
winter flows and possible reductions in summer flows in
some parts of the basin.

Another important consideration is the effective
lengthening of the time from peak streamflow in spring
to return of “normal” fall streamflow. The MPI scenario,
for example, shows a lengthening of this period by ap-
proximately three months on average. Since irrigation and
urban water demand are concentrated in this period (and
may increase due to increased population, higher tem-
peratures, and longer growing seasons), existing storage
capacity must provide for increased demand over a longer
season. In some cases, the existing infrastructure may be
insufficient to meet future demand under these adverse
conditions much of the time.

Changes in basin hydrology will also be influenced
by the projected retreat of mountain glaciers in southeast
BC. The glacier melt period would be extended by at least
one month, and the late summer snowline would rise by
up to 300 meters. This would mean that less than 30 per-
cent of the glacier areas would be covered by snow dur-
ing late summer, thereby enhancing ice melt. Smaller
glaciers less than 100 meters thick could disappear in 20
years. During the retreat phase, increased melt would aug-
ment river flow helping to maintain water availability
during the high-demand summer months, but that would
be temporary. Once the glacial mass diminishes to the
point where there is no longer a significant amount of ice
to melt annually, the contribution of these areas to the
July-to-October natural flow on the Columbia could fall
by 20 to 90 percent (Brugman et al., 1997).

There have been relatively few studies of the impacts
of global warming on groundwater levels, but these are
likely to be important. In the Columbia basin, the ground-
water system is closely connected to surface water flows,
although the interactions are not well documented or un-
derstood in many locations. One study, of the Ellensberg
basin in Washington State, found a 25 percent median
annual reduction in groundwater recharge under a global
warming scenario. This area is in the upper part of the
Yakima River basin. Declines in groundwater levels could
reduce discharge to surface streams and/or increase seep-
age losses from surface streams to the groundwater sys-
tem (Callaway and Currie, 1985).

Impacts

Any changes in the flow regime of the Columbia sys-
tem may affect several water-dependent sectors. While
each of the following sections focuses on a particular sec-
tor, it must be understood that there are interactions and
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in some cases significant competition between these uses
of the basins” water resources. These are highlighted in
the discussion.

Some of the analyses discussed below are reported in
terms of changes in reliability. This is defined as the ob-
served or simulated probability of successfully meeting
an objective (e.g., a flow target). For our results, if the
objective was met in 63 months of a 100-month simula-
tion, the reliability would be reported as 63 percent. Note
that no attempt is made to identify an appropriate timescale
for any particular objective.

Energy Production and Demand

The hydropower output of the Columbia system is
sensitive to the total volume of flow as well as to its sea-
sonal shape. In addition, the value of that generation de-
pends on the reliability with which it can be delivered
and the extent to which the timing of generation matches
the timing of power demand. Climate change can be ex-
pected to affect all of these elements.

Warmer summers are expected to lead to increased
demand for air conditioning and pumping services for ir-
rigation. Warmer winters would reduce heating demand.
There is a possibility that this would make electric heat
pumps more attractive than gas heating and potentially
increase electrical demand from a certain sector of the
BC market (Ross and Wellisch, 1997). On the U.S. side,
overall residential demands would decline, but commer-
cial demands would increase (Snover, 1997).

Hydrologic changes would lead to changes in reser-
voir management plans and operations. Reduced water
supplies would lead to both decreased potential hydro-
power production and increased competition for available
water from other uses, especially during the low-flow
period. If the annual supply increases but the seasonal
cycle changes, the impacts on the hydropower sector
would depend on seasonal differentials in prices and also
on management actions required for flood control and
accommodation of other user demands. In a survey of BC
energy experts, however, most replied that the risks would
be smaller than risks associated with climate change-re-
lated policies or regulations, such as new taxes on car-
bon-based fuels (Ross and Wellisch, 1997). On the U.S.
side, the University of Washington study assessed changes
in reliability of hydroelectric production within a climate
change scenario. Results showed that reliability of pro-
ducing firm energy requirements would decrease in the
MPI scenario from the current 96 percent to 82 percent
by 2050, a 14 percent reduction. Decreases of 5 tol10 per-
cent would still occur in the relatively wetter UKMO and
GFDL scenarios (Figure 7).

Fishery Impacts

Warm water species of freshwater fish such as wall-
eye, bass, and northern pike may benefit from a warmer
climate and warmer surface water temperatures. Of greater

concern is the potential for exotic species to displace resi-
dent species, especially those that are currently rare and
endangered. One of these is the white sturgeon (Beamish
et al., 1997), which has already been the subject of legal
actions that have led to changes in hydropower opera-
tions (see “Interjurisdictional Aspects™). There is also
concern for future survival of salmon (Kokanee, in the
Canadian portion of the basin), which prefer cold water.
From the perspective of the Columbia basin’s salmon
stocks, the projected impacts of global warming in some
ways resemble the effects of development of the system
for hydropower and other purposes. The dams have both
raised water temperatures and have shifted the seasonal
peak flow of the mainstem (as noted in Figure 4). Volkman
describes the effect of storage operations as follows:

The spring freshet has been reduced and pushed back a
month. So, the freshet that historically flowed in June now
flows in May. In late summer and fall, water in the reser-
voirs is warmer than it would be if it were a free-flowing
stream. (1997: 57)

Projected declines in late spring and early summer
flows may make it more difficult to meet the minimum
streamflow requirements set forth in the 1995 NMFS Bio-
logical Opinions for fishery protection. In the MPI sce-
nario, the reliability of meeting these requirements for
McNary Dam on the main stem of the Columbia dropped
from 85 percent in the base case to 76 percent in 2020
and 2050 (Figure 7). For the UKMO and GFDL scenarios,
reliability in 2050 would be 80 percent and 81 percent,
respectively (Hamlet et al., 1998).

The projected changes in flows and water tempera-
tures are broadly consistent with Chatters et al. (1991),
who used a Mid-Holocene (8,000-6,000 years ago) ana-
logue to develop a scenario of the effects of a warmer
climate on streamflow, water temperatures, and salmon
habitat for the Yakima basin. Temperatures in the region
were approximately 2°C warmer than today. There was
less total precipitation, but the seasonal distribution of
precipitation was approximately the same as in the cur-
rent climate. Streamflows were less than 70 percent of
modern; water temperatures were higher; and the spring
peak flow (freshet) ended three to four weeks earlier than
it does today (Chatters et al., 1991).

