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ABSTRACT

The Pacific Northwest is dependent on the vast and complex Columbia River system for power production, irrigation, navigation, flood control, recreation, municipal and industrial water supplies, and fish and wildlife habitat. In recent years Pacific salmon populations in this region, a highly valued cultural and economic resource, have declined
precipitously. Since 1980, regional entities have embarked on the largest effort at ecosystem management undertaken
to date in the United States, primarily aimed at balancing hydropower demands with salmon restoration activities. It
has become increasingly clear that climatically driven fluctuations in the freshwater and marine environments occupied by these fish are an important influence on population variability. It is also clear that there are significant prospects of climate predictability that may prove advantageous in managing the water resources shared by the long cast of
regional interests. The main thrusts of this study are 1) to describe the climate and management environments of the
Columbia River basin, 2) to assess the present degree of use and benefits of available climate information, 3) to identify new roles and applications made possible by recent advances in climate forecasting, and 4) to understand, from the
point of view of present and potential users in specific contexts of salmon management, what information might be
needed, for what uses, and when, where, and how it should be provided. Interviews were carried out with 32 individuals in 19 organizations involved in salmon management decisions. Primary needs were in forecasting runoff volume
and timing, river transit times, and stream temperatures, as much as a year or more in advance. Most respondents desired an accuracy of 75% for a seasonal forecast. Despite the significant influence of precipitation and its subsequent
hydrologic impacts on the regional economy, no specific use of the present climate forecasts was uncovered.
Understanding the limitations to information use forms a major component of this study. The complexity of the management environment, the lack of well-defined linkages among potential users and forecasters, and the lack of supplementary background information relating to the forecasts pose substantial barriers to future use of forecasts.
Recommendations to address these problems are offered. The use of climate information and forecasts to reduce the
uncertainty inherent in managing large systems for diverse needs bears significant promise.
l.lnfroduction

Declining populations of salmon in the Pacific
Northwest have brought national attention to the region. Regional organizations have reported taking
various actions and spending over $1.3 billion (1991
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dollars) between 1981 and 1991 to maintain and improve Pacific salmon (Oncorhynchus spp.) runs in the
Columbia River basin (GAO 1992). However, certain
stocks of wild salmon and salmon numbers in general, in this region, have reached critically low levels. Pacific salmon have disappeared from almost
40% of their historical range in the Pacific Northwest
(NRC 1996). Attempts to restore salmon populations
and to maintain the social, economic, and cultural
qualities of life in the Columbia River basin are being undertaken in what is possibly the largest attempt
at comprehensive ecosystem management in the
country (Lee 1993). The Columbia River system is a
vast combination of federal and nonfederal facilities
upon which the Northwest has become dependent for
power production, irrigation, navigation, flood control, recreation, municipal and industrial water sup381
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plies, and fish and wildlife habitat (U.S. Congress
1993b). Management of the salmon resource is a complex undertaking involving many stocks, greatly differing freshwater and oceanic environments, a broad
range of stakeholders, numerous administrative jurisdictions, and an economy heavily dependent on
hydropower.
There has been increasing awareness of the role
played by climate and climate variability in this issue.
Interrannual and decadal-scale variability in oceanic
conditions have been linked to changes in some
salmon populations (Mysak 1986; Pearcy 1992;
Beamish and Bouillon 1995; Mantua et al. 1997). In
addition, an emerging body of research is showing that
El Nino-Southern Oscillation (ENSO)-related influences on winter climate are present in the Columbia
River basin (e.g., Redmond and Koch 1991). This

appears to provide an opportunity for the employment
of seasonal climate forecasts, and climate information in general, as tools in the management of waterrelated resources in the region.
2. Purpose of study

The purpose of this project is to understand the role
of climate and climate-related information in the regional management process for salmon recovery in the
Columbia River basin (Fig. 1) and to identify steps
needed to optimally exploit climate information on an
ongoing basis. The main thrusts of this study are to
(a) describe changes in the physical and management
environments impacting salmon numbers and diversity in the Columbia River basin, (b) ascertain the degree of present and evolving use of
climate information, (c) identify roles
and applications made possible by recent
advances in forecasting at the National
Weather Service Climate Prediction
Center (CPC; Barnston et al. 1994), and
(d) identify impediments to the use and
usability of climate information including predictions. Assessment of the above
concerns was carried out among regional
fisheries and water and energy interests
involved in or influencing salmon recovery efforts in the Columbia River basin.
This study underscores the need to address the issue of climate information use
in regionally coordinated efforts (e.g.,
ecosystem management) from the technical standpoint and from the institutional and management perspectives
encountered. The emphasis is on understanding, from the point of view of users in specific decision contexts related
to salmon management and recovery efforts, what information might be needed,
for what uses, and where, when, and how
it should be provided.
3.The Columbia River basin

The Columbia River, the third largest

FIG. 1. The Columbia River basin. Lightest areas are blocked by dams.
"
Speckled areas were never accessible due to waterfalls. Remaining gray areas ume, has been called the most managed
are still accessible for spawning. (Map courtesy NPPC; Duncan 1994)
river system in the world" (Nehlsen et al.
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1991). It has also been described as "the Northwest's gion (Andrus 1994). Declining numbers coupled with
link to the international trade and transportation net- the complexity of management jurisdictions and enwork" (Vanselow 1993). Forty-three percent of the vironmental variability have resulted in conflicting apU.S. aluminum supply and 35% of all U.S. wheat proaches to recovery efforts, threatening the very
exports are produced or shipped within the basin. The sense of community in the Pacific Northwest.
river is 1214 miles long and drains 238 000 miles .
The major tributaries to the Columbia are the Kootenai The changing management environment of the
and Flathead/Pend 'Oreille Rivers, which cross the Columbia River system
United States-Canada border, and the Snake and
Storage reservoirs in the Northwest operate on two
Willamette Rivers.
different regulation cycles reflecting the different cliThe Columbia River is primarily a snowmelt- matic regimes found in the coastal and interior basins
driven system. About 187 600 cubic feet per second, (CRWMG 1993b). West of the Cascades, where much
or 135.9 million acre-feet (maf) y r (1879-1994 natu- of the winter precipitation falls as rain, reservoirs are
ral flow), flows past the main monitoring point at The lowered during late summer and fall to provide flood
Dalles (Fig. 2). About half of the flow comes from control space for possible winter events. Seasonal fillthe 16% of the basin that lies in Canada. The region ing begins during February in proportion to the dereceives most of its precipitation in the winter months, creasing possibility of flooding. In the interior, water
with less than 20% during June-August. Winter rains is released during winter to generate electricity durcan occasionally provide considerable streamflow ing this high load period. The reservoirs are then reamounts in the low elevations (e.g., February 1996). filled from the midspring through summer months by
Most of the natural annual flow, however, occurs snowmelt and the cycle repeated. Streamflow foreduring the April-July period. Average annual precipi- casts on the Columbia began in the late 1950s in a joint
tation totals range from less than 200 mm east of the operation between the Corps of Engineers and the
Cascade Range, including the Snake River basin, to National Weather Service River Forecast Center.
more than 5100 mm in the coastal mountains.
Forecasts are based on historical climatological disThe basin now has about 230 significant dams and tributions of conditions subsequent to the forecast.
reservoirs, mostly built since the 1930s. In the man- Description of the methods currently used to forecast
aged system, the shape of the annual flow cycle has runoff and streamflow are given in CRWMG (1993a).
been considerably altered, reducing both seasonal and
The primary purposes of many of the dams have
interannual variance. Hydropower produced by this shifted over the years to hydropower generation as
system (about 18 500 MW) costs consumers about demand has grown (Fleagle and Murphy 1980).
60% of the national average price and accounts for Hydropower and recreation requirements coincide
70%-80% of power consumption in Washington and well with flood control operations, with a priority of
Oregon. The total Columbia River storage capacity is almost 40% of its annual
flow with about 60 maf available for
flood control in the United States and
Canada.
Salmon are an integral part of the culture and heritage of the Pacific Northwest. Pacific salmon support traditional,
commercial, and recreational fisheries in
Washington, Oregon, and California. The
economic value of salmon fisheries in
1992 was estimated at over $1 billion yr
FIG. 2. Columbia River water year streamflow measured at The Dalles, Oregon,
in personal income, accounting for more
1879-80
to 1994-95. October-September reconstructed flow (adjusted for
than 60 000 jobs in the region (Oregon
diversion
and
in millions of acre-feet (1 maf = 1.23 x 10 m ), plotted
Rivers Council 1992). Salmon have been in ending year.evaporation)
Here,
116-yr
is 135.80 maf, standard deviation is 26.90,
harvested for at least 8000 yr by Native and coefficient of variation isaverage
19.8%. Maximum flow 223.3 maf in 1893-94,
Americans (Walker 1993) and continue minimum flow 76.1 maf in 1976-77. Data courtesy Jim Ruff, NPPC, and
to act as an important symbol of the re- Roger Ross, U.S. Army Corps of Engineers.
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storing water behind reservoirs during the peak runoff (spring) months. However, it is just at this time
that high flows are needed for salmon outmigration.
Thus, measures taken to shore up power supplies conflict with measures needed to move salmon through
the system of dams.
An important change in the operation of the Columbia
River basin hydroelectric system occurred with the
passage of the 1980 Pacific Northwest Electric Power
Planning and Conservation Act (NPA; Lee 1993;
Blumm 1995). This involved revision of the original
1937 statute mandate of "lowest possible rates" to
ensure that all future environmental costs of hydroelectric operations are paid by electricity users and that
rates compensate for fish and wildlife losses in the
past. The Northwest Power Planning Council (NPPC),
through a compact between Idaho, Montana, Oregon,
and Washington mandated by the NPA, prepares regional conservation and electric power plans and coordinates implementation strategies. Restoration
policy involves a broad range of stakeholders including the NPPC, watershed management agencies, 11
state and federal agencies, 13 native tribes, 8 utilities
and numerous power, agricultural recreation, and
transportation and environmental interest groups
(McGinnis 1995). Restoration is thus dependent on the
best available science and on the institutional capacity and will to deal with multiple values and views
(McGinnis 1995; Healy and Ascher 1996).
Operation of the Columbia River federal hydropower system is the responsibility of the Bonneville
Power Administration (BPA) for power marketing and
delivery, the Corps of Engineers for flood control and
navigation, and the Bureau of Reclamation for general water development. These three are also the lead
agencies in the System Operating Review (SOR) process. The stated goal of the SOR process is to achieve,
through a study and environmental compliance process, a coordinated river system operation that better
meets the needs of all river users (U.S. Congress
1993a). The Pacific Northwest Coordination Agreement, formed in 1964, includes the lead agencies and
15 private generating utilities that jointly plan and
coordinate power operations as if all facilities belonged to a single owner.
More recently, the lead agencies have gained added
responsibilities for other uses of the river, such as fisheries, wildlife, and cultural resources, in addition to
all other uses being evaluated as part of the SOR process. Figure 3 (U.S. Congress 1993b) describes the
decision process currently employed to reach an an384

nual operating plan. Recent developments have introduced conflicts among the three agencies and other
stakeholders over how to interpret and prioritize the
different uses of the river. Declines in salmon, resulting in recent listings under the Endangered Species
Act (1973), have further complicated the issue. While
the Endangered Species Act (ESA) mandates that
listed fish not be placed in "jeopardy (of final extinction)" and that a recovery plan be developed, there is
no requirement to implement such a plan (U.S. Congress 1994). Thus, while the ESA requirements may
mitigate against species disappearance, the prospect
is raised that endangered salmon stocks will be maintained at the "brink of extinction" (U.S. Congress
1994), increasing the vulnerability of populations to
variations in the natural environment. It is therefore
important to recognize that salmon restoration concerns the diversity of runs as as well as the number of
fish available for harvest (NPPC 1994).
4. Climate variability in the Pacific
Northwest region