Incorporating these hydrologic changes in a salmon
production model resulted in projected declines of 60
percent in the number of returning adult spring chinook
salmon in the Yakima. Chatters et al. (1991) noted that
the impacts of such a climate change would not be the
same for all species and stocks of salmon and that some
stocks could be helped by climate change. For the drier
parts of the Columbia basin, however (where the effects
of dam operations and irrigation withdrawals on salmon
are now so problematic), they concluded that salmon
stocks would decline if the climate of the future resembles

IWRA, Water International, Volume 25, Number 2, June 2000



264

S.J. Cohen, K.A. Miller, A.F. Hamlet, and W. Avis

Firm EnergyP roducfion } Firm Energy Produclion Snake River Irrigation
100 100 00
o5 a5 a5
F W z z %
z & z B = 8
i g w® 2w
g 7 2 75 : 75
o 0 70
Y- s a a &= 65
g2 2 B Q@5 25 dg d= c: S 2 Do Do d2 HE _— - By
88 ® B ¥y x¥g ba b= 85 8 E§ 28 z8 (g8 ©g =z £ 2 Qg Q2 #g A
= = 5 5 X8 X§ &58 § 88 § H 3§ ¥ bH BE
= = = =
Climale Scenaio Climate Scenario Climale Scensio
Instream Flow Target at McNary Lake Room velt Recre ation Flood Control at The Dalles
100 100 100
95 85 a5
= a0 z 90 = an
Z s = 85 = 85
2 w0 El | 5 a0
g 75 FE 2 s
T0 ] T0
65 65 B85
2o _Oo _9 po pgo Jo Jdo ae = 2 Q2o Q2o #2 #Ag 2o _9 _9 o go Jo Jo
se g 2w 25 2% oS om = = o 2 =3 s am 2 [+ a a
23 =% 2% 2% 2% BT BE 48 & § %8 38 8% &% 583 %% 2% 28 28 §¢ §2
- = =
Climate Scenario Climale Scenzio Climate Scenario
Desirable Navigation Flow
100
a5
g 90
= 85
k-
2 a0
2 75
T
65
Ta O -9 oo po do =3
@ w 0O o L3 [= ] [= 7]
23 28 28 38 28 &d 8
Climate Scenario

Figure 7. Reliability of Columbia basin reservoir system uses for 2020 and 2050.

the Mid-Holocene analogue.

The results of that modeling exercise do not assume
any changes in the marine environment. However, there
has been a growing recognition that variations in sea sur-
face temperatures, coastal upwelling, offshore transport,
and shifts in the abundances of predators and food spe-
cies have significant impacts on the ocean survival,
growth, and subsequent fecundity of salmon (Nickelson,
1986; Pearcy, 1992; Blackbourn, 1993; Mantua et al.,
1997). El Nino-Southern Oscillation (ENSO) warm events
in the Pacific have had large detrimental impacts on Co-
lumbia basin salmon. It is not yet clear if global warming
will alter the ocean environment in ways that resemble El
Nifio impacts.

Recent El Nifios, particularly since 1990, have con-
tributed to sharp declines in Columbia basin salmon
stocks, resulting in a virtual collapse of salmon produc-
tion off the Oregon and Washington coast. The estimated
population of Columbia basin Pacific salmon declined

Source: Hamlet et al., 1998.

from 4 to 5 million in 1980 to the current population of
less than 1 million, of which only 75,000 are wild (see
review by Pulwarty and Redmond, 1997). Meanwhile,
salmon production in Alaska has been at historical highs
(Miller, 1996; Mantua et al., 1997). The declines in south-
ern salmon abundance, coupled with increasing Alaskan
harvests, contributed to a collapse of international coop-
eration on joint management of U.S. and Canadian salmon
harvests under the Pacific Salmon Treaty (Miller, 1996).
The resulting “fish war” further jeopardized the
Columbia’s fragile salmon stocks.

Irrigated Agriculture

If water availability should decline as a result of cli-
mate change, the senior priority structure of water rights
will largely determine the allocation of the impacts of the
decline on the U.S. side of the border. Those irrigators
with very senior water rights are likely to continue to have
access to water, while the most junior parties may be ob-
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ligated to either do without water or obtain it by purchas-
ing or renting water rights from senior right holders. In
addition, if unappropriated water is available in the high
runoff season, they could provide for their needs by in-
vesting in additional storage capacity.

A longer growing season would provide new agricul-
tural opportunities, but higher temperatures are likely to
increase the demand for irrigation water. In heavily allo-
cated subbasins, such as the Snake and the Yakima, there
may be little water available to serve increasing demands.
By 2050, reliability of flows for Snake River agriculture
would be reduced from 85 percent to 70 to 75 percent in
the three scenarios (Figure 7).

Current state moratoria on new irrigation diversions
in the U.S. part of the basin seem likely to remain in force,
particularly if climate change leads to new endangered
species listings or causes further deterioration of the
Columbia’s salmon stocks. However, total consumptive
use of water on irrigated land could still increase. This is
due to the fact that existing water rights typically specify
an allowable rate or total quantity of water to be diverted,
but the proportion that is consumptively used (e.g., lost
to evaporation and crop evapotranspiration) would likely
increase under warmer conditions (Miller et al., 1997). In
addition, possible declines in groundwater levels
(Vaccaro, 1992) could lead to increased seepage losses
from unlined irrigation ditches. To the extent that instream
flows continue to be treated as junior to irrigation diver-
sions, they would have to absorb the impact of any in-
creases in consumptive use caused by climate change.

While water allocation policy can effectively trade
impacts between irrigators and fish, substantial impacts
to one or both cannot be avoided all the time, even under
current climate. A changed climate, like that represented
in the scenarios, can only exacerbate this conflict over
water allocation priority due to lengthening of the sum-
mer season, reduced summer and fall streamflow, and
higher irrigation demand.