The climate of the Pacific Northwest exhibits significant interannual variability. Redmond and Koch
(1991) show that a relationship exists between the
June-November Southern Oscillation index (SOI) and
subsequent October-March precipitation over the
Columbia basin. A sufficiently negative summerautumn SOI ("El Nino") has a high probability of
being followed by a dry and warm winter. A sufficiently positive summer-autumn SOI ("La Nina")
similarly has a high probability of being followed by
a wet and cool winter.
The correlation between spring-summer SOI and
natural streamflow for the following "water year"
(October-September) for the Columbia River at
The Dalles is 0.45 for n = 62 yr. A scatterplot (Fig. 4)
of June-November SOI versus subsequent OctoberSeptember streamflow at The Dalles shows that there
are exceptions to the general relationship. The winters of 1988/89 and 1938/39 are the largest exceptions
for positive SOI, and the winter of 1982/83 is the single
largest exception for negative SOI. The 1982/83 winter
stands out as a singular point in many such plots around
the west and considerably affects perceptions of the
nature of the western ENSO-related teleconnections.
The mainstem flow is used here only to illustrate the
integrated ENSO impact since variability over this
large and diverse watershed may be averaged out.
Vol. 7 8 , , No. 3, March
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FIG. 3. Columbia River Regional Forum existing decision process (U.S. Congress 1993b).

The major processes that affect the Pacific Ocean
off the west coast of North America are 1) ENSO
conditions, 2) fluctuations of open ocean conditions
in the North Pacific, 3) the strength of the California
Current, and 4) wind-driven coastal upwelling, including estuarine conditions. A fifth influence on biological resources may result from interaction among these
processes (PFMC 1994a,b). Collectively, this variability makes it difficult to characterize the strength of
ENSO teleconnections in each event year and to predict the direct consequences of ENSO events for
salmon in the region. As noted by Pearcy (1992)
"rarely is only one variable modified."
Less well understood but attracting increasing attention is the low frequency decadal-scale variability
in the climate system. The past 10 yr illustrate one
such fluctuation in the Columbia River (Fig. 2). The
1976 "regime shift" (see Miller et al. 1994; Trenberth
and Hurrell 1994; Graham 1994) is manifested in several oceanic and terrestrial factors that influence on
fisheries (Ebbesmeyer et al. 1991; Moore and
McKendry 1996; Francis et al. 1997, submitted to J.
Climate). This is discussed further below. Mantua
et al. (1997) note that the interdecadal 1976 shift in the
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midlatitude Pacific climate may not be unique. There are
strong indications, in the instrumental record, that
similar shifts have occurred in 1925 and 1947.
5. S a l m o n decline a n d climate
interactions

Salmon are anadromous. Their migratory routes can
encompass thousands of miles of fresh and salt water
migration, as well as several annual cycles. Each salmon
species has a characteristic life history pattern with
distinctive features such as age structure of the spawning population, length of juvenile residence in fresh
water, and the spatial distribution of spawning within a
basin. Successful outmigration depends on rapid enough
flow to the sea in sufficiently cold water to avoid disease and predation (Pearcy 1992). After a short period
in an estuary, Pacific salmon move to the open ocean
for 1-5 yrs, depending on species and stock. Upriver
migration to spawning grounds takes place primarily
in autumn but also occurs during spring and summer.
A stock is a population of salmon that generally
does not interbreed with other populations (Nehlsen
385
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may be contrasted with record catches in Alaska since
the late 1970s, even after accounting for hatchery influences. Implications for transboundary ocean harvest agreements are discussed in Miller (1996) and
U.S. Congress (1993a).
The causes of salmon decline in the Pacific Northwest have generally been attributed to the "4 /is":
hydropower, habitat degradation, harvest, and hatcheries (NPPC 1992). Dams are estimated to result in
the mortality of 70%-80% of outmigrating smolts.
Disease and competition from hatchery-reared fish are
increasingly viewed as raising the wild stocks' mortality. Thus, measures taken to increase salmon numbers to harvestable levels, simply through hatchery
supplementation, can negatively impact wild stocks.
More recently, periods of poor ocean production conditions have been implicated as a factor in the reduction of salmon numbers (Olsen and Richards 1994).

FIG. 4. June-November Tahiti - Darwin Southern Oscillation
index vs subsequent October-September 12-month streamflow
of the Columbia River at The Dalles, Oregon. Years 1933-34
through 1994-95. Average flow for this period is 131.47 maf.
Correlation r = 0.45, n = 62 yr (p < 0.000). For SOI > +0.50,
mean = 155.6, median = 162.7 maf, n = 12. For SOI < -0.50,
mean = 117.99 maf, median = 119.2 maf, n = 20, t test of b. The role of climate
difference = 4.194 (p < 0.0005). Ratio of (SOI+/SOI-) = 132%.

et al. 1991). Since each of the variations in their life
cycles and behavior is associated with a different genetic makeup, the different wild subpopulations
(stocks) of each of the five species of Pacific salmon
can be legally protected as though they were separate
species.
a. Salmon decline in the Pacific Northwest
The salmon problem has two components, 1) the
decline of wild salmon runs and 2) the reductions in
abundance of salmon even after massive investments
in hatcheries (NRC 1996). Salmon numbers, in
the Columbia system, are estimated to have declined
from about 11-16 million fish prior to European visitation to 4-5 million by 1980 (NPPC 1992). Present
estimates for the Columbia River basin range from
300 000 to 1 million fish with about 75 000 wild remaining. Nehlsen et al. (1991) report that of the approximately 192 Pacific salmon stocks originally
existing in the Columbia River basin, 67 had become
extinct and 36 were at high risk of extinction. In 1991,
the single remaining Snake River sockeye salmon
(O. nerka) stock was listed by the National Marine
Fishery Service under the ESA, with subsequent listings for chinook (O. tshawytscha). In 1994, the Federal Emergency Management Agency (FEMA)
designated the collapse and closure of the Pacific
Northwest salmon fisheries as an ENSO-related disaster, the first attributed by FEMA to ENSO. This
386

A delay in the onset of fall rains can reduce the
number of salmon commencing the upstream trip,
while low water levels in rivers will impede their
progress and decrease the surface area of river bottoms
suitable for egg laying (Greenland 1995). Conversely,
continued high flows dislodge eggs thus reducing their
viability. Anomalies in air temperature (and their effect
on freshwater temperatures) can affect food supply and
survival rates, especially for salmon undergoing their
first season (ODFW 1992). Coho, for instance, are
particularly vulnerable to combined pressures of
droughts and human activities (urbanization, etc.)
since they require smaller streams and creeks for rearing. Drought conditions in the last 10 yr (Fig. 2) have
led to greater difficulty in providing adequate water
to aid salmon migrations. According to BPA, the cost
of their fish and wildlife programs have doubled to
$300 million from 1991 to 1993. This doubling, attributed to losses of power production in aid of salmon
recovery, may have in fact been due to increases in
water pricing and additional BPA power purchases as
a result of regional drought (U.S. Congress 1994).
An emerging body of evidence is showing that
some populations of Pacific salmon are strongly influenced by marine climate variability (see Mantua
et al. 1997). For instance, poor returns (number of fish
returning from saltwater phase), in the form of lower
numbers, and decreases in size and spawning fecundity
have generally been interpreted as manifestations of poor
survival and growth caused by an adverse ocean environment resulting from the 1982-83 ENSO event
Vol. 78,, No. 3, March
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(Hayes and Henry 1985). Similar conditions for fresh- forces emphasis on a regional as opposed to a singlewater escapements and ocean returns to the Columbia sector approach. Discussion of sector-based needs are
basin during and after the 1957-58 event have been given in section 8. Information on the knowledge, use,
noted (see Pearcy 1992). During the post-1976 period, and usability of climatic information in the regional
salmon production off coastal Oregon and Washington decision process was obtained through structured indecreased significantly, with a brief recovery from terviews and discussions with 32 individuals from 19
1987-89, and virtual collapse since then. This collapse organizations (Table 1). Interviewees were selected,
has occured during the 1990-95 period concurrent and pretesting of the interview questionnaire was carwith what has been called "the longest ENSO event ried out with the assistance of the NPPC Fish and
on record" (Trenberth and Hoar 1996).
Wildlife Division. Participants were from the followSalmon distribution has been shown to exhibit a ing major areas (number of individuals in parenthesharp step function response to spring ocean tempera- ses): hydrology (6), hydropower generation (5),
tures in the eastern North Pacific (Welch et al. 1995). freshwater and ocean biology (7), and managers in
The critical temperature defining their southern reach commercial (7) and noncommercial (7) areas affectvaries by species. Upper-ocean heat storage (volume ing salmon management. A planning meeting was
above the thermocline) is closely related to primary held at the NPPC to discuss the overall goals of the
productivity. Estimates indicate that ocean water be- project, ensure that there was a willingness to particilow the thermocline is up to 1000 times richer in nu- pate, and discuss recent technological and institutional
trients than water above (Beamish 1993).
Interannual variation in mixed layer
depth enables atmospheric variations to
T A B L E 1. Agencies and organizations, organized by issue focus.
produce biological variations in oceanic
ecosystems (Polovina et al. 1994).
• American Rivers (AR)
Changes in the production of fisheries Conservation
• Pacific Rivers Council (PRC)
have been associated with the strength
of the Aleutian low and decadal-scale Habitat management • U.S. Fish and Wildlife Service (USFWS)
atmosphere-ocean variations in the Pa• Bureau of Land Management (BLM)
cific basin. An out-of-phase climate re• Oregon Department of Fish and Wildlife (ODFW)
lationship between the Pacific Northwest
• Washington Department of Fisheries (WDF)
and the Alaskan regions has been noted
by Cayan and Peterson (1989) and Industry and utilities • Pacific Northwest Utilities Conference
Commission (PNUCC)
Francis (1993). Mantua et al. (1997)
• Columbia River Alliance for Fish, Commerce,
show that the relationship between
and Communities (CRA)
interdecadal Pacific climate variability
• Pacific Northwest Waterways Association
and salmon production is weak for the
(PNWA)
• Idaho Power Company (IPC)
Pacific Northwest region and strong in
• Bonneville Power Administration (BPA)
the Alaskan region. They point out that
the relationship for the Pacific Northwest Regulatory agencies • National Marine Fisheries Service (NMFS)
catch record may be dominated by hu• Pacific Fishery Management Council (PFMC)
man influences. While a great deal is
known about the freshwater life history Streamflow forecasts • National Weather Service River Forecast Center
(NWS RFC)
of salmonids, it is clear that compara- and dam operations
•
Natural Resources Conservation Service (NRCS)
tively little is known of their status in the
• Army Corps of Engineers (COE)
ocean where they may spend as much as
• Bureau of Reclamation (BuRec)
90% of their lifetime.
Native interests

• Columbia River Inter-Tribal Fish Commission
(CRITFC)
• Confederated Salish and Kootenai Tribes
(CSKT)

Regional coordinator

• Northwest Power Planning Council (NPPC)

6. Study participants

The multicomponent nature of the
salmon problem, as described above,
Bulletin of the American