In Canada, irrigation is an important feature of horti-
cultural production (apples, grapes, peaches, etc.) and
forage production (alfalfa, hay) in the arid regions of the
Okanagan and Similkameen subbasin. So, in a scenario
of climate warming, demand for irrigation water will in-
crease. Suitable climatic conditions for fruit growing could
expand to higher latitudes and elevations, including
Kamloops and the Shuswap (Zebarth et al., 1997). Should
such a land use change occur (i.e., agricultural expansion),
there could be side effects on the hydrologic cycle, but
these have not been investigated in the scenario studies.
This would also be the case for other changes in managed
landscapes (e.g., commercial forestry) and unmanaged
landscapes (e.g., alpine tundra), with effects occurring at
various rates throughout the region (Harding and
McCullum, 1997; Krannitz and Kesting, 1997; Evans and
Clague, 1997; Marks et al., 1993).

Navigation

Evidence of the possible magnitude of the impacts of
lower summer streamflows on commercial navigation on
the Columbia and Snake Rivers can be gleaned from as-
sessments of the impacts of reservoir drawdowns to as-
sist the outmigration of salmon smolts. At the high end,
some studies assume that grain now transported in barges
would be transported by the next-higher-cost mode of
transportation during the assumed two-month drawdown
period. Martin et al. (1992) report that one such study
concluded that such drawdowns would cost shippers
US$60 million annually. The Martin et al. analysis points
out that the cost of holding grain in storage is very small
compared with the cost of shipping by an alternate mode.
They argue that grain shippers could easily accommo-
date a two-month period in which reservoir levels were
too low to allow barge movement by shipping at other
times of the year. Doing so would entail cost increases on
the order of US$0.05 per bushel or less (compared with
the USS$0.17-0.86 bushel increases that would be incurred
by switching to rail or truck transport).

If lower summer flows extended the period during
which barge traffic were halted on the lower Snake and
Columbia Rivers, the impacts would likely exceed those
estimated by Martin et al., while the cost of using alter-
nate modes of transportation would provide an upper
bound on the navigation impacts.

Flood Management

While the MPI scenario suggests lower average an-
nual flows for the Columbia, several scenarios suggest
higher winter flows, and the GFDL 2 x CO, scenario sug-
gests a 22 percent increase in average annual runoff. Un-
der the MPI scenario, Lettenmaier et al. (1996) found a
substantial decrease in flood vulnerability in the lower
basin. On the other hand, they found substantial increases
in flood vulnerability for the GFDL and GFDL 2 x CO,
scenarios in which there were increases in peak monthly
flow (Figure 7). They concluded that “the possibility of
substantial increases in flood flows . . . may, given present
reservoir capacity, represent serious risk to life and prop-
erty, particularly in the densely populated lower Colum-
bia River flood plain” (Lettenmaier et al., 1996: xv). They
note, however, that the monthly time steps used in their
analysis are too long to give an accurate picture of changes
in flood risks. Any changes in flood risks along the lower
mainstem of the Columbia are likely to have implications
for the operation of the Canadian storage facilities.

In addition, heavier winter precipitation and warmer
temperatures suggest an increased likelihood of large rain
on snow events, which would tend to increase winter
flooding risks particularly in unregulated tributary water-
sheds. This may have transboundary environmental im-
plications if it leads to calls for the construction of new
dams or other flood control works in the tributary water-
sheds.
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Structured Interviews

Further insights on the possible consequences of cli-
mate change for the Columbia basin can be gleaned from
the concerns of the various stakeholders who were inter-
viewed as part of this project. Structured interviews were
carried out with 31 key stakeholders in the upper Colum-
bia basin. Concerns related to current conflicts and the
indirect impacts of future climate change are evident in
the interview results. Structured interviews with key stake-
holders have been used in previous studies of climate is-
sues in the Columbia (Pulwarty and Redmond, 1997;
Miles, personal communication). Those interviews, how-
ever, focused on operations and the use of weather and
ENSO forecasts in the lower Columbia. In the case study
described here, our intention was to generate a picture of
indirect impacts of future climate change and to highlight
concerns raised in the upper Columbia through interviews
with individuals directly involved in resource operations,
marketing, and management in this region. In the follow-
ing discussion, stakeholder perspectives are compared
with the reservoir reliability model results described
above.

Research Methodology

Thirty-one key stakeholders in the upper Columbia
were interviewed for this research. They included mem-
bers of environmental nongovernment organizations
(ENGOs), government officials (federal, provincial, and
regional), and private sector employees. Interviews nor-
mally took between one to two hours, and sessions were
recorded and transcribed for later analysis. Interviews
were carried out during the months of July, August, and
September 1997.

Participants in the research were asked a series of 20
questions about approaches to water management and the
potential impact of climate change in a one-on-one inter-
view situation. The questions were broken into four seg-
ments: tasks and responsibilities, water management
issues, climate change issues, and organizational interac-
tion.

When discussing climate change issues, participants
were presented with the MPI scenario, including tempera-
ture, precipitation, and natural streamflow changes. This
scenario was chosen because it was the only one avail-
able at the time of the interviews. Future research should
incorporate additional scenarios.

Analysis of the interviews was carried out using com-
puter-aided qualitative data analysis software entitled
ATLAS/Mt. ATLAS/ti is one of a wide variety of such
software that allows the user to qualitatively analyze tex-
tual, graphical, or audio data. In this case, transcribed in-
terviews were coded using selected categories as would
normally be done by hand. These categories consisted of
climate variables, various impacts of recent climate varia-
tions, water resources issues, conflicts between stakehold-

ers, and potential responses to the University of Wash-
ington scenario work. ATLAS/ti then allows for the ex-
traction and comparison of codes in a variety of ways
that help to add insight to the analysis. For a more de-
tailed discussion of the uses and advantages/disadvantages
of computer aided qualitative data analysis software, see

Crane et al. (1997).

Results of Survey of Stakeholders

The following discussion reflects stakeholders” com-
ments on the following topics: direct impacts of the hy-
pothesized climate change, indirect impacts on current
conflicts, potential new conflicts, and possible effects on
institutional arrangements. A summary of stakeholders’
comments is shown in Table 2. We cannot assign a prob-
ability to the scenario of outcomes indicated by our sample
of stakeholders, and the small size of this sample pre-
cludes any meaningful computation of statistics.

Direct and Indirect Impacts

Stakeholders identified possible problems in adjust-
ing the operation of the storage dams to an earlier spring
peak and more rain on snow events. They noted that the
big storage dams (e.g., Keenleyside) operate on a four-
year cycle, so they have the ability within that cycle to
absorb interseasonal variations and influences, but
changes that exacerbate extreme high or low flows will
lead to operational problems. In addition, flood risk is
not necessarily reduced, even in a scenario of a lower
spring peak (such as MPI), since upstream storage facili-
ties may be releasing high discharges for other reasons.

For example, changes in Libby Dam’s operations
would affect Kootenay Lake levels. The seasonal cycle
of flood control requirements could shift from spring to
winter. Reservoir filling would have to begin sooner, and
it could prevent operators from getting reservoir levels
down to prescribed minimum levels.

They also noted that if there is less water overall, there
would be less flexibility in how hydroelectricity is pro-
duced. Winter electricity demands would be reduced due
to less demand for heating. Summer demands would in-
crease for air conditioning and irrigation, and this would
lead to greater difficulties in sharing the resource for fish-
eries needs. Under reduced flow conditions, utilities might
have to buy more electricity at various times rather than
use available storage to produce electricity. If this pur-
chase would be from fossil fuel sources, it would affect
the region’s ability to meet greenhouse gas emission tar-
gets (see “Stakeholder’s Views on Potential New Con-
flicts™).

Respondents identified possible benefits to agricul-
ture in the Canadian portion of the basin because of
warmer and longer growing seasons. [t might become
possible, for example, to expand grape production to
Kamloops. This would lead to increased demands for ir-
rigation water. The Osoyoos region already includes the
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Table 2. Summary of Impacts of the MPI Climate Change Scenario on the Columbia Basin

Direct Impacts

Indirect Impacts

Agriculture

Fisheries

Flood Control

Longer growing season; opportunities for
expansion

Increased 1rrigation demand

Increases in consumptive water use, despite
moratoria on new diversions in U.S. states

Possible shortfalls in water supply - falling

Increased risk for cold water species due to
warmer water and lower summer flows

Further pressure on endangered or threatened
salmon stocks

Shift from spring snowmelt peak to rain-
dominated winter peak

Begin annual storage earlier in the year

Increases in winter/spring flooding risks in

Increased conflict with urban uses and
fisheries in arid regions

Increased demands for water transfers from
agriculture to other uses, with opportunities
for further development of water banking
arrangements
mostly on junior right holders, on U.S. side.

Increased conflict between sport fishery and
advocates of ecosystem approach

In U.S., Endangered Species Act could be
used more aggressively to reduce (or
modify the use of) other vested water rights

Prescribed minimum levels not attained as
often; impacts on shoreline property
maintenance

Conflicts between possible new tributary

tributary watersheds

Forestry Longer growing season
Increased fire risk

Some species could expand to higher
elevations; others could lose niches

Shorter harvesting period

flood control infrastructure and fisheries/
ecosystem preservation

Impacts on reforestation strategies not known

Increased conflict with riparian water users,
fisheries (increased water temperatures,
lower minimum flows)

Hydroelectricity Reduced demand for winter heating Changes in entitlements
Increased demand for summer cooling and Dependent on operations for fisheries and
irrigation services; power demand increases flood control
when water supply decreases Changes in electricity market; potential
Changes in total hydropower output, seasonal increase in purchase of energy and/or use of
timing of production, and availability of hydro- thermal power sources
power to meet peaking demands, with
consequences for hydropower firm load carrying
capacity and hydropower value
Navigation Earlier start to low flow period Lower summer flows could increase conflicts
Increases in commodity transportation costs between recreational users and commerical
possible with shorter season open to barge traffic
traffic

Source: Stakeholder interviews in the upper Columbia (Cohen et al., 1998; Miller, 2000).

highest irrigation users in North America on a per hectare
(or acre) basis because of its sandy soils and arid climate.

They also identified possible adverse impacts on for-
estry (moisture stress, fire hazard, and greater difficulty
in harvesting trees during wetter winters) and on resident
fish populations (direct impacts of warmer temperatures,
adverse effects on spawning of sturgeon, extension of the
range of exotic species, and changes in the balance of
warm water vs. cold water species). One interviewee stated
that

the general view has been expressed in . . . meetings is that
global climate change is another substantial obstacle in an
already obstacle ridden effort to restore salmon popula-
tions and other fish populations . . . we’ve got a number of
exotic species that have been introduced and are thriving

under current conditions and we also have a number of the
native species, which are primarily cold water species . . .
trout, etc. . . . that . . . are already stressed.

Reduced streamflows were also projected to exacer-
bate conflicts between agriculture and fishery interests
and to adversely affect water quality.

Stakeholders’ Views on Institutional Arrangements

Direct and indirect effects of climate change could
also affect management structures, including binational
instruments, national and regional instruments, and com-
mercial agreements. These arrangements may be based
on a historic data set of climate or streamflow, which may
have been the basis for defining certain guidelines or tar-
gets. The evaluation of the performance of such arrange-
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ments may have been based on the explicit assumption
that climate would not change during the lifetime of the
agreement.

For example, if Libby Dam continues to be operated
to protect white sturgeon, it is possible that there might
be a requirement to augment releases during conditions
of lower flows. As long as Kootenay Lake elevations are
not increased beyond what would have occurred under
natural conditions, such releases would not violate the
current [JC Order. It therefore hinges on how natural flow
1s defined, and since the IJC Order was written before the
construction of Libby and Duncan Dams, hydrologic
changes due to climate change represent one more incen-
tive to revisit the order.

Hydropower operations are dependent on how major
storage facilities would operate, so entitlement agreements
might be revisited in light of hydrologic changes. Within
the Columbia River Treaty, there is a lump sum payment
for flood control until 2024. After 2024, payments would
be on a flood event basis. Power benefits are based on
historic records. If global warming changes the hydro-
logic cycle, this may require a new basis for calculation
of flood and power benefits. Interviewees have indicated
the possibility that this would lead to future legal chal-
lenges.

There is also the question of how competitors would
react to climate change. For instance, if the competition
assumes more water in winter, they might market aggres-
sively and the price would drop. Another issue is how
demand for air conditioning would change, particularly
in California. Concerns about market competition have
also been reflected in an earlier survey on seasonal cli-
mate forecasts in which power marketers noted that ben-
efits of such forecasts can be derived from observing what
competitors do with the same information (Pulwarty and
Redmond, 1997).