Meteorological

Society

387
Unauthenticated | Downloaded 01/09/23 11:14 PM UTC

a. Awareness of climate
About three-quarters (23) of the respondents indicated that a relationship existed between ENSO and
the climate of the Pacific Northwest. However, the
nature of this relationship was uncertain to most (18).
This group described their major source of information on this topic as the mass media. Only five were
confident of their knowledge, which was largely acquired through more direct contact with the scientific
community. Just two mentioned that regional climatic
responses
to El Nino could vary from one event to
7. Results from interviews
another (and similarly for La Nina). No one could
Background information on roles and responsibili- suggest causes of interannual variability that were not
ties of each participant was first solicited. Respondents related to tropical sea surface temperatures.
were then queried about their present degree of awareMost respondents stated that information on the
ness of the role of climate and climate variability in previous 5-10 yr was important and useful. While
their general area of concern and in the area of salmon there was little familiarity with variations over longer
management in particular. This was followed by ques- (decadal-to-century) timescales, most felt that this
tions concerning the usefulness of information on would be useful information to have. In both cases,
potential and probable future states (monthly to sea- no one could provide a clear exposition as to how such
sonal timescale) of climate. Participants were then information could be used in a practical setting.
asked to identify the particular information that would Historical information is used in at least one way. BPA
be desirable in a climate forecast and what additional has a planning horizon up to 4 years ahead. This is
information would make the forecasts more usable, usually judged against the worst historical drought, the
that is, carry weight in actual decision making for 1928-32 "critical period." This is the period over
salmon recovery efforts. Finally, barriers to the use of which, starting with full reservoirs and without adjustclimate forecasts were identified. Other data collected ment to operations, the same climate conditions would
include information on annual cycles of decisions, rule lead to depletion of all the stored water. The possible
curve requirements, and location of decision-making importance of the use of optimal normals is highauthority within and external to each agency.
lighted in this case. An optimal normal is the average
taken over that period of most recent
years in the historical record that yields
T A B L E 2 . Summary of issue frames of major groups.
the best "hindcast" of an observed value.
Nearly all interviewees felt that climate
has significant influences on the
Continuing pressure for use of resources led to
Conservation
salmon decline. Focus on habitat issues for wild
life of salmon, and that therefore climate
fish and likelihood of barging.
forecasts could potentially play a considerable role in salmon management
Restore fisheries to harvestable levels. Drought
Habitat management
(Table 3). Table 4 shows the type of cliexacerbates fish issues.
mate information considered important
for salmon management by respondents.
Industry/utilities
Generating streamflow. Shape [timing] and
volume of runoff. Present situation is due to
It was surprising that only about half (15)
natural variations. Feel that they are asked to do
mentioned oceanic processes, and just
too much for salmon.
one-fifth mentioned processes in the estuarine
and near-shore environment.
Number of fish and their location for harvesting
Regulatory agencies

developments. Additional information was obtained
through reports and publications from each organization. The ways in which different interests frame
"critical issues" in salmon management are summarized in Table 2 and is discussed further in section 8.
Details on the interview process, the questionnaire
used, and relevant literature are provided in Pulwarty
and Redmond (1997).

regulation. Meet the goals of the Endangered
Species Act.

Native interests

388

Fish passage through dams. Fish survival conditions and fish access to streams. Ceremonial and
subsistence use.

b. Usefulness of climate forecasts
The National Weather Service River
Forecast Center (NWSRFC) in Portland
currently issues (in consultation with
NRCS, COE, and BuRec) the official
Vol. 78,, No. 3, March
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T A B L E 3 . Importance of climate and potential role of climate
forecasts in salmon management for (a) all interviewees and
(b) excluding power engineers and streamflow forecasters.

Number of responses
High
Role of climate

Mod

Low

27

Potential role of
climate forecast
(a) all interviewees

19

10

(b) excluding
engineers and
forecasters

15

5

None

TABLE

4. Climate information considered important.

Climate element

Number of responses

Temperature

28

Precipitation

28

Snowpack

32

Streamflow

32

Ocean variability/trends

15

Soil moisture/trends

6

Upwelling/estuarine info

6

forecast for spring and summer streamflow at The climate forecast could have value (without reference
Dalles. This forecast plays a central role in manage- to any existing climate forecasting activities), an inment decisions throughout the Columbia River basin quiry was made as to whether a perfect forecast would
(CRWMG 1993b). It thus provides a useful baseline be useful. The term "perfect" was taken to mean "coragainst which the use of other forecasts, as represen- rect all the time." All but one replied that a perfect
tations of possible future conditions, can be compared. forecast would be useful and that clear lines to use can
Over 80% of respondents keep track of this forecast be established.
(Table 5). More importantly, for all of them, the
Over 80% stated that the forecast, to be useful,
Columbia River streamflow forecast has significant should be "right" at least 75% of the time. The quesinfluence on decisions.
tions were posed in terms of "degree of accuracy," but
In contrast, only eight respondents track the opera- the responses were always couched in terms of the
tional NWS Climate Prediction Center monthly/sea- forecast being "right" or "correct" in percent of ocsonal climate forecasts (Table 5). Rather surprisingly, currences. Even though the NWS/CPC forecasts are
no evidence emerged that any decisions had been in- presented in probabilistic terms, users or potential
users responded in general as if the forecasts were
fluenced by the CPC climate outlooks.
In spite of the present lack of use, the potential for being presented in deterministic terms. Unintended
the use of climate forecasts was felt to be high across interpretations of terms can be a source of great cona broad spectrum of interests. The result of "high" fusion (Murphy and Brown 1983). This area is worpotential use also held up, to a slightly lesser extent, thy of further investigation.
regarding the specific issue of climate
forecast use in salmon management and
—
recovery. As discussed below, high "imT A B L E 5 . Use of NWSRFC DLS streamflow forecast and the CPC climate
plications" for use do not neccesarily forecast.
lead to actual actions being taken.
c. Information desired in climate
forecasts
Based on the stated high potential for
use, respondents were asked for comments about the contents of such forecasts; what properties the forecasts ought
to have, etc. To ascertain whether any
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Track
(directly or indirectly)
Yes

NWS River Forecast Center
Climate Prediction Center

No

Influence decisions
(usefulness)
Yes

No

27

27
24

32
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About 60% (19) felt that presentation in terms of
probabilities is understandable (Table 6). This high
frequency of acceptance can be compared with results
from similar studies in the agribusiness industry (46%)
and for power utilities (82%) (Changnon 1992;
Changnon et al. 1995). Several of the 19 felt that while
they were comfortable with probabilistic expressions,
other individuals, primarily those farther up the management chain, would not be. However, all felt that
additional information was needed to help interpret
the forecast.
Pacific salmon usually spawn in autumn, but forecast conditions for all four seasons were considered
to be important and relevant. A ranking scheme for
preferred-season forecasts was employed (0-5, least
to most preferred, with multiple rankings permitted).
It is not surprising in this snowmelt-driven system that
the winter season received the highest ranking by every person (Table 7). The accumulation season extends over roughly 6 months and thus extends
backward from winter into autumn and forward into
spring. Environmental conditions in these "shoulder"
or "transition" months were mentioned by 26 respondents as having significant management impacts. For
this reason, both autumn (17) and spring (20) received
rankings of 4. Autumn and especially spring conditions have assumed greater importance in balancing
salmon management, flood control, and power production. By mid-summer, the need for precipitation
forecasts becomes minimal, especially since irrigation amounts are relatively small. Projections of
summer temperatures (which drive stream temperatures), however, have important implications for fish
survivability.
A broad range of desired lead times, dependent on
specific annual decision cycles, emerged. For federal
fish managers the 120-day period from January
through April was most important, and the secondTABLE