WKP (and perhaps other utilities) regularly track elec-
tricity sales by adjusting them for variations in winter

(heating degree-days) and summer (cooling degree-days)
temperatures. The current warming trend has led WKP to
revise its definition of “normal” period from 50 years to
20 years. Shortening the normal period reduced the esti-
mate of normal heating degree-days by 2.3 percent, which
reduced “normalized” sales in 1995 by 20 GW.hours (1.4
percent). This redefined normal period also showed a shift
in the expected peak demand from January to December
as degree-days in the two months are becoming more simi-
lar (Isherwood, 1996).

The change in the way power is bought and sold will
complicate the relationship between climate and energy
and make it difficult to identify the proportion of a utility’s
financial performance affected by climate, i.e., was a long-
term change in profitability of a utility influenced by cli-
mate change? One possible example provided by
interviewees is the arrangement between BC Hydro and
WKP regarding construction and operation of the
Kootenay Canal Plant. When the canal plant was con-
structed on the Kootenay River in 1975, some water could
be diverted to a canal parallel to the river, thereby provid-
ing flow through this more efficient facility instead of
through four older WKP facilities. This canal bypasses
the four WKP plants and discharges back into the
Kootenay River downstream. It was therefore agreed that
WKP would receive an entitlement of energy, regardless
of where the energy was generated or whether the region
was experiencing a high or low water year. The entitle-
ment is based on the power that the four plants, plus two
others in the area, could have produced under conditions
of natural flow (i.e., before construction of Libby and
Duncan). This provides BC Hydro with incentive to opti-
mize its output because there is a fixed amount of energy
going to WKP. When the canal plant agreement is rene-
gotiated in 2005, there would be questions related to en-
ergy entitlement for WKP given the 1975-2005 record
and, perhaps, projected changes in streamflow due to cli-
mate change.

Table 3. Comparison of Stakeholder Interview and Reservoir Model Results for the MPI Scenario

Upper Columbia Interviews

Reservoir Model (Results for 2050)

Agriculture

Fisheries

Flood Control

Possible shortfalls in irrigation supply

Increased risk for cold water species due to
warmer water and lower summer flows

Change in procedures needed, e.g., begin

Snake River agriculture—reliability
reduced from 85 to 70 percent

McNary River biological flow—reliability
reduced from 85 to 74 percent

No change i reliability

annual storage earlier in the year; prescribed
minimum flows not attained as often

Hydroelectricity

Changes in availability of hydroelectricity
May need to purchase thermal power

Firm energy—reliability reduced from 96
to 82 percent

Non-firm energy—reliability reduced from
94 to 75 percent

Source: Cohen et al.; 1998, Hamlet et al., 1998.
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Another regional example could be the entitlement
agreement for Keenleyside Power Plant being negotiated
between Columbia Power Corporation (Columbia Basin
Trust) and BC Hydro. The terms would depend on antici-
pated operations of Keenleyside’s treaty (power, flood
control) and nontreaty (fish, natural flows) storage. What
natural flows would be assumed, and would climate
change be part of this?

Stakeholders’ Views on Potential New Conflicts

Respondents indicated that new regional conflicts
might arise from international agreements on global cli-
mate change. The 1992 United Nations Framework Con-
vention on Climate Change and 1997 Kyoto Protocol
established greenhouse gas emissions targets for the U.S_,
Canada, and other countries. In the MPI scenario, it is
possible that hydroelectric production would be affected
by whatever system of emission credits is established for
various energy types. If the region’s utilities were forced
to reduce hydroelectric production because of fish pro-
tection or other needs, shortfalls in electric power demand
could be met by thermal sources inside the basin or pur-
chased energy from thermal sources outside the basin. If
established hydropower facilities are not given emission
credits, there could be an increase in gas turbine facili-
ties, thereby increasing regional emissions.

Conclusion

There are several key issues that are common to the
stakeholder interviews and the reservoir model results
reported by Hamlet et al. (1998). Table 3 provides a com-
parison for agriculture, energy, fisheries, and flood con-
trol. The stakeholders’ narratives and model results show
similar tendencies, i.e., increased risks and reduced reli-
ability in the MPI scenario for agriculture, hydropower,
and fisheries. Both suggested little or no change in flood
control risk, but stakeholders suggested that changes in
procedures would be needed.

Climate change has the potential to increase the level
of current conflicts and to create new ones (e.g., chang-
ing entitlements for power benefits). The “bottom line”
message is that even in a highly developed and highly
managed watershed, climate change impacts could still
occur.

It is important to note, however, that this assessment
is preliminary and based on a limited published litera-
ture, reservoir model results, and a set of interviews with
a small group of stakeholders. Important research issues
have been identified. The next step is to broaden the re-
search and consultation process so that a more rigorous
assessment of scenarios of climate change can be consid-
ered. We hope that we can follow up on this work in the
near future with additional scenarios and a broader con-
sultation of regional stakeholders.

In the upper Columbia, the Columbia Basin Trust has

outlined a series of environmental issues and opportuni-
ties as it prepares its management plan (Columbia Basin
Trust, 1997). Among the issues are (a) limited understand-
ing of the region’s ecosystems; (b) difficulties in moving
towards integrated management of natural systems and
resources, in part due to jurisdictional complexity and
increasing specialization; (c) habitat loss, alteration, and
degradation; (d) harvesting practices that may not be main-
taining the ecological viability of the basin; (e) impacts
of population growth and infrastructure development; and
(f) the need for more widespread public awareness of is-
sues and involvement in management and planning.

Global climate change is an external force that could
influence all of these regional issues. At the same time,
any projections of climate change impacts and assessments
of regional response options will depend on our collec-
tive abilities to understand how this global scale force
may play out in the context of this region. This case study
is only a small step in this process.

Acknowledgements

This case study benefited substantially from advice
and information provided by Ed Miles, Nathan Mantua,
Dennis Lettenmaier, Bridget Callahan, Chad Day, David
Demeritt, John Cooper, Dana Vindasius, Kirk Johnstone,
Eric Taylor, Jodi Browne, George Isherwood, Dan Harney,
and Gary Ash. The authors would also like to thank the
31 respondents to our survey of upper Columbia and
Okanagan stakeholders in water resources management.

Funding from the North American Commission on
Environmental Cooperation (NACEC) supported the lit-
erature review and survey. Funding by the Joint Institute
for the Study of the Atmosphere and Ocean (JISAO) un-
der the National Oceanic and Atmospheric Administra-
tion (NOAA) Cooperative Agreement No. NA67RJ0155
supported the Climate Impacts Group at the University
of Washington. Any errors or omissions remain the re-
sponsibility of the authors. Opinions expressed in this
report do not necessarily reflect the views of NACEC,
Environment Canada, NOAA, or any of its subagencies.

About the Authors

Dr. Stewart J. Cohen works
with the Adaptation and Impacts
Research Group (AIRG) of the Me-
teorological Service of Canada, En-
vironment Canada. His research
interests are in regional impacts of
climate change, particularly in large
watersheds, and exploring ways for
developing integrated regional assessments of climate
change through scientist-stakeholder collaboratives. His
published work includes case studies of the North Ameri-
can Great Lakes and the Saskatchewan River Basin, and

IWRA, Water International, Volume 25, Number 2, June 2000



270

S.J. Cohen, K.A. Miller, A.F. Hamlet, and W. Avis

he recently directed a 6-year interdisciplinary assessment
in Northwest Canada known as the Mackenzie Basin Im-
pact Study. His current work focuses on the interaction
between climate change and regional sustainability in
Southern British Columbia. Email: scohen(@sdri.ubc.ca.
' Kathleen A. Miller works with
the Environmental and Societal Im-
pacts Group (ESIG) at the National
Center for Atmospheric Research. Dr.
Miller conducts research on the im-
pacts of climate variability and climate
change, and the management of cli-
mate-sensitive natural resources. Her
published work includes papers on water resources, fish-
eries, agriculture, and energy demand. Her current work
deals with climate impacts in North America, including
projects on the effects of climatic variations on interna-
tional management of Pacific salmon resources, and the
potential impacts of climate variability/climate change on
water resources. Email: kathleen(@vorlon.psig. ucar.edu.
Alan F. Hamlet is a water re-
sources engineer and research scien-
tist in the Department of Civil and
Environmental Engineering at the Uni-
versity of Washington, and a member
of the Joint Institute for the Study of
Atmosphere and Oceans (JISAO) Cli-
mate Impacts Group, which is an in-
terdisciplinary group of researchers studying the links
between climate and PNW hydrology and water resources,
coastal systems, forests, and aquatic ecosystems. Much
of his research has been focused on the development of
interannual streamflow forecasting techniques, and the im-
pacts of climate variability and changes on the Columbia
River basin and its water resources. Email: hamleaf(@)
u.washington.edu.

Wendy Avis is currently a Cli-
mate Change Project Officer with
Environment Canada, and is on assign-
ment from AIRG. Her interests are in
the communication of climate change
issues. She has worked on trans-
boundary water and climate change in
the Columbia River Basin, developing
the Climate Change Calculator, and
ULYSSES: Conversations on Climatic Change and
Sustainability in Vancouver. Email: wendy.avis(@ec.
gc.ca.

Discussions open until December 31, 2000.

References

Bankes, N. 1996. “The Columbia Basin and the Columbia River
Treaty: Canadian Perspectives in the 1990s.” Faculty of Law,
University of Calgary, rescarch publication PO95-4. Sub-

mitted to Northwest Water Law & Policy Project.

Beamish, D., M. Henderson, and H.A. Regier. 1997. “The Im-
pacts of Climate Change on the Fishes of British Colum-
bia.” In E. Taylor and B. Taylor, eds. Responding to Global
Climate Change in British Columbia and Yukon. Volume 1
of the Canada Country Study: Climate Impacts and Adapta-
tion. Environment Canada, Vancouver and British Colum-
bia Ministry of Environment Lands and Parks, Victoria, 121
to 12-16.

Blackbourn, D. J. 1993. “Sea Surface Temperature and the
Subsequent Freshwater Survival Rate of Some Salmon
Stocks: A Surprising Link Between the Climate of Land and
Sca.” In K. T. Redmond and V. L. Tharp, eds. Proceedings
of the Ninth Annual Pacific Climate (PACLIM) Workshop,
April 21-24, 1992. California Department of Water Re-
sources, Interagency Ecological Studies Program, Tech. Rep.
34: 23-32.

Brugman, M., P. Raistrick, and A. Pietroniro. 1997. “Glacier
Related Impacts of Doubling Carbon Dioxide Concentra-
tions on British Columbia and Yukon.” In E. Taylor and B.
Taylor, eds. Responding to Global Climate Change in Brit-
ish Columbia and Yukon. Volume I of the Canada Country
Study: Climate Impacts and Adaptation. Environment
Canada, Vancouver and British Columbia Ministry of En-
vironment Lands and Parks, Victoria, 6-1 to 6-9.

Callaway, J. M. and J. W. Currie. 1985. “Water Resource Sys-
tems and Changes in Climate and Vegetation.” In M. White,
ed. Characterization of Information Requirements for Stud-
ies of CO2 Effects: Water Resources, Agriculture, Fisheries
Forests and Human Health. DOE/ER-0236, U.S. Depart-
ment of Energy, Washington, DC, USA.

Chatters J. C., D. A. Neitzel, M. J. Scott, and S. A. Shankle.
1991. “Potential Impacts of Global Climate Change on Pa-
cific Northwest Spring Chinook Salmon (Onrcorhynchus
tshawytscha): An Exploratory Case Study.” The Northwest
Environmental Journal 7: 71-92.

Cohen, S.J., W. Avis, K. Miller, and L. Mearns. 1998. “Impli-
cations of Climate Change for the Columbia River Basin.”
Report submitted to the North American Commission for
Environmental Cooperation, Montreal, QC, Canada. Janu-
ary 19, 1998.

Columbia Basin Trust. 1997, “The Columbia Basin Manage-
ment Plan.” The Columbia Basin Trust. Nakusp, BC, Canada.

Columbia Basin Trust. 1998. “Columbia Basin Trust Annual
Report, 1997-1998. The Columbia Basin Trust, Nakusp,
BC, Canada.

Coulson, H. 1997. “The Impacts of Climate Change on River
and Streamflow in British Columbia and Southern Yukon.”
In E. Taylor and B. Taylor, eds. Responding to Global Cli-
mate Change in British Columbia and Yukon. Volume 1 of
the Canada Country Study: Climate Impacts and Adaptation.
Environment Canada, Vancouver, and British Columbia Min-
istry of Environment Lands and Parks, Victoria, 5-1 to 5-11.

Crane et al., 1997. “Software for Qualitative Research: Pro-
spectus and Overview.” Environment and Planning A 29:
771-787.