d. Other needs
Potential users were asked to comment on additional types of information that would be desirable to
supplement the information contained in an official
forecast. Over 90% (29) wanted to know how the year
(calendar, or water, or crop) had proceeded to that
point (Table 9). The issue here is whether the period
within recent human memory has been "normal" and
TABLE 7. Preferred seasonal forecasts by rank. Scale ranges
from 0 (not important) to 5 (most important). More than one
season can be given the same rank. Twenty-six interviewees stated
that forecasts of shoulders (extended seasons) would be useful.
Only in summer was the (stated) need for forecasts of temperature
(T) ranked higher than that for precipitation (P).

Rank
Forecast
season

6. Expressions of accuracy.
Number of respondents
Yes

No

Probabilities (as presented)
are understandable

19

13

Desire additional information

32

0

390

most important was the 180-day midautumn to
midspring period. Rainfall in autumn is quite important for spawning (providing the initial signal for
upmigration). Information on coastal up welling conditions in spring could have potential use while the
same information for late summer would not. Harvest
requirements involved lead times on the order of 6
months. The water managers and power interests
would like to extend their planning horizons to at least
a year (Table 8). Several of them mentioned that an
expectation of conditions for the following winterspring would be desirable by autumn of the present
winter. By early autumn, all sectors are beginning to
exhibit high interest in how much snow the upcoming winter will bring. By late winter, the runoff situation is reasonably clear, and the melt-out conditions
(which are both temperature and precipitation dependent) become a concern. Decisions of regional import
about allocation of water resources are being made by
January-March.

0

1

Fall

2

3

4

3

12

17

Winter

5
32

Spring

9

20

3
4

Summer T

3

10

7

2

6

Summer P

8

15

3

2

4
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T A B L E 8. Desired lead time-interval from issuance to beginT A B L E 9. Additional types of information desired for inclusion
ning of verification period.
along with climate forecast.

Lead time

No. of respondents

Type of information

No. of responses

1 week-1 month

17

Temperature/precipitation, year to date

29

1-3 months

24

Trends in conditions, past 5-10 yr

26

3-6 months

10

Trends in accuracy of forecasts

30

Regional/local detail

21

1 yr

8

Other (non-Pacific Northwest) regions

whether the forecasts, referenced to average conditions over a longer interval, are not well represented
by recent years. The track record of recent forecasts
is felt to be extremely important in assessing the credibility of the forecasters and the processes they use.
Regional and local detail ("tailoring") were mentioned
by 21 of the 32 interviewees. A few interests (primarily those involved in power trading) are interested in
anomalies in other parts of the country. Most (26)
deemed it helpful to portray forecast conditions in
terms of similar conditions from previous years ("analogs"). It would be most beneficial if analog years
were taken from recent institutional memory, so that
contexts and consequences of management decisions
could be recalled and reassessed. Many (21) expressed
a wish to have more detailed historical comparison
information for individual points in space (see
Changnon et al. 1995). Among these was a desire to
have the unconditional historical probability distribution of the element in question, as well as the probability distribution of that same element, conditioned
upon the forecast (e.g., Briggs and Wilks 1996).
Only a quarter (8, Table 10) thought that studies
on the value of forecast information would make a
difference in whether they used the forecasts. [Note:
Changnon et al. (1995) found only 10% in the utility
industry.] All respondents wanted to see more studies on how climate, including ocean variability, affects
salmon. About two-thirds (22) felt a need to have access to human expertise to best interpret the forecasts.
Following up on this, over three-quarters (25) desired
clarifications of the relationships between forecast
events and other issues of more immediate concern
to their sectors and tasks.
There is considerable variation among the participants in their understanding of the behavior of the
underlying physical environment. All but one of the
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5

Analogs

26

Climate profiles

21

Probability distributions

23

participants expressed the thought that a regional forum to clarify the nature and controls of climate in the
freshwater and oceanic environments inhabited by
Columbia River salmon would be highly beneficial to
all parties and interests.
e. Barriers to the use of climate forecasts
A variety of reasons emerged as limiting factors in
the use of climate forecasts (Table 11). Users did not
feel that the present forecasts are accurate enough. On
further questioning, though, none knew how accurate
they actually are at present. Of great concern is the
T A B L E 10. Additional information or support desired to develop
or enhance forecast use.

No. of
respondents
Economic value-of-information study

8

Studies of climate impacts on salmon

32

Access to expertise for interpretation of
forecast

22

Explanations of linkages to streamflow,
land use, other problems

25

Forum on nature/role of climate in the PNW

31
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TABLE

forecasts.

vary, sometimes considerably, this raises fundamen-

11. Barriers to the use of climate information and tal questions in communicating to the intended user

a. Forecasts not "accurate" enough.
b. Fluctuation of successive forecasts ("waffling").
c. The nature of what a forecast is, and what is being
forecast (e.g., types of El Nino and La Nina impacts,
non-ENSO events, what are "normal" conditions?).
d. Nonweather/climate factors are deemed to be more
important (e.g., uncertainty in other arenas, such as
freshwater and ocean ecology).
e. Low importance is given to climate forecast information
because its role is unclear or impacts are not perceived
as important enough to commit resources.
f. Other constraints deny a flexible response to the
information (e.g., meeting flood control or Endangered
Species Act requirements).
g. Procedures for acquiring knowledge and making and
implementing decisions, which incorporate climate
information, have not been clearly defined.
h. Events forecast may be too far in the future for a discrete
action to be engaged.
i. Availability and use of locally specific information may
be more relevant to a particular decision.
j. "Value" may not have been demonstrated by a credible
reliable organization or competitor.
k. Desired information not provided (e.g., number of warm
days, regional detail).
1. There may be competing forecasts or other conflicting
information.
m. Lack of "tracking" information; does the forecast appear
to be verifying?
n. History of previous forecasts not available. Validation
statistics of previous forecasts not available.