IWRA, Water International, Volume 25, Number 2, June 2000



Climate Change and Resource Management in the Columbia River Basin

271

Day, J.C., K.M. Boudreau, and N.C. Hackett. 1997. “Binational
Water Management in the Columbia River Basin.” personal
communication, July.

Ellis, J. 1996. “Drafting from an Overdrawn Account: Con-
tinuing Water Diversions from the Mainstem Columbia and
Snake Rivers.” Environmental Law 26: 299-322.

Evans S. and J. Clague. 1997. The Impact of Climate Change
on Catastrophic Geomorphic Processes in the Mountains of
British Columbia, Yukon and Alberta.” In E. Taylor and B.
Taylor, eds. Responding to Global Climate Change in Brit-
ish Columbia and Yukon. Volume 1 of the Canada Country
Study: Climate Impacts and Adaptation. Environment
Canada, Vancouver and British Columbia Ministry of En-
vironment Lands and Parks, Victoria, 7-1 to 7-16.

Giorgi, F. and L. O. Mcarns. 1991. “Approaches to the Simula-
tion of Regional Climate Change: A Review.” Reviews of
Geophysics 29(2): 191-216.

Giorgi, F., M. R. Marinucci, and G. T. Bates. 1993a. “Devel-
opment of a Second Generation Regional Climate Model
(RegCM2): Boundary Layer and Radiative Transfer Pro-
cesses.” Mon. Wea. Rev. 121: 2794-2813.

Giorgi, F., M.R. Marinucci, G. De Canio, and G. T. Bates.
1993b. “Development of a Second Generation Regional
Climate Model (RegCM2): Convective Processes and As-
similation of Lateral Boundary Conditions.” Mon. Wea. Rev.
121: 2814-2832.

Giorgy, F., L. Mearns, S. Shields, and L. McDaniel. 1998. “Re-
gional Nested Model Simulations of Present Day and 2x
CO2 Climate over the Central Great Plains of the United
States.” Climatic Change 40: 457-493.

Government of British Columbia. 1995. Columbia Basin Trust
Act—Bill 7, 1995. Minister of Employment and Investment,
Government of British Columbia.

Hamlet, A. F., D. P. Lettenmaier, and B. Nijssen. 1997. “Ef-
fects of Climate Shift on Water Resources Objectives in the
Columbia Basin.” JISAO Climate Impacts Group Report,
University of Washington, Seattle, Washington, USA.

Hamlet, A. F., D. P. Lettenmaier, and B. Nijssen. 1998. “Ef-
fects of Climate Change on Water Resources Management
in the Columbia Basin.” Year-Three Progress Report, JISAO
Climate Impacts Group, University of Washington, Seattle.
Washington, USA.

Harding and McCullum. 1997. “Ecosystem Response to Cli-
mate Change in British Columbia and Yukon.” In E. Taylor
and B. Taylor, eds. Responding to Global Climate Change
in British Columbia and Yukon. Volume 1 of the Canada
Country Study: Climate Impacts and Adaptation. Environ-
ment Canada, Vancouver and British Columbia Ministry of
Environment Lands and Parks, Victoria, 9-1 to 9-22.

IPCC (Intergovernmental Panel on Climate Change). 1996.
“The 1995 Second Assessment Report.” Synthesis Report
and Summaries for Policymakers.

LIC (International Joint Commission). 1997, “The 1JC and the
21st Century.” International Joint Commission, Washing-
ton and Ottawa.

Isherwood, G. 1996. “1997-1998 Load and Customer Fore-

cast.” Prepared for the 1996 Annual Review. West Kootenay
Power, Trail.

Krannitz and Kesting. 1997. “Impacts of Climate Change on
the Plant Communities of Alpine Ecosystems.” In E. Taylor
and B. Taylor, eds. Responding to Global Climate Change
in British Columbia and Yukon. Volume I of the Canada
Country Study: Climate Impacts and Adaptation. Environ-
ment Canada, Vancouver and British Columbia Ministry of
Environment Lands and Parks, Victoria, 10-1 to 10-13.

Krutilla, J. V. 1967. The Columbia River Treaty: The EEconom-
ics of an International River Basin Development. The Johns
Hopkins Press, Baltimore, MD, USA.

Lettenmaier, D. P, K. L. Brettmann, L. W. Vail, S. B. Yabusaki,
and M. J. Scott, 1992. “Sensitivity of Pacific Northwest
Water Resources to Global Warming.” The Northwest En-
vironmental Journal 8: 265-283.

Lettenmaier, D. P., S. Fisher, R. N. Palmer, S. P. Millard, J. P.
Hughes, and J. Sias, 1995. “Water Management Implica-
tions of Global Warming: 1.” The Tacoma Water Supply
System. Report to Interstate Commission on the Potomac
River Basin and Institute for Water Resources, U.S. Army
Corps of Engineers, December 5, 1995.

Lettenmaier, D. P., D. Ford, S. M. Fisher, J. P. Hughes, and B.
Nijssen, 1996. “Water Management Implications of Global
Warming: 4.” The Columbia River Basin. Report to Inter-
state Commission on the Potomac River Basin and Institute
for Water Resources, U.S. Army Corps of Engineers, March
21, 1996.

Lettenmaier, D. P. and A.F. Hamlet. 1998. “Effects of Anthro-
pogenic Climate Change on Water Resources Objectives in
the Columbia Basin.” JISAQ Climate Impacts Group Re-
port. University of Washington, Seattle, Washington, USA.

Leung, L.R., A.F. Hamlet, D.P. Lettenmaicr, and A. Kumar.
1999. “Simulations of the ENSO Hydroclimate Signals in
the Pacific Northwest Columbia River Basin.” In review.

MacDonnell, L.J., C.W. Howe, K.A. Miller, T.A. Rice, and
S.F. Bates. 1994. “Water Banks in the West.” Natural Re-
sources Law Center, University of Colorado School of Law,
Boulder, Colorado, USA.

Mantua, N.J., S.R. Hare, Y. Zhang, J.M. Wallace, and R.C.
Francis. 1997. “A Pacific Interdecadal Oscillation with Im-
pacts on Salmon Production.” Bulletin of the American Me-
teorological Society 78: 1069-1079.

Marks, D., G.A. King, and J. Dolph. 1993. “Implications of
Climate Change for the Water Balance of the Columbia River
Basin.” Climate Research 2: 203-213.