what goes into producing a forecast. For important
long-range management decisions to be contingent on
the content of climate forecasts, participants preferred
that successive forecasts for a given season not vary
greatly from each other, or "waffle." This expectation
may be unrealistic because of the implication that
forecasts can not be updated as new information is
acquired. Some users appeared to believe that consistency from one forecast to the next (in time) was sufficient to imply accuracy. Forecast use would be
facilitated if clear explanations were offered as to how
and why successive forecasts differed from one another. In addition, the forecast provider should make
clear that forecast skill should not necessarily be expected to greatly increase as lead times shorten.
The listed barriers to information use can be characterized as technical, financial, legal, cognitive, and
institutional. It is important to note that the reasons
listed are not always mutually exclusive. The primary
technical limitation is the inaccuracy in the forecasts.
A few of the remaining constraints (e.g., d, g, i, k) have
partial technical components. The nontechnical limitations to use are likely to constitute significant impediments at least until forecasts improve to the
desired level ("75% correct"), in which case others issues may arise. In some cases, legal or other constraints may force a course of action independent of
what a forecast indicates, even if the forecast is felt
to be quite accurate. These nontechnical limitations
are at present poorly understood by the forecasting
community and receive little research attention in the
literature. For exceptions, see studies by Changnon
et al. (1995) and Glantz (1982, 1987). Climate forecasts are not deterministic. They are not confirmed by
the single occurrence of an event. This alone should
encourage investigation into procedures to better incorporate uncertain as well as risk-based information
into decision-making processes.
8. S u m m a r y of sector-based needs

lack of information available to decide how good the
forecasts are and how well they have done in recent
years.
For a given ending time, forecasts based on new
and accumulating information, which result in different projected conditions, were seen to be inconsistent
and confusing. Given that forecasts by their nature can
392

The nature and type of information needs of different sectors were to a large extent conditioned by
the way in which the salmon issue or institutional responsibilities were framed (see Table 2). This section
summarizes observations and comments made by
participants during the discussion portions of the interviews. Interestingly, the organizational frames and
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goals appeared to be as strong an influence on stated
information requirements as the task area of each individual. An effort is made, in this section, to avoid
repeating information given above.
The annual cycle of decisions for water managers,
including industry planning, usually begins to command attention around September. The primary desire was to know how the melt would occur in spring
(differing temporal, spatial and elevational rates of
snowmelt). Large information gaps exist in the knowledge and representation of orographically dominated
precipitation fields and amounts. For federal fisheries managers, the role of coastal upwelling and salinity were considered extremely important even though,
in their opinion, the effects on salmon have not been
adequately quantified.
For streamflow forecasters, the major inputs required are the same as those used for snow modeling,
that is, evaporation and sublimation. A revised procedure for streamflow forecasts is under evaluation
by the cooperating parties involved in seasonal
streamflow prediction (Garen 1995). This does not
employ the CPC forecast but uses the Southern Oscillation index as a regression-based predictor, which
adds significant skill to the spring/summer runoff forecasts at all lead times and extends issuance times to
as far back as 1 October in some years. Forecasts
within 5%-10% of the median were felt to be too "normal" for changes in action, although indications of
associated shifts in the extreme values (from those
same distributions) could have important consequences.
Native interests were concerned that dry conditions
have been significant in bringing the entire salmon
issue to the fore. Unfavorable water conditions affecting salmon survivability, such as volume, velocity,
and temperature, are, in their view, mainly the results
of closed door policies and decisions. However,
intraseasonal fluctuations on a 2-week to 1-month
timescale were seen to have major stream/environment management repercussions, and so weekly updates of the 30-90-day forecast were requested.
All interviewees saw a strong need to include climate information in their considerations and in particular to include the forecast of transitions in weather
regimes. Forecasts of extreme conditions also came
out as a strong requirement. Hydropower managers
stated a desire for quicker access to information on
snowpack, snow water equivalent, and divisional
basin-wide values of precipitation for the CanadaU.S. Columbia basin and for the Peace River and
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Northern California (for power trading purposes).
They confirmed that benefits of a forecast can be derived from observing what competitors do with the
same information (see Glantz 1995). However, the
competitive economic value of a forecast was thought
by some respondents to be lost if all parties knew
equally well how to interpret and use the information
(e.g., for trading possibilities, etc.), an admittedly
unlikely situation.
The high degree of familiarity with daily weather
forecasts consistently colors impressions and attitudes
toward seasonal climate forecasts. A common comment, even among those who said that the climate
impact was understood, was "How can you tell me
about an event three months to a year from now if you
cannot reliably tell me about next week?" (see also
Crowley et al. 1995). A typical decision with which
they are concerned, which could be made contingent
on usable NWS climate forecasts, is "For the Snake
River at the end of May, should water be held upstream or allowed to pass through the system?"
In general, higher potential utilization was embraced by those organizations with clear profit incentives and that could risk gains or losses over an
extended period. Conversely, public and nonprofit
agencies did not value forecast information, as presently provided, because of a need to avoid "bad results" on a season-by-season basis. Few mentioned a
decision-analytic approach as a practical possibility
(especially in a multiactor setting). Even when the
affected sector is highly vulnerable to climate and
weather fluctuations and subject to major economic
impacts, and/or the targeted user is technically oriented, there was reluctance to attempt to incorporate
quantitative information about future climate at its
present level of uncertainty. For instance, one response was "We do not keep track of climate but we
realize that it could affect [our] market situations."
Transitions from a wet or normal year to a drought
year with diminished streamflow are estimated to cost
BPA up to $200-$300 million in foregone hydropower
revenue. One interviewee indicated that knowledge of
conditions a year in advance could bring $15-$20 million reduction in losses to hydropower interests associated with fisheries regulation. The out-of-phase
ENSO-climate relationship between the Pacific Northwest and the desert Southwest identified by Redmond
and Koch (1991) and others offers opportunities as yet
unexplored for interregional power sales as one of
many ways (see U.S. Congress 1994) to offset the
costs of salmon enhancement programs.
393
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Two important additional observations made were
that participants (a) believed that other agencies were
using climate forecast information when in fact that
was not the case and (b) felt that original information
should be provided by an "impartial" or "neutral"
source such as the National Weather Service.
9. Conclusions