Martin, M., J. R. Hamilton, and K. Casavant. 1992. “Implica-
tions of a Drawdown of the Snake-Columbia River on Barge
Transportation.” Water Resources Bulletin 28, No. 4: 673~
680.

Mearns, L. O., . Bogardi, F. Giorgi, I. Matysovsky, and M.
Pilecki. 1999. “Comparison of Climate Change Scenarios
Generated from Regional Climate Model Experiments and
Statistical Downscaling.” J. of Geophysical Research 104
(D6): 6603-6621.

Mearns, L. O., F. Giorgi, S. Shields, L. McDaniel, and W.

IWRA, Water International, Volume 25, Number 2, June 2000



m

2.1 Cohen, KA. Miller, ALK, Hamlet, and W. Avis

Easterling. 1998, “Evaluation of High Frequency Variahil-
ity of Climate in Regional Climate Model Experiments over
the LS. Great Plains: An Impacts Perspective.” In prepara-
tion for . Clfeere,

Miles, E. L. 190, The Commected System: Awzessing the fm-
purcts of Climate Varialulity and Climare Change in the Pa-
cifie Northwest, Draft report, dated December 6, 1996,
JIBAL, University of Washington, Scattle, Washington, [DC,

Miller, K. AL 1996, Salmon Stock Variability and the Political
Economy of the Pacific Salmon Tecary.™ Comtemporary Eco-
mamic Policy 14, Mo3: 112-129.

Miller, K. AL 2000, “Managing Supply Vamability: The Use of
Water Banks in the Western US" In Do A Wilhite, od.
Deougks: A Global Assessment. Volume 11 T0-86.
Routledge, London.

Miller, K. A 5. L. Rhodes, and L. 1. MacDonnell. 1997, “Wa-
ter Allocation in a Changing Climate: Institutions and Add-
aptation.” Clistatie Changre 350 157-177.

Mickelson, T. E. 1986, “Influences of Upwelling, Oecan Tom-
perature, and Smolt Abundance on Marine Survival of Coho
Salmon {acorfmckis autek) in the Oregon Production
Avren"” Capraaliven Sowernad of Fisheries and Agianic Scienes
43: 52T-335,

O'Neil, P 1997, “B.C. Compensation for Power Rejected.”
Yancouver Sun, October 23,

Pearey, W. G, 1992, Ovean Ecology of North Peciflc Salbo-
sy, University of Washington Press, Scattle, Washingion,
LUSA: 179 pages.

Power JLM. 1985, “Canada Case Study: Water Supply.”™ Teck-
migues for Prediciion of Bunoli from lacierized Areas,
IAHS Publication No. 149: 38-T].

Pulwarty, B.S. and K.T. Redmond. 1997, “Climate and Salmon
Restoration in the Columbia River Basin: The Role and
Usability of Scasonal Forecasts.” Bulletin of the American
Metenrological Society T3 381-397,

Ross, L. and B Wellische 1997, “Implications of Future Cli-
mate Change on Encrgy Production in British Columbia and
Yukon." In E. Tayler and B. Taylor, cds. Bespoadiag o
Ciloha! Climare Charge fn Brivlsh Columbia and Yukoa,
Wolume | of the Carada Country Study: Climate Impacts
and Adaptation. Environment Canada, Vaneouver amd Brit-
ish Columbia Ministry of Environment Lands and Parks,
Wictoria, 17-1 to 17-15.

Snower, A 1997 “lmpacts of Global Climate Change on the
Pacific Morthwest.” Preparcd for the US Global Change

Rescarch Program and Office of Science and Technology
Policy, Pacific Morthwest Regional Climate Change Work-
shop, Seattle, Washington, July 14-15, 1997 Seattle, Wash-
ington, USA: University of Washingion, JI5AQ Climate
Impacts Cirowp.

Sustainable Fisherics Foundation. 1998, “Towand Ecosystem-
based Management in the Upper Columbia River Basin™
Workshop Summary Beport, October 1998 draft (availablo
at hrepeYwoww chiorng or hitp/Sarww . nwppeaorg)

Taylor, E. and B. Taylor, cds. 1997, Responding to Global -
mare Change in Beittak Codamibia and Ydow, Volume | of
the Canada Country Study: Climate Impacts and Adapta-
tion. Environment Canada, Vancouver and British Colum-
bia Ministry of Environment Lamds and Parks, Victoria

L5, Congress. 1962, “Columbia River and Tributarics.” Vol-
ume |, House Document (H. Dy Mo, 403, 87 Congress, 2
Session.

L5, Dept. of Ercrgy-Bonneville Power Administration, U5,
Army Corps of Engineers-Morth Pacific Division, LS. Dept.
of the Interior-Burcau of Reclamation, Pacific Morthwest
Region, 199]. “The Columbia River Svatem: The Inside
Story.”

LS. Dept. of Encrgy-Bonnevile Power Administration, LS.
Army Corps of Engineers-Moeth Pacific Division, U_S. Dept.
of the Interior-Burcau of Reclamation, Pacific Morhwest
Region. 1995, “Summary of Columbia River System Op-
cration Beview-Final Environmental Impact Statement.”

Vaccaro 1L 1 1992 “Sensitivity of Groundwater Recharge Es-
timates o Climate Variability and Climate Change.” Co-
lumbia Platcaw, Washington. Jowrnal of Geophysical
Research 97, Mo, DA 28212833,

YVolkman, John M. 1997, A #iver in Common: The Coliorbia
River, the Salweon Ecosvetem, and Warer Palicy. Report to
the Western Water Policy Review Advisory Commission,

Wandschncider, P. 1984, “Controd and Management of the
Columbia-Snake Syatems.” Agricultural Roscarch Center,
Washington State University, Monograph XB 0937- 1984,

Loharth, B, ). Caprio, K. Brocrama, P. Mills, and 5. Srithe
1997 “Effcct of Climate Change on Agriculture in British
Columbia and Yukon.” In E. Taylor. and B. Taylor, cds.
Responding o Gloluad Climate Charge (a Brirish Columibda
aid Yikow. Volume | of the Canada Country Study: Cli-
mate Impacts and Adaptation. Environment Canada,
Vancouver and British Columbia Ministry of Environment
Lands and Parks, Victoria, 151 to 15-12.

IWEA, Water fnrerraitiora!, Volurne 25, Numbser 2, June 20