The stated salmon production goal in the Pacific
Northwest is for "optimal" escapement from the freshwater environment (PFMC 1994b). In the oceanic
setting, harvest amounts are calculated as a function
of the relationship between adult salmon population
and recruitment (PFMC 1994b). Survival variables
dependent on river flow shape, volume, and temperature have been shown to have some degree of predictability. Decadal-scale variations in the oceanic
environment can mask both salmon recovery efforts
and damaging practices in the freshwater arena. On a
cautionary note, knowledge of such variations should
not preclude mitigation actions in the managed environment (Lawson 1993). The causes of species extinction may lie in the interaction of changes in the natural
environment and the extent to which conditions in the
managed system become critical. To allow for salmon
recovery it is therefore necessary to develop freshwater recovery measures that minimize vulnerability
to unanticipated periods of poor ocean conditions,
in addition to mitigating anthropogenic stresses.
Uncertainty, regardless of its origins, is inescapable
in attempts to manage large systems and living resources (Ludwig et al. 1993). Inclusion of such information would indicate, for instance, that public
interests in salmon recovery for ocean fisheries, may
be best served by prescribing the minimum stock that
must be maintained instead of the harvest to be taken
(Pearse and Walters 1992). Areas in which climaterelated information is desired but in which scientific
uncertainty is large or knowledge of climate information is incomplete are discussed in Pulwarty and
Redmond (1997). One key concern is the need for
forecasts over the entire basin, that is, including the
Canadian portion, rather than the United States alone.
Funtowicz and Ravetz (1990) describe what they
term the "pedigree" of a forecast. Its components are
1) the quality of the model, 2) the quality of the data,
3) the degree of acceptance, and 4) the context. As is
evident from this study, the latter two components can
pose formidable barriers to climate-information use,
394

to the point of undermining the effort and resources
invested in the first two. Proof of the economic value
of climate information or climate impacts, while undoubtedly important, will not necessarily lead to information use. Changes in institutional priorities,
strategies, capacity, and inertia may lead to different
user situations than might be expected from first-order
impact studies (Stewart 1996). In addition, predicted
events may be so complex that it is hard to know, unambiguously, which parts of them to act on (Fischhoff
1994). Developing the latter two components of a
forecast pedigree requires an understanding of the
context in which knowledge and information arises,
explicitly addressing for whom this information is
created and the contingent situations in which it must
be implemented. As discussed below, the forum for
decision making becomes enlarged from that of the
technical experts to those with a strong stake in the
outcome (Funtowicz and Ravetz 1990).
Forecast "interpretation" should be viewed as a
process involving ongoing evaluation of information
on the physical conditions being forecast in the context of other decisions and information that potential
users must consider throughout the year. It may thus
be difficult for scientists, by themselves, to produce
usable information even after the needs of stakeholders are identified (see Glantz 1995). An experimental
and iterative approach to forecast dissemination and
procedures for use appears appropriate (see also
Murphy and Brown 1983). Thus, information providers, in addition to understanding the climate mechanisms
and technical developments, (a) need to be familiar
with the evolving ways critical issues are defined by
institutions and individuals involved in resource management in the Pacific Northwest, (b) know how these
problem definitions alter climatic risk, and (c) need
to document the life history and use of data after it is
sent out or accessed. The goal would be to better provide users with the capacity (Fischhoff 1994; Jasanoff
1993) to (a) follow the rate of forecasting progress,
(b) balance the meaning of disagreement between different or competing forecasts, (c) be clearer about their
needs and better represent their uncertainties, and
(d) know where and who to go to for help (or to advise on product development). This requires continued reassessments and post-audits of processes that
have begun and is dependent on ongoing collaboration between scientists and decision makers.
The call for increased public awareness and outreach by forecast providers/interpreters, made for this
region over 15 years ago by Fleagle and Murphy
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(1980) is echoed in this study. Users need not only
an understanding of climate but of its role in their
lives, that is, a mental model of effects (Fischoff
1994). There is a need to document lessons learned
from actions taken during past events, as a source of
institutional memory. For instance, profiles of the history of ENSO-related impacts, their interactions, and
adjustments (whether or not attributed to ENSO at the
time) in the region are lacking. Most users expressed
a desire to incorporate climate outlook information in
at least a qualitative way. A usually overlooked benefit to the use of a forecast occurs from the process of
forecast discussion itself. Decision outcomes may be
less significant than the ways in which the discussion
process provides insight about uncertainties or possible surprise in the system (see March and Shapira
1982).
The issue of "trust" was raised by several participants in the context of whether forecast benefits were
being oversold and who was or should be doing the
marketing. The call for an impartial intermediary,
between providers of scientific information and users, was made on many occasions during the course
of this study. To maintain credibility and trust,
nonprivate providers must be evenhanded in their efforts to benefit as many stakeholders as possible. In
addition, explicit reference to apparent contradictions
must be made. For example, a coherent response must
be provided for questions such as "If ENSO usually
produces a 'dry' winter signal in the PNW, then how
does the 'wet' winter of 1982-83 fit in?"
A regional forum on ENSO and ENSO impacts on
salmon viability, aimed at scientists and decision
makers alike, could be a first step in addressing some
the above issues. This was actually requested by almost all participants. However, over the long term,
opportunities are raised for education initiatives to be
conducted through the American Meteorological Society, universities, and the media.
For climate forecasts to be used to their consideral
potential, three general requirements are identified:
1) users (or intermediaries) must be able to obtain information from the forecast on factors or variables of
direct interest to them; 2) paths to decisions, using this
information, must be clear and practical; and 3) there
must be will to act. In the case of salmon management in the Columbia River basin, it is clear that the
first two conditions, at least, have not been met. It is
also clear, to the authors, that this situation cannot addressed by the climate research community without
continuous input from potential users. These considBulletin
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erations should help guide efforts to assess and manage climate-related risks in a regional context.
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